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Department of Materials

Science, U5

University of Milano-Bicocca

Milano

Italy

Torben R. Jensen

Department of Chemistry

and Interdisciplinary

Nanoscience Center

Aarhus University

Aarhus

Denmark

Editorial Office

MDPI AG

Grosspeteranlage 5

4052 Basel, Switzerland

This is a reprint of the Special Issue, published open access by the journal Inorganics (ISSN 2304-6740),

freely accessible at: www.mdpi.com/journal/inorganics/special issues/K9I97Q90IW.

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-3854-7 (Hbk)

ISBN 978-3-7258-3853-0 (PDF)

https://doi.org/10.3390/books978-3-7258-3853-0

© 2025 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license (https://creativecommons.org/licenses/by-nc-nd/4.0/).

www.mdpi.com/journal/inorganics/special_issues/K9I97Q90IW
https://doi.org/10.3390/books978-3-7258-3853-0


Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
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1. Introduction
After the impressive success of the Special Issue “10th Anniversary of Inorganics: In-

organic Materials”, published in 2023 [1], the “Inorganic Materials” section launched the
Special Issue “Featured Papers in Inorganic Materials 2024” as a complementary Special
Issue, with the aim of continuing discussion on the recent advances in the field of func-
tional inorganic materials for a green and sustainable future. In particular, the overarching
aim of this Special Issue is to increase the knowledge of new emerging areas where the
sustainable use of inorganic materials can play a pivotal role, such as catalysis [2–5], clean
energy production and storage [6–9], environmental remediation [10–13], the develop-
ment of value-added nanomaterials and nanocomposites (eventually from waste) [14–16],
recycling [17,18], and biomedicine [19–22].

In particular, this Special Issue is composed of a collection of contributions touching
different fundamental aspects strictly related to the storage and delivery of renewable
energy (i.e., in particular by exploiting hydrogen as an energy source/carrier), the im-
provement of environmental clean-up approaches to remediate different contaminated
media (e.g., air and liquid phases), and the development of inorganic materials with en-
hanced optical and thermal properties exploitable in many advanced technological fields
(e.g., photovoltaics).

Prior to proceeding with the overview of individual contributions, the Guest Editors
would like to thank all the Reviewers who spent their valuable time thoroughly reviewing
and improving the quality of the articles published in this volume. Moreover, the Guest
Editors sincerely thank all the Authors for choosing Inorganics and, in particular, the
“Inorganic Materials” section, as the place to publish their valuable results.

2. An Overview of the Published Articles
Overall, this Special Issue collected 10 original papers (9 research articles and 1 review)

and received more than 13,000 views, thus, paving the way for further editions of this
Special Issue. As expressed above, the scope of this collection covers the entire focus area
where inorganic materials can play a key role in order to reach a sustainable future, and
this is exemplified by the various topics covered by the 10 original papers published in this
Special Issue. This section provides a brief overview of the contributions, organizing them
into discreet subsections as reported in Table 1, including the following: (i) Storage and
delivery of renewable energy: Hydrogen-based technology, (ii) Environmental remediation,
and (iii) Development of inorganic materials with enhanced optical and thermal properties.

Inorganics 2025, 13, 110 https://doi.org/10.3390/inorganics13040110
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Table 1. Correlation between subsections and contributions collected in the present Special Issue.

Subsections Contribution No. Title

Storage and delivery of renewable energy:
Hydrogen-based technology

1

Li, M.; Hu, Y.; Kong, H.; Huang, Q.; Chen, Y.; Yan, Y. A Study on the
Volume Expansion of Vanadium-Based Alloy Powders and Compacts

During Hydrogen Sorption. Inorganics 2024, 12, 318.
https://doi.org/10.3390/inorganics12120318.

2

Yang, Q.; Jia, X.; Qin, Z.; Ding, X.; Li, Y. Enhancements in Hydrogen
Storage Properties of Magnesium Hydride Supported by Carbon Fiber:

Effect of C–H Interactions. Inorganics 2024, 12, 273.
https://doi.org/10.3390/inorganics12110273.

3

Davis Cortina, M.; Romero de Terreros Aramburu, M.; Neves, A.M.;
Hurtado, L.; Jepsen, J.; Ulmer, U. The Integration of Thermal Energy
Storage Within Metal Hydride Systems: A Comprehensive Review.

Inorganics 2024, 12, 313. https://doi.org/10.3390/inorganics12120313.

4

Zhong, J.; Zhang, T.; Tian, J.; Gao, W.; Wang, Y. Nickel Foam-Supported
FeP Encapsulated in N, P Co-Doped Carbon Matrix for Efficient

Electrocatalytic Hydrogen Evolution. Inorganics 2024, 12, 291.
https://doi.org/10.3390/inorganics12110291.

Environmental remediation

5

Wang, Y.; Yu, H.; Wang, H.; Chen, T. Hierarchically Porous Titanosilicate
Hollow Spheres Containing TS-1 Zeolite Precursors for Oxidative

Desulfurization. Inorganics 2025, 13, 37.
https://doi.org/10.3390/inorganics13020037

6

Sriram, G.; Baby, N.; Dhanabalan, K.; Arunpandian, M.; Selvakumar, K.;
Sadhasivam, T.; Oh, T.H. Studies of Various Batch Adsorption

Parameters for the Removal of Trypan Blue Using Ni-Zn-Bi-Layered
Triple Hydroxide and Their Isotherm, Kinetics, and Removal

Mechanism. Inorganics 2024, 12, 296.
https://doi.org/10.3390/inorganics12110296.

7

El Atti, O.; Hot, J.; Fajerwerg, K.; Lorber, C.; Lebeau, B.; Ryzhikov, A.;
Kahn, M.; Collière, V.; Coppel, Y.; Ratel-Ramond, N.; Ménini, P.; Fau, P.

Synthesis of TiO2/SBA-15 Nanocomposites by Hydrolysis of
Organometallic Ti Precursors for Photocatalytic NO Abatement.

Inorganics 2024, 12, 183. https://doi.org/10.3390/inorganics12070183.

Development of inorganic materials with
enhanced optical and thermal properties

8

Sassi, S.; Bouich, A.; Hajjaji, A.; Khezami, L.; Bessais, B.; Soucase, B.M.
Cu-Doped TiO2 Thin Films by Spin Coating: Investigation of Structural

and Optical Properties. Inorganics 2024, 12, 188.
https://doi.org/10.3390/inorganics12070188.

9

Gáborová, K.; Hegedüs, M.; Levinský, P.; Mihok, F.; Matvija, M.; Knížek,
K.; Milkovič, O.; Vatral’ová, D.; Hejtmánek, J.; Saksl, K. Thermoelectric

Characteristics of β-Ag2Se1+x Prepared via a Combined Rapid
Mechano-Thermal Approach. Inorganics 2024, 12, 334.

https://doi.org/10.3390/inorganics12120334.

10

Costa Oliveira, F.d.A.; Galindo, J.; Rodríguez, J.; Cañadas, I.; Cruz
Fernandes, J. Thermal Shock Resistance of Commercial Oxide-Bonded
Silicon Carbide Reticulated Foams under Concentrated Solar Radiation

at PSA: A Feasibility Study. Inorganics 2024, 12, 246.
https://doi.org/10.3390/inorganics12090246.

2.1. Storage and Delivery of Renewable Energy: Hydrogen-Based Technology

To achieve energy independence, a stable supply of clean energy is essential. Hy-
drogen is an ideal energy carrier and technological solution for energy storage and trans-
portation [23,24]. In this context, metal hydrides are very attractive materials as they can
reversibly absorb hydrogen in large quantities under mild conditions, thus, offering a
promising energy storage and carrier solution [25,26].

Li et al. (Contribution 1) studied the volume expansion of a V-based alloy (namely,
V61Cr24Ti12Ce3, with a body-centered-cubic structure) after performing hydrogenation
reactions, thus, testing its potential as a substrate material for the wall of a hydrogen storage
tank. To monitor the in-situ volume expansion, the authors designed and constructed an
expansion test apparatus. Results indicated an initial maximum reversible capacity of the
V-based alloy of ca. 2.5 wt.%, with a lattice expansion of ca. 37.8% measured through XRD
analysis. A powder bed made with the same V-based alloy showed a volume expansion
ratio of 131% during the first hydrogen absorption cycle, and 40–45% in the following
four cycles, whereas a compact bed, made of the V-alloy powders, organic silicone gel

2
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(PDMS), and graphite flakes, showed a significantly smaller volume expansion ratio (i.e.,
97% during the first cycle and 13% in the following cycles). These improved performances
are due to the presence of both PDMS and graphite flakes, which do not affect the overall
hydrogen absorption capacity of the V-alloys but speed up the absorption kinetics.

Another interesting technological solution is the one proposed by Yang et al. (Contri-
bution 2), who prepared and studied the hydrogen storage performance of two MgH2-C
fiber-based cloth composites prepared by either dry ball milling or wet impregnation routes,
obtaining distinct morphologies (namely, the formation of MgH2 particles uniformly dis-
tributed on the surface of the C fibers in the direction of the long axis of the fibers, or the
formation of MgH2 particles diffusely distributed without any distinct aggregation phe-
nomenon, respectively). Both composites show reduced preparation costs, and significantly
improved kinetics compared to the bare MgH2. The experimental results revealed that
the occurrence of C-H bonding interactions involving the C fibers is responsible for the
enhanced hydrogen absorption/desorption ability of the two composites.

Davis Cortina et al. (Contribution 3) reviewed the recent literature regarding metal
hydride materials for hydrogen storage, focusing on their thermophysical, thermodynamic,
and kinetic properties. Additionally, since thermal energy storage systems provide a means
to enhance the energy efficiency and cost-effectiveness of metal hydride-based storage by
effectively coupling thermal management with hydrogen storage processes, authors also
explored thermal energy storage materials with particular attention to those that operate at
temperatures compatible with the most widely studied metal hydride systems.

As previously noted in this introduction, hydrogen energy stands out with respect to
other renewable energy sources due to its high energy density and clean, pollution-free
characteristics. In this context, electrochemical water splitting to produce hydrogen using
abundant non-noble metals as catalysts has become a research hotspot [27,28].

Zhong et al. (Contribution 4) reported the synthesis of metal–organic framework-
derived N/P co-doped carbon-encapsulated FeP nanoparticles onto a nickel foam substrate
and successfully tested these systems as catalysts for the hydrogen evolution reaction. The
proposed substrates showed excellent activity in both acid (0.5 M H2SO4) and alkaline
(1.0 M KOH) environments and stability with negligible decay over 48 h.

2.2. Environmental Remediation

During the combustion of gasoline and diesel, sulfur impurities produce sulfur ox-
ides, which are harmful for the environment, thus, performing a preliminary oxidative
desulfurization (ODS) treatment emerges as a very important reaction step [29]. In this
context, Wang et al. (Contribution 5) investigated the synthesis of hierarchically porous
titanosilicate hollow spheres from TS-1 zeolite precursor to obtain catalysts with uniformly
incorporated tetrahedrally coordinated Ti sites. The synthesized materials demonstrated
remarkable catalytic performance in ODS, achieving complete dibenzothiophene removal
within 15 min and a high turnover frequency of up to 123 h−1 at 30 ◦C. This outstanding
catalytic performance can be attributed to the tetrahedral coordination Ti of TS-1 sub-units
and the hierarchically porous hollow structure of the material itself.

Furthermore, the need to remediate the water, air, and soil pollution caused by human
activities has become urgent for society, not only from an environmental viewpoint, but also
when considering the effects that environmental contaminants have on human health [30].

Hence, Sriram et al. (Contribution 6) synthesized a Ni-Zn-Bi-layered triple hydroxide
via co-precipitation techniques and successfully tested this substrate for the removal of
the dye Trypan blue from water via an adsorption mechanism. Adsorption tests indicate a
maximum removal effectiveness of around 96.7% at natural pH (ca. 4.5–5.0), with maximum
adsorption capacity of 5.3 mg·g−1 at dye concentrations ranging from 5 to 30 mg·L−1.
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Interestingly, when combined with various anionic dye mixtures, selectivity studies showed
a high selectivity for the removal of Trypan blue and the removal of other cationic dyes.
Recyclability investigations revealed the notable removal of Trypan blue using 0.1 M NaOH
for the desorption.

Lastly, El Atti et al. (Contribution 7) reported the synthesis of a TiO2/mesoporous
silica SBA-15 nanocomposite using an organometallic decoration method (based on Ti(III)
amidinate) and compared it with an analogous system prepared via a Ti(IV) precursor.
Photocatalytic performances of these two different nanocomposites were investigated
for the abatement of NO under UV light irradiation in humidified air. Interestingly, the
TiO2/mesoporous silica SBA-15 nanocomposite prepared from the Ti(III) precursor demon-
strated an NO abatement performance 40% more efficient than the reference photocatalyst
TiO2 P-25.

2.3. Development of Inorganic Materials with Enhanced Optical and Thermal Properties

Sassi et al. (Contribution 8) reported the synthesis of Cu-doped TiO2 films (with Cu
concentration in the 0–8% range) grown directly on FTO glass by means of a spin coating
deposition. Morphological and structural characterization revealed the occurrence of small,
spherical nanoparticles with a preferred TiO2 anatase (101) orientation for all samples.
Regarding the optical properties, the 2–4% Cu-doped sample showed high transmittance,
thus, making these systems promising candidates for electron transport and potentially
integrable in perovskite solar cells.

Gáborová et al. (Contribution 9) investigated the thermoelectric properties of Se-rich β-
Ag2Se synthesized via a solvent-free mechanochemical method followed by spark plasma
sintering step. Importantly, single-phase Ag2Se1+x samples with varying Se content were
produced. The increase in Se significantly influenced the material’s thermoelectric perfor-
mance, and the sample with nominal composition Ag2Se1.01 exhibited a high figure-of-merit
ZT > 0.9 at ca. 111 ◦C, which is nearly six times higher than the reference sample (β-Ag2Se).

Lastly, Costa Oliveira et al. (Contribution 10) investigated the thermal shock be-
havior of commercial oxide-bonded silicon carbide (ob-SiC) reticulated porous ceramic
(RPC) foams, potentially exploitable as volumetric ceramic receivers for solar thermal
electricity production. Foams were subjected to well-controlled temperature cycles (in
the 800 to 1400 ◦C range), and the damage induced by thermal shock was quantified by
performing crush tests. Results indicated that damage was critically dependent on both the
bulk density and cell size. Interestingly, better thermal shock resistance was achieved by
decreasing both the bulk density and cell size.

3. Conclusions
With this Special Issue “Featured Papers in Inorganic Materials 2024” published in

the “Inorganics Materials” section and also published as a book, the Editors hope that
the high quality of the contributions collected here will receive the visibility and attention
they deserve. These would help readers increase their knowledge in the field of inorganic
materials, and be a new source of inspiration for novel, focused investigations.

Acknowledgments: The Editors would like to thank all Authors, Reviewers, and the entire Editorial
Staff of Inorganics who provided their new science, constructive recommendations, and assisted in
the realization of the present Special Issue, respectively.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Storing hydrogen in solid metal hydrides provides a safe and efficient storage approach.
However, the large volume expansion of metal hydrides during hydrogen absorption imposes
substantial stresses on the wall of a hydrogen storage tank. In this study, volume expansion behavior
of a V-based hydrogen storage alloy, V61Cr24Ti12Ce3, with body-centered-cubic, was investigated
using a self-developed in situ expansion testing device. The lattice expansion of the V61Cr24Ti12Ce3

alloy after full hydrogenation was determined to be 37.85% using X-ray diffraction(XRD). The powder
bed, composed of alloy powder with an average size of 3.35 mm in diameter, displays a large volume
expansion ratio of 131% at the first hydrogen absorption cycle and 40–45% in the following four
cycles. The stable compact bed, made of alloy powders, organic silicone gel, and graphite flakes,
shows significantly smaller volume expansion ratio, which is 97% at the first cycle and 21% at the
second cycle, and stabilizes at 13% in the following cycles. Also, the compact bed shows similar
hydrogen absorption capacity, but faster absorption kinetics compared to the powder bed.

Keywords: V-Ti-Cr alloy; volume expansion; metal hydride compact; organic silicone gel; graphite

1. Introduction

To achieve the sustainable development of our society, a stable supply of environ-
mentally harmless clean energy is essential. Renewable energies like solar and wind have
great potential, but the time-dependent and geography-dependent variability limits their
application as power resources [1,2]. Hydrogen, as an ideal energy carrier, offers a solution
for energy storage and transportation [3]. Metal hydrides, which can reversibly absorb hy-
drogen in large quantity under mild conditions, have been attracting world-wide attention
as the medium for hydrogen storage.

Metal hydrides are categorized into interstitial (e.g., VH2 and LaNi5H6) and non-
interstitial hydrides (e.g., MgH2). Vanadium (V)-based alloy, with body centered cubic
(BCC) structure, is noteworthy for its high hydrogen storage density and fast hydrogen
sorption kinetics [4,5]. Different V-based alloy systems have been developed, including
V-Ti-Cr, V-Ti-Cr-Fe, and so on, which exhibits reversible capacities of ~2.5 wt.% under
ambient conditions (e.g., 0–80 ◦C at 10 MPa H2) [4]. Furthermore, a big progress has been
made in economical approaches to prepare V-based alloys, for example, from low-cost
ferrovanadium master alloy or directly from oxides [4]. However, it is still a big distance
from the practical application of vanadium-based alloys for hydrogen storage.

The hydrogen absorption process is accompanied by significant volume expansion,
particularly in interstitial hydrides. For instance, the volume of LaNi5 alloy can increase
by about 20% after full hydrogenation [6], and the lattice of vanadium-based alloy can
expand by approximately 40% [7]. Such large volume expansion would lead to the pul-
verization of alloy particles and reduce the heat and mass transfer efficiency within the
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tank [8], unavoidably imposing substantial stress on hydrogen storage tanks, potentially
causing deformation or rupture [9,10]. Turning powders into compact after mixing with
additives (such as binder and anti-expansion agent) could alleviate the impact of volume
expansion of the metal hydrides [11–16]. For example, the LaNi5 compact, made from
1 mm LaNi5 powders and resin, shows very stable structure with only a small amount of
powder detached after 100 hydrogen sorption cycles [17]. Tarasov [18] et al. employed
a graphene–nickel composite to enhance the desorption reaction of magnesium hydride.
While the graphene–nickel material facilitated the magnesium hydride desorption reac-
tion, the graphene component was prohibitively expensive for large-scale implementation.
Compacts of Mg90Ni10 powder and Ti-Mn-based powder after mixing with expanded
graphite (ENG) could increase the thermal conductivity of the metal hydride bed and
reduce the stress during the hydrogen sorption process [19]. There are also some studies
on the preparation of membranes with hydrogen selective permeability using polymers
mixed with metal hydrides [20]. However, few investigations focusing on the volume
expanding behaviors of V-based hydrogen storage alloys during hydrogen sorption have
been reported.

In the present study, we designed and constructed a dedicated expansion test appa-
ratus to evaluate the in situ volume expansion of V-based alloy, V61Cr24Ti12Ce3 (at.%),
during the hydrogen absorption process. Organic silicone gel, also known as PDMS, is a
commercially available highly elastic polymer composed primarily of silicone oil and a
curing agent. Its curing process is relatively straightforward, and it has been demonstrated
to be non-toxic to V-Ti-Cr-Fe alloys [21]. So, the compact, composed of V61Cr24Ti12Ce3
powders, organic silica gel (PDMS) [22] and graphite flakes, was designed to reduce the
volume expansion.

2. Results and Discussions

The pressure–composition–temperature (PCT) curves of the V61Cr24Ti12Ce3 alloy
for hydrogen absorption (Figure 1a) and desorption (Figure 1b) were measured at 0 ◦C,
18 ◦C, and 50 ◦C, respectively. The hydrogen desorption plateau pressure (Peq) of the
V61Cr24Ti12Ce3 alloy at 18 ◦C reaches 4.6 bar, which meets with the requirement of entry
pressure for the operation of fuel cell. Based on the desorption PCT curves in Figure 1b, the
V61Cr24Ti12Ce3 alloy achieves a reversible hydrogen storage capacity of 2.51 wt.% at 50 ◦C
within the pressure region of 0.01–10 MPa. The van’t Hoff plots, obtained by plotting Peq
versus 1/T, are shown in Figure 1c. The enthalpy change (∆H) and entropy change (∆S)
are derived and listed in Table 1.
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Table 1. The enthalpy change (∆H) and the entropy change (∆S) of the V61Cr24Ti12Ce3 alloy.

Properties Hydrogen Absorption Hydrogen Desorption

∆H (kJ/mol H2) −31.18 36.74
∆S (J/mol H2) −129.36 138.99
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Figure 2a,b show the X-ray diffraction (XRD) patterns of the V61Cr24Ti12Ce3 alloy
before and after hydrogenation, respectively. Before hydrogenation, the V61Cr24Ti12Ce3
alloy shows the typical BCC structure, with a = 0.3031 (1) Å and V = 0.02785 Å3, as presented
in Table 2. After hydrogenation, the minor V4H2.88-type BCT phase and the major VH2-type
FCC phase are observed, attributed to subsequent phase transition from BCC to BCT and
from BCT to FCC during the hydrogen absorption process (Figure 2c). The BCT phase
shows the lattice parameters of a = 0.3143 (0) Å and c = 0.3148 (3) Å, and lattice volume
increases up to V = 0.03110 Å3, with a lattice expansion ratio of 11.67% compared to the
BCC phase. The FCC phase shows the lattice parameters of a = 0.4250 (3) Å, and lattice
volume increases up to V = 0.07678 Å3, with an expansion ratio of 23.44% compared to the
BCT phase and an expansion ratio of 37.85% compared to the BCC phase.
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Figure 2. The XRD patterns of the V61Cr24Ti12Ce3 alloy before (a) and after (b) hydrogenation, and
the schematic diagram of the V61Cr24Ti12Ce3 alloy volume expansion (c).

Table 2. Lattice constants BCC, BCT, and FCC phases in V61Cr24Ti12Ce3 alloy.

Phase a (Å) b (Å) c (Å) V (Å3)

BCC 0.3031(1) 0.3031(1) 0.3031(1) 0.02785
BCT 0.3143(0) 0.3143(0) 0.3148(3) 0.03110
FCC 0.4250(3) 0.4250(3) 0.4250(3) 0.07678

Figure 3a,b show the hydrogen absorption plots of the pure powder bed and the
compact bed with a diameter of 10 mm after five cycles. Both beds contain the same
amount of alloy for testing. The first absorption reaction was conducted at 0 ◦C, and the
rest of the absorption reactions were carried out at 20 ◦C. The powder bed shows the
fast absorption kinetics at the first absorption cycle (Figure 3a), which reached saturation
within 10 min with the absorption capacity of 3.5 wt.%. In the following four cycles, the
powder bed could absorb hydrogen at ~2.0 wt.% within 10 min. In contrast, the compact
bed shows slightly slower absorption kinetics at the first absorption cycle, which requires
approximately 20 min to reach the saturation state with a capacity of 3.4 wt.%. In the
subsequent four cycles, the powder bed displays much faster absorption kinetics with a
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hydrogen absorption amount of ~2.0 wt.% within 5 min. Furthermore, the compact bed
still maintains its structure after five cycles, as shown in Figure 3c,d.
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Figure 3. The hydrogen absorption plots of (a) the pure powder bed and (b) the compact bed within
5 cycles; the images of compact bed: (c) initial state and (d) after 5 cycles.

Figure 4a presents real-time data of position sensor for the V61Cr24Ti12Ce3 alloy
powder bed during the five cycles of hydrogen absorption and desorption, which was
measured using the self-made in situ expansion testing device shown in Figure 7. The time
required for the powder bed to complete the hydrogen sorption reaction is 72, 49, 54, 58,
and 59 min, for the first to fifth cycles, respectively. The powder bed was vibrated after
the completion of each hydrogen absorption and desorption cycle. The volume expansion
ratio in each cycle was calculated by comparing the height after hydrogen absorption of
the current cycle with the height after hydrogen desorption in the initial cycle, as shown in
Figure 4b. The alloy powder shows the highest expansion ratio of 131% at the first hydrogen
absorption cycle, assigned to the phase evolution from BCC to FCC of V61Cr24Ti12Ce3. The
expansion ratio decreases to 45% in the second cycle and stabilizes between 40% and 43%
from the third to the fifth cycle. Figure 4c presents the particle size distribution of alloy
powder after five hydrogen absorption/desorption cycles. The size of the majority of the
powder decreases to below 0.355 mm, much smaller than the initial particle size of 3.35 mm.
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bed during the 5 cycles. The particle size (c) of V61Cr24Ti12Ce3 alloy powder after 5 cycles.

Figure 5a presents real-time data from the position sensor for compact bed during the
five cycles. The compact bed was vibrated after the completion of each hydrogen absorption
and desorption cycle. Figure 5b shows the corresponding positional information of the
position sensor and the volume expansion ratio of each cycle. The expansion ratio of the
first hydrogen absorption cycle is calculated to be 97%, a reduction of 34% compared to
the alloy powder bed. The volume expansion ratio of the second circle decreases to 21%
and stabilizes at 13% afterwards. Additionally, the durations required for the compact
bed to complete the hydrogen sorption reaction are 91, 39, 44, 41, and 33 min for the
first to the fifth cycle, respectively, which are significantly shortened compared to the
values for the alloy powder bed in Figure 4a. Hence, the conversion of powder bed to
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compact bed accelerates the hydrogen absorption kinetics, probably attributed to improved
effective thermal conductivity. Figure 5c,d show the initial state of the compact bed before
and after five hydrogen sorption cycles, respectively. The shape of the compact bed was
basically maintained.
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For the two beds, the largest volume expansion was observed at the first cycle, which
is attributed to lattice expansion during the phase transition of the V61Cr24Ti12Ce3 alloy
from BCC to FCC structure. Since the second cycle, the volume expansion ratio of the
powder bed almost stabilizes at 40–45%, accompanied with the phase transition from BCT
to FCC. The compact bed shows a much smaller volume expansion ratio of 21% at the
second cycle, which further decreases and stabilizes at 13% after the third cycle. The slight
decrease in volume expansion ratio from the second to the third cycle may be attributed to
continuous pulverization of V61Cr24Ti12Ce3 alloy powder or slow formation process of the
stable silicone elastomers.

Note that after the completion of each cycle, the powder bed and compact bed were vi-
brated. The sensor positions after vibration are listed in Table 3. For the powder bed, sensor
position after vibration decreases continuously from the first to the fifth cycle, implying that
the bed became more compact after vibration probably owing to the pulverization of alloy
powders. Differently, the sensor position of the compact bed changes slightly and keeps
almost constant from the third to the fifth cycle, indicative of the formation of stable bed.

Table 3. The sensor position after vibration for each circle.

Sensor Movement Distance
Caused by Vibration (mm) 1st 2nd 3rd 4th 5th

Powder bed 42.88 40.54 38.99 37.10 36.00
Compact bed 53.95 52.73 51.99 52.27 51.86

SEM and EDS analyses were conducted on the compact bed after five cycles, as il-
lustrated in Figure 6. SEM and mapping results in Figure 6(a,a1,a2) reveal that graphite
flakes and organosilicon gel are uniformly distributed on the surface of the alloy particles.
Figure 6b–d demonstrate that the organic silica gel (PDMS) effectively binds the pulverized
particles. Graphite has a lubricating effect, which could reduce the friction between parti-
cles [23]. Organic silica gel (PDMS) cured like ethylene-vinyl acetate copolymer is highly
elastomeric, which not only secures the graphite flakes tightly to the alloy particles but
also fixes the alloy particles in situ. Accordingly, the utilization of a combination of alloy
particles, organic silica gel (PDMS), and graphite flakes in the form of a compact bed not
only effectively mitigates the volume expansion of the alloy bed but also contributes to the
immobilization of the pulverized alloy powders.
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Figure 6. (a–d) The SEM images of the compact bed after 5 cycles and elemental mapping (a1,a2) of
Si and C corresponding to figure (a).

3. Materials and Methods

The V61Cr24Ti12Ce3 alloy was prepared via floating melting with raw materials of V
(purity: 99.9%), Ti (purity: 99.6%), Cr (purity: 99.6%) and Fe (purity: 99.9%). The as-cast
V61Cr24Ti12Ce3 alloy was annealed at 1400 ◦C for 0.5 h under dynamic vacuum. The
as-annealed alloy was crushed to a powder size of ~3.35 mm using a jaw crusher under
nitrogen atmosphere.

The alloy powders were mixed with graphite flake (Macklin Biochemical Technology
Co., Ltd., Shanghai, China) and organosilicon gel (Sylgard 184, Dow Corning, Midland, MI,
America) with a mass ratio of 92%: 4%: 4%. The mixture was subjected to a pressing and
molding process, with a pressure of 500 MPa maintained for a duration of one minute. Two
types of compact bed, one with a diameter of 10 mm and another with an inner diameter of
10 mm and an outer diameter of 45 mm, were prepared. Prior to the commencement of
cycling tests, the compact bed was stored at room temperature for ≥ 24 h in an Ar-circulated
glove box to allow the silicone gel to fully cure and form an elastomer.

Alloy powders were loaded in a stainless-steel reactor for pressure–composition–
temperature (PCT) measurement. To activate the alloy for hydrogen sorption, the alloy
powders were evacuated for 1 h at room temperature, followed by the introduction of
hydrogen at 7.5 MPa. The alloy powders could fast react with hydrogen at room tempera-
ture. The hydrogen absorption PCT curves were measured at 0, 18, and 50 ◦C. To measure
the hydrogen desorption PCT curves, the alloy powders were fully hydrogenated at 0 ◦C
under 7.5 MPa H2, and subsequently, the temperature of the reactor was set to the targeting
temperatures of 0, 18, and 50 ◦C, respectively. The measurement of hydrogen desorption
PCT measurement started after the hydrogen pressure became stable. The X-ray diffraction
(XRD) measurements were conducted using Cu Kα radiation (Rigaku, Tokyo, Japan), and
the XRD data were analyzed using FullProf 2023 [24]. Microstructures was observed via
scanning electron microscope (SEM, JSM-7800F, JEOL Ltd., Tokyo, Japan).

To investigate the actual expansion of the V61Cr24Ti12Ce3 alloy during the hydrogen
absorption process, an in situ expansion testing device was designed and a corresponding
testing platform was established, as depicted in Figure 7. The testing device contains the
expansion test reactor, two water baths, and a flow and pressure controller. A steel plate
together with a position sensor was placed on top of the sample. The sensor could measure
the position of the steel plate, which reflects the volume change in the tested sample. Two
water baths were maintained to offer cold and hot water for the hydrogen absorption and
desorption processes, respectively. The hydrogen flows and pressures during the testing
process could be controlled and monitored from the test platform which was equipped
with flow meters and pressure sensors. Before testing, the alloy powder bed or compact
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bed was activated under vacuum for 2 h, followed by the introduction of 7.5 MPa H2 at
5 ◦C. The hydrogen desorption was carried out under a dynamic vacuum at 80 ◦C. The
hydrogen absorption and desorption cycle were repeated 5 times.
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4. Conclusions

We have demonstrated the volume expansion behavior of the V61Cr24Ti12Ce3 al-
loy measured using the self-made volume expansion test device. Firstly, the maximum
reversible capacity of V61Cr24Ti12Ce3 alloy is 2.51 wt.%, and the lattice expansion of
V61Cr24Ti12Ce3 alloy in the saturated state of hydrogen absorption is found to be 37.85%
and is analyzed via XRD test. The powder bed of the V61Cr24Ti12Ce3 alloy shows a large
volume expansion ratio of 131% at the first hydrogen absorption cycle and 40~45% in
the following four cycles. The compact bed, made of alloy powders, organic silicone gel
(PDMS), and graphite flakes, shows a significantly smaller volume expansion ratio, which
is 97% at the first cycle and 21% at the second cycle, and stabilizes at 13% in the following
cycles. The highly elastic organic silicone gel (PDMS) serves to retain the graphite flakes on
the alloy particles. Furthermore, the lubrication of the graphite flakes serves to reduce the
interaction force between the powder particles. So, the addition of organic silicone gel and
graphite flakes contributes to the formation of a stable bed of V61Cr24Ti12Ce3 alloy, which
does not reduce the hydrogen absorption capacity but improves the hydrogen absorption
kinetics after the second cycle.
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Abstract: Carbon-based materials with excellent catalytic activity provide new ideas for the devel-
opment of magnesium-based hydrogen storage. C-H bonding interactions may play a key role in
performance improvement. In this work, we comprehensively compare the magnesium-carbon
cloth composites (CC) prepared by method of dry ball milling and wet impregnation. The re-
sults were that the hydrogen release activation energy (Ea) of MgH2@CC composites prepared
by wet immersion method was 175.1 ± 19.5 kJ·mol−1, which was lower than that of pure MgH2

(Ea = 213.9 ± 6.4 kJ·mol−1), and the activation energy of MgH2-CC composites prepared by ball
milling method was 137.3 ± 8.7 kJ·mol−1, which provided better results. The kinetic enhancement
should be attributed to C-H interactions. The presence of carbon carriers and electron transfer to
reduce the activation energy of Mg-H bond fracture. These results will provide further insights into
the promotion of hydrogen ab-/desorption from metal hydrides.

Keywords: hydrogen storage; magnesium-carbon composites; preparation methods; carbon-hydrogen
bond

1. Introduction

Energy is a potential driver of human production and social activity, and the deple-
tion of fossil fuels and global climate change have prompted the search for clean energy
carriers [1–3]. As a clean, efficient and abundant secondary energy source, hydrogen is
considered one of the ideal energy carriers for storing and transferring energy in the fu-
ture [4–8]. However, gaseous and liquid hydrogen storage have limitations in terms of
safety and storage density for various applications [9–12]. Solid-state hydrogen storage,
especially in the form of metal hydrides, offers the most compact and safe technology for
storing hydrogen, and among the various solid-state hydrogen storage materials, MgH2
is valuable for research due to its high hydrogen storage capacity (7.6%) and abundant
magnesium metal resources (2.3%) [1,13–19]. However, the high thermodynamic stability
and slow reaction kinetics of MgH2 make it difficult to meet the requirements of practical
applications [20–23].

Nanosizing [13,24–27] has been shown to be one of the effective ways to improve
the thermodynamics/kinetics of the MgH2 reaction, and chemical reduction and hydro-
genation [28–31] have attracted interest due to their low cost and portable operating
conditions [28,32]. Liu et al. [33] used carbon aerogel (CA) as a precursor, wet impregnated
with dibutyl magnesium solution and hydrogenated to prepare Mg-CA composites. The
average particle size of the Mg nanoparticles was 19.3 nm, and the enthalpies of hydrogena-
tion and dehydrogenation were −65.1 and 68.8 kJ·mol−1. However, the hydrogen uptake
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kinetics of the Mg–CA composites were slower than those of the LaMg-containing ones
prepared by the arc plasma method, and the kinetics need to be further improved.

In recent decades, a variety of novel carbon isomers have been synthesized, such as
nanotubes [26,34], nanofibers [28,35], graphene [36,37], fullerenes [38,39], Mxenes [40,41],
and carbon nanospheres [42,43]. Due to carbon’s light weight, large specific surface area,
thermal stability, load-bearing capacity, and carbon atom substitutability, the carbon com-
posites studied those all contribute to enhance the kinetics of hydrogen uptake and/or
desorption [44]. Carbon-based materials have been investigated as catalytic materials with
the promise of further enhancing the MgH2 kinetics. Andrey Lakhnik et al. [45] prepared
MgH2/C composites of elemental magnesium with graphite powder using high-energy ball
milling method with particle sizes predominantly in the range of 10–30 µm. The materials
have a minimum activation energy for hydrogen absorption of 65 kJ·mol−1 and a hydrogen
capacity of ~4.3 wt%, which gives them an excellent kinetic performance. It was also found
that the activation energy of the absorption process monotonically decreases with the
increase of the graphite powder surface area during sample synthesis. Carbon composites
also have excellent cycling performance, as they affect hydrogen storage kinetics primarily
by preventing particle agglomeration and improving thermal conductivity [46]. R.M. Car-
son et al. [47] found that Mg-5 wt% C retains a capacity of 5.5 wt% H2 after 1000 cycles and
is suitable for most commercial applications.

The surface of carbon fiber has a high degree of surface defects and abundant growth
sites, which can be used as a good growth carrier. Meanwhile, carbon fibers can improve
cycling performance and inhibit MgH2 agglomeration due to their hydrogen storage
absorption/desorption cycling stability [8,48–50]. Herein, carbon fiber materials were
selected to be combined with Mg-based hydrogen storage, and two different preparation
processes, wet impregnation and dry ball milling, were designed in order to investigate
the effect of the preparation processes on the hydrogen storage properties of magnesium-
carbon fiber composites. It was found that the two preparation processes had a significant
effect on the enhanced hydrogen storage kinetic properties of MgH2. The introduction of
carbon fiber carriers caused the carbon-hydrogen bond to weaken the interaction between
hydrogen atoms and magnesium atoms, thus promoting the migration and release of
hydrogen atoms.

2. Results and Discussion
2.1. Structural Features and Microstructures Induced by Different Processes
2.1.1. Structural Features of MgH2@CC and MgH2-CC Composites

We chose carbon fiber materials combined with magnesium-based hydrogen storage
and designed two different preparation processes, wet impregnation and mechanical
milling, as shown in Figure 1, with details as discussed in experimental sections. First, in
order to investigate the formation process of MgH2 on the carbon cloth, XRD tests were
performed on the samples. The crystal structure analysis of MgH2@CC and MgH2-CC
composites by XRD is shown in Figure 2a. The MgH2@CC composite shows the presence
of two broadened diffusion diffraction peaks near 25.2◦ and 43.1◦ that correspond to the
characteristic diffraction peaks for carbon. The impregnated and vacuum-treated samples
showed characteristic peaks of MgBu2 near 12.4◦, 19.2◦, and 21.1◦, respectively, indicating
that the heptane solution had been completely removed and MgBu2 was successfully
loaded on the surface of the carbon cloth. The disappearance of the MgBu2 phase and the
appearance of the MgH2 phase on the surface of the carbon cloth after the hydrogenolysis
reaction imply that the hydrogenolysis reaction is complete. At the same time, no other
heterogeneous phases appeared, suggesting that the dibutyl magnesium was completely
transformed into MgH2.
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In addition, the MgH2-CC composites prepared by ball milling showed characteristic
peaks belonging to MgH2 at 27.8◦, 35.6◦, and 39.7◦, but no more obvious carbon peaks
were detected, which may be attributed to the fact that the carbon fibers were uniformly
dispersed in the MgH2 matrix after ball milling. In order to demonstrate the successful
loading of carbon fibers with MgH2 in the MgH2-CC composites, Raman tests were carried
out on the MgH2-CC composites. As shown in Figure 2b, typical Raman peaks belonging
to the D-band and G-band of the graphite phase, respectively, appeared at wave numbers
of 1350 cm−1 and 1590 cm−1. D-band represents the sp3 defects in the carbon and the
G-band represents the E2g vibration of the carbon due to the sp2 hybridization. The results
also confirmed that the carbon fibers were successfully loaded with MgH2 in the MgH2-CC
composites. The samples were then analyzed for particle size. The Scheller formula can be
used to calculate the crystal size from the XRD data:

D =
Kλ

βcos θ
(1)

where D is the grain size perpendicular to the observed grain surface; K is a constant,
usually taking the value of 0.9; λ is the wavelength of X-rays, β is the radian of the half-
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height width of the sample’s diffraction peak, and θ is the diffraction angle. According to
the calculation results, the average grain size of MgH2@CC is 35.75 nm, the average grain
size of MgH2-CC is 20.01 nm, and the average grain size of commercial MgH2 is 181.56 nm,
which are both improved.

2.1.2. Distinct Morphologies of MgH2@CC and MgH2-CC Composites

The microstructure of MgH2@CC composites obtained by hydrogenolysis of organic
magnesium was observed by scanning electron microscopy and is shown in Figure 3a–c. It
can be clearly observed that the MgH2 particles are uniformly distributed on the surface of
the carbon fibers, and the high-density defects on the surface of the carbon cloth provide the
growth sites for MgH2, which grows along the direction of the rod-shaped carbon fibers. It
was also observed that some of the MgH2 on the surface of the carbon fibers was deposited
due to physical changes during the impregnation process, but the MgH2 particles on the
surface still showed a diffuse distribution. The microstructure of MgH2-CC composites
obtained by ball milling is shown in Figure 3d–f. It can be clearly seen in the image that the
MgH2 particles and carbon fibers are diffusely distributed on the surface of the conductive
adhesive, and the particles do not show an obvious aggregation phenomenon. Compared
with MgH2@CC composites, the particles are more uniformly dispersed, and it is easier to
form a uniform carbon fiber loading system by the ball milling method, while the dispersed
carbon after ball milling can inhibit the agglomeration of MgH2 particles.
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2.2. Improved Hydrogen Storage Performance
2.2.1. Kinetic Properties of MgH2@CC and MgH2-CC Composites

In order to investigate the kinetic properties of MgH2@CC composites obtained after
hydrolysis of organic magnesium, the composites were heated to 500 ◦C, with a heating
rate of 3 ◦C/min, 5 ◦C/min, 8 ◦C/min, and 10 ◦C/min, and their DSC curves were tested.
As a comparison, the DSC curves of commercially pure MgH2 and BM-MgH2 were tested
under the same conditions. For the dehydrogenation, the exothermic decomposition of
MgH2→Mg is accompanied by the exothermic process during the temperature rise stage,
and the corresponding exothermic peaks will appear in the DSC curve. As shown in
Figure 4, the peak exothermic temperatures of MgH2-CC, MgH2@CC, BM-MgH2, and pure
MgH2 are 332 ◦C, 358 ◦C, 371 ◦C, and 449 ◦C, respectively. The peak hydrogen release
temperatures of MgH2-CC and MgH2@CC composites were reduced by 117 ◦C and 91 ◦C,
respectively, compared with that of pure MgH2, indicating that the introduction of carbon
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fiber carriers can improve the kinetic properties of MgH2 and reduce the peak hydrogen
release temperature significantly.
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To further investigate the hydrogen release properties of MgH2@CC and MgH2-CC
composites, Figure 5a–h shows the DSC curves of Pure MgH2, BM-MgH2, MgH2@CC,
and MgH2-CC. It can be observed that both MgH2@CC and MgH2-CC show a significant
decrease in the peak heat uptake temperature at different heating rates. The exothermic
activation energy is also an important measure of the kinetic performance, and in general,
the exothermic activation energy can be calculated based on the peak temperature of heat
absorption and the rate of warming in combination with the Kissinger equation:

ln(
β

T2
P
) = A− Ea

RTP
(2)

where β is the rate of temperature increase, Tp is the peak temperature of heat absorption,
and A is a linear constant. The peak heat absorption temperatures of MgH2@CC were
348.4 ◦C, 358.6 ◦C, 364.5 ◦C, and 372.1 ◦C at 3 ◦C/min, 5 ◦C/min, 8 ◦C/min, and 10 ◦C/min,
respectively, and the scatter plots of ln(β/Tp

2) versus 1000/Tp were made subsequently, as
shown in Figure 5b. Based on the slope of the straight line in the fitting result, the hydrogen
release activation energy of MgH2@CC can be obtained as ~175.1 kJ·mol−1, which is
38.8 kJ·mol−1 lower than that of commercially pure MgH2 (213.9 kJ·mol−1), suggesting
that the MgH2@CC composites obtained by hydrolysis of organomagnesium improve their
hydrogen release properties under the synergistic effect of nanoeffects and the carbon fiber
carrier. Meanwhile, the hydrogen release properties of MgH2-CC composites and BM-
MgH2 were investigated, and Figure 5e–h shows the DSC curves of MgH2-CC composites
and BM-MgH2 and the straight line of ln(β/Tp

2) fitted to 1000/TP. It can be observed that
the exothermic peak temperatures of MgH2-CC composites are 321.3 ◦C, 332.8 ◦C, 341.5 ◦C,
and 346.6 ◦C, respectively, and the activation energy of hydrogen release is ~137.3 kJ·mol−1,
which is also significantly improved compared with that of the ball-milled MgH2 samples
(~176.4 kJ·mol−1).
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and (g,h) MgH2-CC.

2.2.2. Thermodynamic Properties of MgH2@CC and MgH2-CC Composites

Thermodynamic tests were based on the equilibrium pressure of the desorption
platform in PCI at different temperatures. The enthalpy (∆H) and entropy (∆S) of deuterium
desorption were determined according to the van’t Hoff equation:

ln(
Pe

P0
) = (

∆H
RT

)− (
∆S
R

) (3)
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where Pe is the equilibrium desorption pressure, P0 is the standard atmospheric pressure,
R is the gas constant, and T is the temperature in Kelvin.

To investigate the thermodynamic properties of MgH2@CC and MgH2-CC compos-
ites, as shown in Figure 6a–d, P-C-T tests were performed at 275 ◦C, 300 ◦C, 325 ◦C, and
350 ◦C, and the hydrogen absorption and release plateau pressures were obtained for the
corresponding temperatures. The plateau pressures (Peq) at different temperatures are
shown in Table 1, and each plateau pressure is positively correlated with the temperature;
∆H and ∆S were calculated according to the Van’t Hoff Equation (3). Based on the slope
and intercept of the straight line in the fitting results, the enthalpy changes of hydrogen
release (∆Hdes) and entropy change of hydrogen release (∆Sdes) of MgH2@CC compos-
ites are 73.5 kJ·mol−1 and 140.5 J·mol−1·K−1, respectively, and the enthalpy change of
hydrogen absorption (∆Habs) and entropy change of hydrogen absorption (∆Sabs) were
−71.7 kJ·mol−1 and −132.2 J·mol−1·K−1, respectively. The enthalpy changes of hydro-
gen release ∆Hdes and entropy change of hydrogen release ∆Sdes of MgH2-CC compos-
ites were 73.0 kJ·mol−1 and 140.5 J·mol−1·K−1, respectively, and the enthalpy change
of hydrogen absorption ∆Habs and entropy change of hydrogen absorption ∆Sabs were
−72.8 kJ·mol−1 and −136.2 J·mol−1·K−1, respectively. Compared with the commercially
pure MgH2 (∆Hdes = 76 kJ/mol−1 and ∆Sdes = 134.1 J·mol−1·K−1), the thermodynamic
properties have not been improved, indicating that reducing the size of the MgH2 par-
ticle size and preventing MgH2 particle aggregation is more likely to be reflected in the
improvement of kinetic properties.
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Table 1. Hydrogen absorption and desorption plateau of MgH2@CC and MgH2-CC composite under
different temperature.

Temperature (◦C)
Absorption Plateau (MPa) Desorption Plateau (MPa)

MgH2@CC MgH2-CC MgH2@CC MgH2-CC

350 0.853 0.823 0.526
325 0.472 0.458 0.310 0.303
300 0.262 0.237 0.130 0.138
275 0.127 0.121 0.081 0.079

2.3. Mechanism Understanding

In order to investigate the reason for the enhanced hydrogen release properties of
MgH2@CC composites, Fourier Transform Infrared Spectroscopy (FTIR) was conducted
to analyze the material; the results are shown in Figure 7a. Among them, the peaks
in the 1150–1500 cm−1 region correspond to the Mg-H stretching bands, the peaks in
the 759–1000 cm−1 region correspond to the Mg-H bending bands, and the peaks in the
1450–1550 cm−1 region correspond to the O-H bonding, which means that the material
undergoes partial oxidation. The peaks in the 2850–2960 cm−1 region correspond to the C-H
bonding, which means that the carbon fiber matrix interacts with MgH2 at the hydrogen
release stage; this implies that the carbon fiber matrix interacts with MgH2 during the
hydrogen release phase [51–53]. When the hydrogen absorption reaction occurs, the carbon
in magnesium-carbon composites adsorbs hydrogen from H2 atmosphere or MgH2 to form
sp2 C-H and sp3 C-H bands [54]. When the hydrogen release reaction occurs, the carbon
becomes a carrier for H atom transfer due to the C-H bond [55,56], the high temperature
energy will drive the C-H bond to break, and the broken carbon bond will act as a carrier for
H transfer and reduce the activation energy of the Mg-H bond, which will promote MgH2
to overcome the hydrogen release energy barrier, similar to the photocatalytic Ni/TiO2
composites, where the electrons are excited by the visible light and transferred from Ni
to Ti, which drives the photocatalytic hydrogen production [57]. The activation energy is
reduced, which improves the hydrogen storage performance of MgH2@CC composites. In
contrast, in MgH2-CC composites, Mg has more binding sites with C. The C-H bonds and
high-energy ball mills synergize with each other to provide more reaction sites and energy
for hydrogen uptake/desorption, and thus produce better catalytic effects. The schematic
diagram of the desorption enhancement mechanism of magnesium-carbon composites is
shown in Figure 7b.
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3. Experimental
3.1. Material Preparation

Carbon fiber cloth (CDD, 200 × 200 mm, Yongfu Electrochemical, Nanajing, China)
was purchased and further processed. Dibutyl magnesium (1.0 mol/L in heptane, Aladdin,
solution), MgH2 (>95% from Mg Power Technology Co., Ltd., Shanghai, China), and anhy-
drous ethanol (C2H5OH, AR, Anhui Tiandi High Purity, Anqing, Anhui) were purchased
and directly used as received without further purification. First, as shown in Figure 1a, the
carbon fiber cloth was pretreated. The carbon fiber cloth was rinsed with ethanol, dried in
an oven, and then placed in a stainless-steel autoclave and heated at 300 ◦C under 2 MPa
hydrogen atmosphere for 3 h to remove hydrophilic groups and other impurities. In a
sealed glove box filled with argon gas, weigh 0.43 g of pretreated carbon fiber cloth into a
beaker and draw up a total of 3 mL of dibutyl magnesium solution using a syringe with a
volume capacity of 5 mL. The absorbed solution was added to the surface of the carbon
fiber cloth with 0.5 mL drops at a time, and after the carbon fiber cloth was completely
impregnated, another drop was added until 3 mL was added. Subsequently, the beaker
was placed in a vacuum chamber and vacuum dried for 12 h to remove the heptane solvent
to obtain MgBu2@CC. Finally, the sample was placed in a stainless-steel sample chamber
and kept at 5 MPa hydrogen pressure and 200 ◦C for 2 h. The final sample obtained was
named as MgH2@CC composite. Subsequently, the sample was vacuum-dried in a vacuum
oven at 80 ◦C for 6 h to obtain the carbon fiber-loaded precursor composite. The equation
of the reaction was as follows:

(C4H9)2Mg + 2H2 → MgH2 + 2C4H9 (4)

The loading of MgH2 in MgH2@CC can be calculated to be ~24.2 wt% from the before
and after mass difference.

MgH2-CC composites were prepared as shown in Figure 1b. In an argon glove box,
pure MgH2 and carbon fiber cloth were weighed according to the mass percentage of
75:25 and put into a stainless-steel ball milling jar with a ball to material ratio of 40:1. The
stainless-steel balls were DECO-304-B, with diameters of 5 mm, 6 mm, 8 mm, and 10 mm,
respectively. The ball milling time was 10 h. The ball milling speed was 400 rpm, and
the interval between each 30-min revolution of the ball mill was 5 min. Ball milled MgH2
(BM-MgH2) samples were prepared in the same way described above.

3.2. Material Characterization

The phase composition of the composites was analysed by using an X-ray diffrac-
tometer (XRD, Mini Flex 600, Rigaku, Japan) with Cu Kα radiation (λ = 0.154056 nm) at
40 kV and 15 mA. The 2θ angle ranged from 10◦ to 90◦with increments of 0.02◦; samples
were placed in a hermetically sealed XRD sample stage and sealed with polymer tape.
The morphologies and microstructures of the samples were examined by using scanning
electron microscopy (SEM, MIRA3 XMU, Tescan). We analysed the elemental distribution
in the local region of the samples by EDS (Xplore30, OXFORD) attached to SEM, with mag-
nification rates ranging from 200 to 5000. For SEM samples, ethanol or organic magnesium
was used as the dispersant, and a small amount of the solution was taken and dropped
on the conductive adhesive after sonication. SEM tests were performed at magnifications
of 5 K, 10 K, and 20 K, with a 5 kv energy. Thermogravimetric analysis (TG, DTG-60H,
SHIMADZU) was performed in the range of 30~700 ◦C with a heating rate of 10 ◦C/min to
verify the loaded composition, Weigh about 5 mg of the sample in the glove box, place it in
an aluminium crucible with a lid to seal the aluminium crucible and then take it out and put
it into the DTG-60H instrument for testing. Maintain the argon gas environment at 0.2 Mpa
during the testing process with a flow rate of 300 mL/min, and determine the peak value
by selecting the beginning and end intervals of the melting peak in the DSC test. Raman
spectra (HORIBA LabRAM HR Evolution spectrometer) were measured and processed
with a laser wavelength of 532 nm. Fourier Transform Infrared Spectroscopy (FTIR) was
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conducted to analyse the material with a detection wavelength range of 500~3000 cm−1.
The samples were mixed with KBr and then pelletized in the argon-filled glove box.

The thermodynamic properties were evaluated by measuring the pressure−composition
isotherms (PCI) on an automatic Sievert-type apparatus. Prior to the PCI measurements, we
weighed 0.1–0.5 g of sample and heated it at 300 ◦C under vacuum conditions and activated
it through two hydrogen sorption cycles consisting of a 0.5 h absorption under 3.0 MPa of
H2 gas and a 0.5 h desorption under vacuum. All the tests were performed under initial
pressures of 0.0001 MPa for desorption and 5 MPa hydrogen pressure for absorption.

4. Conclusions

In summary, two carbon fiber-loaded MgH2 hydrogen storage composites were suc-
cessfully prepared by hydrogenation of organic magnesium and ball milling. Both the
obtained MgH2@CC and MgH2-CC composites show significantly improved kinetics, with
the MgH2-CC composite being better in terms of preparation cost and kinetics. Our experi-
mental results reveal that C-H bonding interactions in the two composite hydrogen storage
materials are responsible for promoted hydrogen absorption/desorption from hydrides.
These results provide further insights into promoting the hydrogen ab-/desorption of metal
hydrides. Unfortunately, the thermodynamics were not improved, and we will work on
the improvement of thermodynamic properties in subsequent work.
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Abstract: Hydrogen storage technologies are key enablers for the development of low-emission,
sustainable energy supply chains, primarily due to the versatility of hydrogen as a clean energy
carrier. Hydrogen can be utilized in both stationary and mobile power applications, and as a low-
environmental-impact energy source for various industrial sectors, provided it is produced from
renewable resources. However, efficient hydrogen storage remains a significant technical challenge.
Conventional storage methods, such as compressed and liquefied hydrogen, suffer from energy losses
and limited gravimetric and volumetric energy densities, highlighting the need for innovative storage
solutions. One promising approach is hydrogen storage in metal hydrides, which offers advantages
such as high storage capacities and flexibility in the temperature and pressure conditions required for
hydrogen uptake and release, depending on the chosen material. However, these systems necessitate
the careful management of the heat generated and absorbed during hydrogen absorption and
desorption processes. Thermal energy storage (TES) systems provide a means to enhance the energy
efficiency and cost-effectiveness of metal hydride-based storage by effectively coupling thermal
management with hydrogen storage processes. This review introduces metal hydride materials
for hydrogen storage, focusing on their thermophysical, thermodynamic, and kinetic properties.
Additionally, it explores TES materials, including sensible, latent, and thermochemical energy storage
options, with emphasis on those that operate at temperatures compatible with widely studied hydride
systems. A detailed analysis of notable metal hydride–TES coupled systems from the literature is
provided. Finally, the review assesses potential future developments in the field, offering guidance
for researchers and engineers in advancing innovative and efficient hydrogen energy systems.

Keywords: hydrogen storage; thermal energy storage; metal hydrides

1. Introduction

One of the main challenges we currently face as a modern, technology-dependent
society is guaranteeing universal access to our energy supplies, and ensuring their relia-
bility as the global population continues to increase. The issue of climate change and the
urgency to mitigate our overall carbon footprint have also imposed new restrictions on
how we can continue to expand the energy infrastructure worldwide, raising the bar for
our required efforts.
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The world’s overall demand for electricity grew by 2.2% in 2023, mainly driven by
emerging economies such as India and China. However, demand is expected to rise faster
over the next two years, averaging 3.4% growth annually [1]. Projections indicate that
energy consumption in the industrial sector will grow between 9% and 62%, and between
8% and 41% in the transportation sector from 2022 to 2050 [2]. Until recently, the majority of
our newly installed energy infrastructure was reliant on fossil fuels such as petrol, coal, and
natural gas, but zero-carbon technologies (including their storage) are quickly picking up
the pace. They are expected to account for up to 81% to 95% of the new global generating
capacity installed in the period between 2022 and 2050, with hydrogen emerging as an
extremely attractive candidate energy carrier molecule. Hydrogen, when combusted or
combined with oxygen in an electrochemical reaction, results only in water as a by-product,
avoiding the production of any greenhouse gases during its consumption. On top of that,
provided that the hydrogen is produced from renewable energy sources, it can become a
completely non-polluting energy carrier during its entire life cycle. Molecular hydrogen
is also the lightest known element and has the highest gravimetric energy density of all
known substances, with a lower heating value (LHV) of approximately 120 kJ·g−1, three
times higher than gasoline [3].

Despite its benefits, hydrogen still faces major bottlenecks impeding its widespread
usage, with its transportation and storage presenting critical opportunities for improve-
ment [4]. Hydrogen can currently be stored both through physical means, e.g., as a
compressed gas, in liquefied form, and by cryo/cold compression, or it can be stored in
materials and chemical bonds (e.g., adsorbents, ammonia, liquid organic carriers, and
metal hydrides) through physisorption and chemisorption [5]. Even with the wide array
of available options, most still present significant challenges to overcome. Physical stor-
age methods require high-energy inputs, wasting a considerable part of the hydrogen’s
energy potential. Hydrogen compression to 750 bar uses approximately 15% of its lower
heating value, and cooling hydrogen down to −253 ◦C required for storage as a liquid
consumes between 20 and 50% of its LHV [6]. For material-based storage options, the
main drawbacks are the need for separation and storage of carrier molecules, the need for
additional carrier molecule cracking or hydrogen extraction processes, and the potential
health and environmental safety concerns during events of leakages [6,7]. It is in this
context that metal hydrides (MHs) emerge as a promising option for energy storage in
electronics, vehicles, and renewable energy systems. Metal hydrides have been known to
store hydrogen at larger densities than that of liquid hydrogen [8], are considered reusable
solutions (as they can store and release hydrogen multiple times), and their properties can
be tailored to meet the needs of various applications with different capacity and temporal
requirements [9,10]. Additionally, their ability to release hydrogen only under specific pres-
sure/temperature conditions and their high thermodynamic stability makes them a safer
alternative than other known solutions [10]. For metal hydrides to become a commercially
viable solution, however, there is still much work to be done, particularly in terms of heat
management [9]. The reaction for the storage (hydride formation) and release (hydride
dissociation) of hydrogen in a metal hydride is known to produce or consume heat, respec-
tively. The heat involved in these reactions can range from less than 10 kJ·(mol H2)

−1 to
over 200 kJ·(mol H2)

−1, depending on the chemical nature and composition of the MH [11].
Both the removal and provision of heat from and to the MH can pose technical challenges
and impact the economics of a MH hydrogen storage system. In particular, identifying a
viable source to provide the heat for hydride dissociation, or finding a way to reduce the
amount of heat demanded by the hydride, has thus presented itself as a major problem
to be solved. Various strategies have been devised, including the use of waste heat from
fuel cells [12–14] as well as the improvement of metal hydride properties themselves. The
latter can be achieved through the use of preparation methods such as mechanical alloy-
ing [15], destabilization of the metal hydride alloy [16], and catalysts usage to overcome the
reaction’s energy barriers [17], or the addition of high thermal conductivity materials [9].
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Another promising approach to reduce the amount of external heat required to release
hydrogen from metal hydrides is to couple them with thermal energy storage (TES) materi-
als. The basic idea behind this concept is to store the heat produced by the MH during the
hydrogen absorption process in a TES material. Later, this heat can be reused by the MH
to release its stored hydrogen. By applying this concept, a MH–TES storage system with
high thermal efficiency, good economic performance, and sustainability can be developed.
The focus of this review article is therefore to explore the current developments in the
field of utilizing metal hydride hydrogen storage systems in combination with thermal
energy storage systems. The article is structured in the following way: first, an overview of
the main working principles of metal hydride and thermal energy storage materials are
presented; second, the technical concepts of facilitating heat exchange in metal hydride
reactor systems are presented; third, the current developments in coupling metal hydride
systems with TES systems are reviewed; and fourth, some future developments are pro-
posed, which are necessary to improve the technical maturity of MH–TES systems. This
review provides a reference point that can aid engineers and scientists to design MH–TES
systems and provide valuable information for future developments in hydrogen storage
technologies.

2. Metal Hydrides
2.1. Overview

The term ‘metal hydride’ refers to any kind of compound formed between metal and
hydrogen atoms, in which these are chemically bound [9]. Materials of the metal hydride
family have many modern technological applications, including hydrogen purification,
isotope separation, acting as heat pumps, hydrogen compression, and—most importantly—
hydrogen storage [18]. The fact that metal hydrides can be used for hydrogen storage is
due to their ability to reversibly absorb and release H2 gas in what are known as ‘hydriding’
and ‘dehydriding’ reactions, respectively [9]. These reactions are governed by the following
general equation:

M(s) +
x
2

H2 (g) ⇔ MHx (s) + Q

in which M is a metal-hydride-forming compound and Q is the amount of heat liberated
during the reaction [15]. The conditions under which hydrating or dehydrating reactions are
favored depend not only on the system’s temperature, but also on the H2-partial pressure
at any given time [19]. Generally, the hydriding reaction proceeds exothermically, while
the dehydriding reaction is endothermic. The absolute value of the heat liberated/required
during reaction depends on the composition of the hydride-forming material [6,15,20].

2.2. Classification

Metal hydrides can currently be classified into one of three main families: the bi-
nary (or elemental) hydrides, the ternary (or intermetallic) hydrides, and the complex
hydrides [10,21].

Binary metal hydrides (AHx) are the chemically simplest form a metal hydride can
adopt, as hydrogen bonds to only one element [6]. It is known that most of the 91 naturally
occurring elements are able to hydride under the right conditions [11], but not all of them
do so in the same way. As a result of its particular electronic configuration, hydrogen (1s1)
is able to behave differently with individual elements, forming ionic hydrides with alkaline
metals, covalent compounds with group 4a and 5a metals [18], and metallic bonds with
transition metals, including the rare earth and actinide series [8] (Figure 1). While most of
these compounds form hydrides under conditions that are too extreme to be of interest for
practical applications [11], MgH2 has been identified as a worthy candidate because of its
favorable hydrogen-release properties and good reversibility at moderate conditions (with
a hydrogen storage capacity of 7.6 wt.%) [22].
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Ternary metal hydrides (AnBmHx), on the other hand, are the result of reacting hydro-
gen with an alloy of two distinct metals (A and B). Because of the fact that upon absorption,
hydrogen atoms occupy interstitial sites on the parent lattice, these ternary compounds are
often referred to as ‘interstitial hydrides’ (along with a few binary MHs that behave the
same) [18]. Alloys offer great benefits over binary hydrides in terms of versatility, stemming
from the possibility of combining different metal behaviors and thermodynamic properties
within a single compound, and thus opening the door for selective design [11]. Their
biggest advantage so far is that they have demonstrated good hydrogen absorption rates
and kinetics at near ambient conditions, while eliminating the need for thermal activation
in most cases [6,10]. As a general rule, ternary hydrides are mixtures of stable (A) and
unstable (B) hydride-forming metals, resulting in more complex structural configurations
than binary hydrides [8]. They can be broadly classified according to their stoichiometry in
one of five groups: AB, AB2, A2B, AB5, and BCC solid solutions [8,25]. Other additional
configurations (e.g., AB3, A2B7, and A6B23) have been known to exhibit reversible hydrogen
absorption behavior; however, they have either never really been considered as promising
materials for practical applications, or only until very recently (as is the case for AB3 and
A2B7 alloys) [11,26]. Some of the most well-known and studied examples of ternary metal
hydrides are TiFe (AB-type) and LaNi5 (AB5-type), due to their remarkable hydriding
properties at room temperature [27].

The complex metal hydride group stands out from the rest, as in these cases hy-
drogen atoms covalently bond with transition metals to form anionic coordination com-
pounds, that are then stabilized by certain Group IA or IIA elements [11]. These materials
can be divided into transition-metal complex hydrides (such as Mg2FeH6 and Mg2NiH4
Mg2CoH5), borohydrides (like LiBH4), alanates (like NaAlH4), and amides (like LiNH2 and
Mg(NH2)2) [11,28]. Complex metal hydrides have been known to possess the highest theo-
retical hydrogen absorption capacities among all existing metal hydrides (18.5 wt.% in the
case of lithium borohydride LiBH4 [29]). However, high thermodynamic stabilities, kinetic
barriers, and multi-step formation reactions with potentially irreversible side reactions limit
their practical applications [20,30–32]. Additionally, their formation and decomposition re-
actions require a certain degree of metal atom diffusion, resulting in slow kinetics compared
to interstitial hydrides [11]. Among the transition-metal complex hydrides, Mg2FeH6 is one
of the most studied due to its very high volumetric hydrogen storage capacity (150 g·L−1)
and good cycling properties, although the system’s reversibility has been shown to depend

30



Inorganics 2024, 12, 313

strongly on the experimental conditions [33]. Additionally, the slow diffusion rate of Fe
still leads to high temperature and pressure conditions being required for hydride forma-
tion [34]. LiBH4 is another example of a widely studied complex metal hydride. However,
because of the high stability of LiH [35], the desorption reaction of LiBH4 will yield LiH
and B, reducing its practical reversible capacity to around 13.8 wt.% [35,36]. Even then, the
rehydrogenation of LiH + B still requires very harsh conditions (155 bar and 600 ◦C) [37].

One approach to improve the reversibility of some of these complex metal hydrides are
the so-called reactive hydride composites (RHCs), mixtures of complex metal hydrides with
more traditional hydride forms (binary/ternary), that can react together exothermically
to release hydrogen and form a new, more stable, compound [38]. For example, through
the mixture of LiBH4 and MgH2 in the stoichiometric proportion of 2:1, the so-called
Li-RHC can be produced [36]. While the absorption enthalpies for LiBH4 and MgH2 are,
respectively, 67 and 76 kJ·(mol H2)

−1, it has been found that the theoretical value for this
composite is reduced to 46 kJ/mol H2 [39]. Said reduction is caused by the formation
of MgB2 upon dehydrogenation, which is much more stable than the products of the
individual decomposition reactions of MgH2 and LiBH4 (Mg and B, respectively) [40].
While this composite has a high theoretical gravimetric capacity of 11.4 wt.%, the involved
reactions are rather complex. The absorption reaction proceeds as a one-step reaction [41],
but desorption proceeds in two steps, with the fast decomposition of MgH2 followed up by
a slow reaction for the formation of MgB2 and LiH as H2 is released [42].

2.3. Thermodynamics and Kinetics

To evaluate the potential coupling of metal hydrides with TES materials, it is first
necessary to understand the thermodynamic and kinetic phenomena that govern their
ability to store hydrogen. All chemical compounds store energy in their bonds, and the
amount of energy stored can change whenever said compound undergoes a structural
reconfiguration. For hydrogen uptake by metals, the net energy change between the
reactants and the products over the course of the reaction is generally negative (exothermic
reaction), meaning that the system releases excess energy and a more stable compound is
formed [43]. This behavior is illustrated in Figure 2.
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As shown in Figure 2, metal hydriding occurs via the following sequence of steps:
physisorption of molecular hydrogen, dissociation of the hydrogen molecule and coordina-
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tion with metal atoms (chemisorption), hydrogen penetration and diffusion into the host
lattice, and finally, hydride nucleation and phase progression. These steps will be briefly
explained, as they will provide us with valuable insights on how MH performance can be
improved for practical applications.

Following the pressure-induced mass transport of hydrogen towards the metal, the
H2 molecules adhere to the metal surface as a result of Van der Waals forces, in a process
known as physisorption [15,45]. At the surface, hydrogen is then chemisorbed into the
metal: the molecules split into individual hydrogen atoms at specific dissociation sites,
and consequently coordinate with the exposed metal atoms [45]. These sites have been
found to be various physical defects in the metal surface, and in the case of alloys, clusters
of the least stable-hydride forming metal (B) [15,45,46]. Once individual hydrogen atoms
have been made available, those with high energies penetrate into the metal, to occupy
octahedral and tetrahedral interstitial sites and form a solid-solution phase, otherwise
known as the α-phase (or low-concentration phase). Hydrogenation then proceeds with
further diffusion of hydrogen atoms into the metal’s bulk structure, a process that can occur
at rates comparable to those for ions in aqueous solutions, one of the many reasons why
metal hydrides are so effective at storing hydrogen. By the time enough hydrogen has
diffused, and the concentration of hydrogen reaches its saturation point, a homogeneous
higher concentration phase (commonly known as β-phase) begins to nucleate. This new
phase is what is ultimately, and formally, known as the ‘metal hydride’ [45,47,48]. The
nucleation of the metal hydride phase usually follows the hydrogen concentration gradient
in metals, preferring zones with the lowest activation energy and paths of higher diffusion,
such as the metal surface and grain boundaries [49]. Dehydriding reactions can be thought
to proceed through these mechanisms in the reversed order [50].

Pressure-composition-isotherms (PCIs) are recorded to describe the thermodynamics
of hydrogen sorption, as shown in Figure 3a.
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from Ref. [10]. 2023, Elsevier”.

Three main regions are easily identifiable on the ideal PCI graph and separated by
a dotted curve (the biphasic zone, inside the dotted curve; the α-phase, to the left of
the biphasic zone; and the β-phase, to the right of the biphasic zone). For each of the
isotherm (solid) lines, the following pattern is observed from left to right, according to
the correct sequence of steps for hydride formation. In the low hydrogen concentration
region (α-phase), hydrogen concentration in the metal (CH) can be found to increase along
with the square root of the partial pressure of hydrogen (PH2), a relationship that can be
described by Sievert’s Law (Equation (1)), where KH is Sievert’s constant [47,51]:

CH = KH

√
PH2 (1)
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By the time the dotted phase boundary curve is reached, the system is at its saturation
point, and the β-phase begins to nucleate. Here, the system attains its equilibrium pressure
(Peq), and a pressure plateau appears. Hydrogen concentration can now increase with no
changes in the partial pressure of hydrogen. The width of the biphasic zone is therefore
referred to as the ‘reversible hydrogen storage capacity’, which is also visible in Figure 3c.
While the system is in equilibrium, the pressure values are, however, still dependent on
temperature conditions. Said relationship can be expressed through the Van’t Hoff equation
(Equation (2)):

ln
(

Peq

P0

)
=

∆H
R

(
1
T

)
+

∆S
R

(2)

where P0 is the reference pressure, T is the system temperature, ∆H and ∆S are the net
enthalpy and entropy changes in the reaction, respectively, and R is the ideal gas con-
stant [52]. This relationship can be found in graphical form in Figure 3b. Figure 3c shows a
schematic representation of a real PCT curve. The presence of deviations from an ideally
flat plateau become evident in the form of a plateau slope and hysteresis. Plateau slopes
are generally attributed to compositional inhomogeneities, and the relaxation of the metal
matrix that results from lattice expansion during metal hydriding [8]. Hysteresis, on the
other hand, mainly refers to the difference in equilibrium pressures between absorption
and desorption plateaus [53], with hydrogenation occurring at a lower equilibrium pres-
sure. There are, however, further implications of hysteresis: differences in the saturation
point of the α-phase during absorption and desorption become present (solvus hystere-
sis), as well as differences in the formation and decomposition temperatures of metal
hydrides (thermal hysteresis) [54]. All of these hysteresis-related behaviors have been
attributed to the creation of additional energy barriers by either the plastic deformation
of the metal lattice (Flanagan–Clewley theory) [55], or by the elastic strains exerted on it
(Schwarz–Khachaturyan theory) [56] during hydrogen absorption.

The kinetic behavior of gas–solid reactions, which include MH–H2 reactions, can be
described by three main components, as shown in Equation (3):

dα

dt
= K(T)× F(P)× G(α) (3)

in which alpha (α) is the reacted fraction, K(T) is the temperature dependency, F(P) is the
pressure dependency, and G(α) is associated with the morphological changes experienced
by the metal during the course of the reaction [50]. Temperature has a very important
impact on the kinetic behavior of hydration/dehydration reactions, and its influence on
the overall reaction rate can be described through the Arrhenius equation (Equation (4)):

K(T) = A·exp
(−Ea

R·T

)
(4)

where A is the pre-exponential factor, Ea is the activation energy, and R is the ideal gas
constant [50]. The pressure dependency F(P) term is associated with the driving force of
the chemical reaction (in this case, pressure), and is typically represented by an empirical
mathematical relationship between the system’s pressure and the hydride’s equilibrium
pressure Peq at the operating temperature (T) [41,42]. These expressions usually differ for
hydriding and dehydriding reactions. Finally, it is worth mentioning that the morphological
changes in the metal hydride during hydrogen absorption/desorption can be accounted for
by the assumptions made in specific mathematical models for gas–solid reactions, whose
integral form can be used to derive an expression for G(α). Some models that have been
developed and proved experimentally throughout the years include nucleation and growth
models, geometrical contracting models, diffusion models, and autocatalytic models. A
few of them are shown in Figure 4. These, along with their variations have been thoroughly
reviewed and described in the works of J. A. Puszkiel [50], Wang and Suda [57], and Pang
and Li [58].
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Another aspect that should be mentioned briefly is that both hydriding and dehydrid-
ing reactions, like all multi-step chemical reactions, have what is considered a ‘rate-limiting
step’. This term refers to the slowest step in a sequence of chemical reactions and the
overall reaction cannot occur faster than the speed of its rate-limiting step [59]. For the
absorption/desorption of hydrogen in metals, it is widely agreed that the rate-limiting
step can be any of the following, depending on the specific metal and the experimental
conditions: a surface related process such as H2 dissociation and penetration, the diffusion
of H2 within the metal, or a phase transformation step (metal-metal hydride or between
hydride phases) [49]. The rate-limiting step is considered within the G(α) term in the
overall reaction rate expression [48], as it is part of the assumptions made for the different
mathematical gas–solid models mentioned in the last paragraph. Having said this, the
determination of the rate-limiting step for specific metal hydrides therefore plays an impor-
tant role in selecting specific methods, and modifying process conditions, to improve the
overall reaction kinetics.

One of the most common methods to tailor reaction kinetics in metal hydrides in-
cludes the addition of catalysts. Oxides and halides of multivalent transition metals have
been extensively studied and proven as viable options [17]. Catalysts have been found
to facilitate hydrogen dissociation at the gas–metal interface, reduce the energy barrier
for hydrogen diffusion into the bulk metal, and act as nucleation centers for both the
hydrogenated and dehydrogenated metal phases [60,61]. Some typical heterogeneous
catalysts used to enhance the kinetics of binary and complex hydrides are Ti, Co, Fe, V, Nb,
as well as their oxides and halides, while metals such as Cr, Mn, Fe and Ni are preferred
for interstitial MHs [17,62]. These additives significantly increase the hydrogenation and
dehydrogenation rates in MH. For example, Zhang et al. found that adding 10 wt.% Mn3O4
nanoparticles to MgH2 can decrease the apparent activation energy for H2 absorption from
72.5 to 34.4 kJ·(mol H2)

−1 and reduce the temperature required to desorb 6 wt.% H2 by
approximately 100 ◦C [63]. Furthermore, Ali et al. showed that upon doping LiAlH4 with
10 wt.% MgFe2O4, 4 wt.% H2 could be successfully desorbed after 40 min at 90 ◦C and 1
bar(a), compared to no desorption at all in the same conditions for pristine LiAlH4 [64].
Similarly to catalyst addition, partial metal atom substitution in intermetallic hydride ma-
trices has also been proven not only to speed up reaction kinetics, but to also lower pressure
plateaus and improve cyclability [10,65]. Substitution can either be conducted with a single
element or multiple elements, with alkali-earth metals, transition metals, p-block elements,
rare-earth metals and even non-metals having been studied as candidates [65].

While understanding the reaction kinetics of gas–solid interactions in hydride systems
plays a pivotal role in overcoming some material limitations, it is well known that as the
characteristic dimensions of hydride-based H2 storage systems increase, the hydrogen

34



Inorganics 2024, 12, 313

release rate will depend much more on the heat transfer than on the intrinsic kinetics of
the hydride [66]. Therefore, considering the high amount of heat associated with gas–solid
reactions in hydride materials and the typical low heat conductivity of metal hydrides,
managing the heat release or consumption during hydriding/dehydriding reactions is
a critical factor to consider if adequate reaction rates are to be maintained. To provide
a reference point on the thermodynamics of selected metal hydriding and dehydriding
reactions, Table 1 presents a summary of prominent metal hydride materials and reactive
hydride composites.

Table 1. Absorption and desorption enthalpies and entropies for select metal hydrides.

Material
Absorption Desorption Other

ReferencesEnthalpy
[kJ mol−1H2]

Entropy
[J mol−1H2K−1]

Enthalpy
[kJ mol−1H2]

Entropy
[J mol−1H2K−1 ] Hysteresis [�]

MgH2 −74.6 −134.8 74.6 * 134.8 * N/A [67,68]
TiFe (L) −24.3 −100 27.4 103 N/A [69]
TiFe (U) N/A N/A N/A N/A N/A [69]

TiFe0.85Mn0.05 (L) −27.8 −99 30.6 103 N/A [69]
TiFe0.85Mn0.05 (U) −32.5 −121 35.2 126 N/A [69]

ZrNi −68.2 −125.4 73.6 127.6 N/A [70]
TiMn1.5 N/A N/A 28.7 114 0.93 [11]
TiCr1.8 N/A N/A 20.2 111 0.11 [11]

Hydralloy C5 −22.69 −97.2 27.83 109.90 N/A [71]
Mg2Ni −57.47 −94.94 61.26 99.26 N/A [72]
LaNi5 −28.4 −102.3 28.3 100.2 N/A [73]
CaNi5 N/A N/A 31.9 101 0.16 [11]

MmNi5 N/A N/A 21.1 97 1.65 [11]
CeNi5 −17.0 −105.8 22.2 111.0 N/A [74]

NaAlH4
(Step 1) −35.1 −118.1 38.4 126.3 N/A [75,76]

NaAlH4
(Step 2) −46.1 −123.8 47.6 126.1 N/A [75]

NaBH4 N/A N/A 108 133 N/A [77]

Mg2FeH6 −66 −124
67 (Step 1) 123 (Step 1)

N/A [78]80 (Step 2) 137 (Step 2)
Li3N (LiNH2-LiH) −66.1 −118 66.6 120 N/A [79,80]

Li-RHC −34 −70
76 (Step 1) 110 (Step 1)

N/A [41,42,81]61 (Step 2) 107 (Step 2)

L = lower plateau; U = upper plateau. * Values correspond to MgH2 absorption, but were presented here like this
since it is known that the hysteresis for MgH2 is negligible [68].

If heat management strategies are not sufficiently well designed, the temperature
changes resulting from heat accumulation/extraction could shift the equilibrium pressure
sufficiently to considerably alter hydrogen absorption/release rates [8], or even invert the
direction of the process completely [82]. Hence, due to the importance of heat and mass
transport for the performance of hydride-based H2 storage systems, the next section is
dedicated to covering the physical and thermophysical properties of these materials.

2.4. Physical and Thermophysical Properties

Some of the most important properties for the practical application of MHs as hydro-
gen storage materials are their volumetric and gravimetric energy storage densities. As
previously mentioned, every metal hydride can only store a limited amount of hydrogen.
Gravimetric and volumetric storage densities refer to the hydrogen stored per unit mass
and volume, respectively.For convenience purposes, when comparing hydrides to other
energy storage technologies, these capacities are often converted to energy densities using
the LHV of hydrogen, and consequently become known as gravimetric energy density
or volumetric energy density, respectively [83]. Excelling both in terms of gravimetric
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and volumetric energy densities has been identified as a critical factor to competitively
introduce metal hydrides, especially in mobile applications [6]. In terms of stationary
storage applications, volumetric energy densities tend to be of much greater importance
than gravimetric densities, given the need to minimize costs associated with land use [27].
Having said this, it is worth mentioning that the volumetric energy densities of metal
hydrides can be further improved, with metal-hydride powder compaction into pellets
already being a proven and commonly used method [84–87]. Additionally, Safyari et al.
have recently identified that exposing Mg–Ni based alloys to small amounts of oxygen on
the second absorption cycle leads to improved storage capacities (and therefore volumetric
energy densities), but more research is needed on the topic [88].

The effective heat conductivity of the MH bed is another property upon which hydro-
gen uptake and release depends, given that it can limit the rate at which heat is transferred
within the hydride, and therefore limit the rate at which the absorption and desorption
reactions occur [66,82,89]. The effective heat conductivity is not only a function of the
individual thermal conductivities of both the metal and the interstitial hydrogen atoms, but
also of pressure, temperature, reacted hydrogen fraction, porosity, and particle size [90,91].
Reference values for the effective thermal conductivities of some common metal hydride
powders are provided in Table 2.

Table 2. Effective thermal conductivities of some selected metal hydride powders under hydrogen
atmosphere.

Material
Effective Thermal

Conductivity
[W/(m·K)]

Pressure [bar] Temperature [◦C] Reference

Mg 0.64–1.24 0.97–29.61 25–410 [92]
Mg2Ni 0.35–0.75 1–50 35–200 [93]

LaNi4.7Al0.3 0.878 1 20 [94]
TiMn1.5 0.2–1.3 1–50 21 [95]
NaAlH4 0.46–0.55 1 25 [96]

Increasing either the pressure or the temperature of the system has been found to
increase the effective heat conductivity of the hydride bed [97]. Regarding the reacted
hydrogen fraction, it has been observed that the effective heat conductivity will diminish
as the reacted fraction increases; this happens because adding more hydrogen atoms
into the metal lattice blocks the ability of free electrons to conduct heat. Similarly, a
smaller particle size in the hydride bed leads to larger surface areas, and therefore an
increase in thermal contact resistance, which brings down the heat conductivity. However,
smaller powder particles may agglomerate and sinter to form a denser structure during
hydriding/dehydriding cycles, leading to a rise in thermal conductivity throughout the
hydride’s lifetime [82]. The agglomeration of metal hydride particles can also be used to
explain the relationship between porosity and conductivity. As the particles agglomerate,
the reactor bed becomes less porous, and there is less room for hydrogen gas (whose heat
conductivity is smaller than that of the bulk metal) in a given volume of hydride [98].
Therefore, in less porous beds, the effective thermal conductivity’s value approaches
that of the bulk metal, which is greater. It is relevant to mention that several strategies
have been identified to avoid these changes that occur during cycling, or to generally
increase the effective thermal conductivity of the MH bed. These consist of the addition of
high-conductivity materials, mechanical compaction, or the combination of both. Some
of the more widely applied high-conductivity materials include carbon-based materials
(graphite powder, carbon nanotubes, carbon bars, and expanded graphite) [9], metal
foams and powders (aluminum, nickel, copper) [82,99], or copper mesh [9]. None of these
materials will react with the metal hydride powders, and they will fill the void space in the
hydride bed, increasing contact between particles to create more effective heat conduction
channels [9,82].
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Microstructural aspects of metal hydrides such as their crystallinity must also be taken
into account for hydride-based H2 storage systems, as they can provide crucial insights
on how to maximize their storage capacities and for the selection of adequate preparation
methods for a specific metal hydride. It is known that most conventional metal hydrides
are crystalline phases; however, materials with varying degrees of crystallinity have been
investigated as potential hydrogen storage candidates. Amorphous metal hydrides have
been reported to possess much larger hydrogenation capacities, faster kinetics, and lower
dehydrogenation temperatures as a consequence of the increased availability of interstitial
sites resulting from their disordered structure [100]. However, the absence of a pressure
plateau, poor structural stability, and reversibility are still challenges that need to be
overcome [11,100]. In a similar manner, quasicrystals have been shown to possess a greater
number of interstitial sites than crystalline metal alloys, increasing their capacity to store
H2; TiZr-based quasicrystals have been identified as good candidates for H2 storage due to
their low thermodynamic stability [101,102].

Another important behavior that must be considered for practical applications of
metal hydrides is the lattice expansion of metals resulting from the occupation of interstitial
sites by hydrogen and the formation of the β-phase. Upon repeated hydrogenation and
dehydrogenation, the constant expansion–contraction of the metal hydride lattice (up to
an additional 25% of the original size) can lead to cracking in metal hydrides and their
subsequent pulverization, a phenomenon also known as decrepitation [8,9]. If not properly
managed, decrepitation can result in the metal hydride powder sinking to the bottom of the
reactor and, in combination with the expansion–contraction cycles, induce enough stress
on the reactor walls to be able to deform or even destroy them [11,103]. Various techniques
have been long known to mitigate the consequences of volume expansion. Some relevant
examples are strengthening container walls, lubricating the reactor bed with non-volatile
oils such as silicon, adding aluminum powder or fiber, or partially substituting the metal
matrixes with other metallic atoms [103–105].

2.5. Hydride Based H2 Storage Systems

Metal hydrides present several advantages in comparison with more traditional H2
storage methods. To begin with, hydrides are able to store hydrogen at a very wide range
of temperatures and pressures (including ambient conditions), whereas other alternatives
have very specific requirements to successfully store it. For instance, some methods such
as liquified hydrogen storage and the use of some solid adsorbents (organic polymer net-
works and metal–organic frameworks) require cryogenic temperatures of −253 ◦C and
ca. −196 ◦C [106,107], respectively), while gaseous hydrogen storage involves elevated
pressures that typically range from 350 to 750 bar, and cryo-compression needs the com-
bination of both high pressures and very low temperatures [106]. Besides the fact that
maintaining these temperatures and pressures translates to increased operational costs, the
use of specialized tanks (with reinforced walls, extreme insulation, and lightweight materi-
als) is usually necessary to account for such harsh storage conditions [106,108], meaning
a larger capital investment is required. Metal hydrides also excel in terms of volumetric
hydrogen storage densities, outcompeting both compressed and liquified hydrogen [10].
Their performance is only rivaled by some chemical hydrogen carriers, such as liquid
organic hydrogen carriers (LOHCs) or ammonia [109], but it has been found that metal
hydrides can be more energy efficient than both of these options [110]. Regarding safety,
metal hydrides are advantageous over other H2 storage alternatives mainly because of
the endothermic nature of their desorption reactions, and their high bond stability [106].
Having an endothermic hydrogen release reaction allows for the careful control of H2 gas
exposure to the tank surroundings, as it is only released when heat is supplied. Additionally,
a high bonding energy means that desorption will not occur without external heat supply.
Therefore, spontaneous H2 leaks that might lead to accidents, and even tank depletion
(as is the case in passive boil-off for liquid hydrogen storage [111]) can be avoided. The
possibility of operating metal hydride storage tanks at near-ambient pressure conditions
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(depending on the selected metal hydride) also eliminates the risk of explosions or jet fire in
the case of a tank rupture, as sometimes occurs with gaseous hydrogen tanks [112]. Finally,
metal hydrides are promising options for H2 storage because of their compositional and
structural diversity. By choosing specific alloys, preparation methods and additives, their
properties can be tailored to suit very particular operating requirements.

Despite their advantages, metal hydrides still present some drawbacks, such as their
high weights, high material costs, poor reversibility, poor reaction kinetics, and the require-
ment for high desorption temperatures [106]. Nonetheless, the benefits of using hydrides
for H2 storage outweigh their disadvantages, as can be seen by their gradual incorporation
into existing energy systems.

The potential of MH reactors for energy systems has already been demonstrated by real
world applications, mainly in the transportation and energy storage sectors. The German
and Italian navies have implemented hydride-based power systems in submarines [6],
and pilot studies with mini-passenger trains [113,114], forklifts [115], and canal boats [116]
have been successfully carried out. Road-bound applications, however, are still very scarce
as no metal hydride has managed to accomplish all the targets set by the DOE [117] for
on-board H2 storage yet. In terms of stationary energy storage, off-grid hydrogen energy
storage systems for buildings, hotels, and small communities [118], as well as auxiliary
power units [119,120], have been tested at a pilot scale. Furthermore, the use of metal
hydrides in heating/cooling systems and as thermal energy storage systems has received
a lot of attention lately, with prototypes for heat transformers, heat pumps, refrigeration
systems, steam production systems, and CSP energy storage having already been built
and tested [121]. Despite the wide variety of current implementations, most of the other
lesser-known applications of hydrides that might benefit from thermal energy storage
coupling (such as hydrogen purification) are still in the experimental phase. In-depth
reviews of the current developments can be found in the scientific literature [6,122,123].
The following paragraphs will address some key design aspects of MH H2 storage systems,
for consideration when coupling with TES solutions.

The first crucial factor is the geometry of the hydride reactor. A proper reactor design
allows for the control of heat and mass transfer in a hydride bed, and thus of the metal
hydride’s performance in practical applications [9,124]. Reactor geometries can be mainly
divided into the following categories, as shown in Figure 5: tubular, tank, planar, disk, and
spherical.

Although there are some existing studies on planar reactors with a rectangular ge-
ometry [125,126], these are not widely adopted. Their planar shape does not allow for a
uniform distribution of mechanical stresses generated by the gas pressure, thus making
their use with high operating pressures not viable [127]. Cylindrical tubular and tank-type
reactors, on the other hand, are the most widely employed configurations, given that they
facilitate the equal distribution of heat and mass transfer within the bed, tolerate high
operating pressures/stresses, and are relatively easy to manufacture [124,127,128]. Tubular
reactors typically employ a ‘central artery’ to feed hydrogen into the hydride bed, while
tank reactors have a larger volume, and involve multiple arteries or surrounding outer
filters for hydrogen diffusion [9,127,129]. It is worth mentioning that despite both tubular-
and tank-type reactors commonly involving circular cross-sections, they are not limited to it;
elliptical configurations have been proposed for the former [130], while the latter can come
in cubic shapes [9,129]. Additionally, one advantage that tubular reactors present is that the
individual units can be treated as modules, and bundled up whenever there is a demand
for more hydrogen storage capacity [131,132]. Disk reactors are composed of a flat metal
hydride bed, with hydrogen flowing axially in and out of the reactor, and a large surface
area enables efficient heat exchange and therefore remarkable hydrogen uptake/release
rates [124,129]. Recent progress has shed light on their true potential, outperforming even
multi-tubular reactors, particularly in modular annulus configurations [133–135].
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Another aspect to consider in terms of reactor geometry is their orientation. It has
been documented that horizontal reactors are less prone to stress accumulation than their
vertically oriented counterparts, with particle agglomeration in the latter reaching densities
so high that they were able to deform thermocouples inside the reactor [103,136]. These
aspects must be taken into account when contemplating the integration of internal heat
exchangers.

When designing H2 storage systems, taking heat management strategies into consid-
eration is extremely important. As aforementioned, if heat is not extracted/supplied at
the appropriate rate from the metal hydride bed, temperature changes in the powder bed
might bring the system very close to its equilibrium conditions, dramatically decreasing
the hydrogen release/uptake rates. An illustrative example of the demand placed upon
heat management technologies is the case of Nb2O5-doped MgH2 reactors. These metal
hydride beds can absorb over 5 wt.% H2 in 30 s; if translated to a tank containing 5 kg
H2, then 500 kW of heat would need to be extracted from the reactor to successfully store
said amount of hydrogen [8,137]. The most common solutions to the problem of heat
accumulation, in terms of reactor design, are reducing the distance through which heat
must travel to escape, increasing the heat transfer area, and improving the heat transfer
coefficient [128]. Internal heat exchangers can satisfy all three requirements, while external
apparatuses such as jackets are only able to contribute to the improvement of the last
two. However, combining both is also a possible alternative. Developments in internal
heat exchangers have mostly focused on tube shape/placement/number, and fin design.
Cooling and heating tubes can be straight, U-shaped, helical or coiled, while alternatives
such as embossed plate or annular heat exchangers can also be installed [124,128]. An
illustration of these common types of heat-exchange tubes can be found in Figure 6.

Past studies have established the superiority of helical tubes over straight and finned
tubes, even highlighting the improvements that can be made by fine tuning the pitch-to-
diameter ratio [138,139]. Simulations have similarly shown that doubled U-shaped tubes
allow for reduced charging times compared to straight cooling tubes [140]. In terms of
the number of tubes and tube passes, a large collection of studies have confirmed that
increasing both of these values within a reactor has positive effects on reaction kinetics and
temperature distribution [141–146]. However, this behavior is observed only up to the point
at which a certain number of tubes are added [141,142] and an optimization-based approach
should also be considered, so as to keep the system weight within acceptable levels and
avoid complicated manufacturing. Tube placement within the reactor is an additional
factor to consider for adequate heat management. Krokos et al. studied five different
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configurations of nine cooling tubes in a cylindrical reactor, and found that charging and
cooling times were reduced to a minimum when the tubes were equally spread out in the
metal hydride bed [132]. Liu et al. studied configurations of two, three, and four pipes
(arranged either in the corners of a square, or in the vertices of an equilateral triangle),
and found that the least time to achieve 90% saturation of the hydride bed was obtained
with the four tubes arranged as a square [141]. Additionally, they identified an overall
decreasing trend in saturation time as the tubes are placed farther away from the center, but
when they are placed too close to the reactor wall, the reaction rate slightly increases. Raju
et al. also reported a positive correlation between H2 uptake and tube separation; although,
an increasing tube diameter for each of the cases analyzed must be considered [147].
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Fin design has proved to be another aspect of great relevance for heat removal, mainly
by increasing the heat-transfer area, as well as providing better performance in terms of
local thermal conductivity and natural convection, for internal and external fins, respec-
tively [148]. Typically, internal fins, which are placed inside the metal hydride bed, can be
found in either transverse/radial or longitudinal form, with respect to the orientation of the
heat exchange tube. It has been reported by several authors that both types of fins exhibit
very similar heat-transfer performances overall, with the longitudinal variation exhibiting
slightly better performance [149,150]. A wide variety of less conventional fin designs are
also evaluated in the literature, such as conical fins [151], perforated disk-shaped fins [152],
pin-shaped fins [153], fan or quadratically arranged fins [154], honeycomb patterned
fins [155], tree-shaped fins designed by genetic algorithms [156], or more complex 3-D
printed patterns [124]. Regarding other fin parameters, it has been found that an increase
in fin length [157–159], and fin thickness [152,157] both improve hydrogen uptake/release
rates, but none are more influential than fin number in that aspect [126,152,160]. A crucial
consideration to be made when employing fins is that they can consume a considerable
portion of the metal reactor volume, therefore leading to a decrease in its volumetric and
gravimetric energy density. Even optimized designs can result in 29% of the reactor internal
volume being occupied by fins [161].

External fins can be utilized to facilitate heat transfer between the reactor outside wall
and a cooling medium. It has been found that the effectiveness of external fins is greatly
dependent on the cooling fluid, whereas internal fins are not [162]. Using water jackets
by themselves has been found to outperform both external fins [163] and straight cooling
tubes [164], emerging as a good option. Nonetheless, they still underperform compared to

40



Inorganics 2024, 12, 313

helical cooling tubes [164,165], and adding fins to the jacket has in some occasions proved
to be one of the best options for heat extraction from the metal hydride bed [157,164].

3. Thermal Energy Storage (TES)
3.1. Types of TES and Working Principle

TES technologies are one of the most prevalent energy storage systems (ESSs) and
are, depending on the material, able to be used both as short- and long-term energy
storage media [166]. The three main categories of TES systems are sensible, latent, and
thermochemical energy storage, which are grouped based on the main physical phenomena
that govern the ability of the TES materials to store heat [166,167].

Sensible heat storage systems are the simplest of the three types of TES technologies,
and refer to the storage of heat associated with a change in the temperature of a given
material, without involving a phase change [168]. Latent heat storage systems, aside from
the energy stored through a change in temperature, can also store additional energy due
to the presence of a phase transition, which usually results in these materials having a
higher specific energy storage capacity than sensible heat storage materials [166]. Finally,
thermochemical energy storage (TCS) systems make use of chemical interactions in sorption-
based and reaction-based materials as a means of storing and liberating heat whenever it is
required [169,170].

The materials discussed in this work are presented schematically under the appropriate
classification in Figure 7. The materials were chosen based on their perceived relevance
and potential for coupling with hydrogen storage systems. Also, a summary of the most
important characteristics of each of these storage methods is described in Table 3. In the
following sections, the selected materials are described in more detail.
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Table 3. Summary of main characteristics of sensible, latent and thermochemical thermal energy
storage materials.

TES Aspect Sensible Latent Thermochemical

Complexity Lowest Intermediary Highest

Technology Maturity Mature New Technology Under development/mostly
laboratory scale
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Table 3. Cont.

TES Aspect Sensible Latent Thermochemical

Type of Materials
Rock, Pebble, Sand, Gravel,

Water, Thermal Oil, Salt, Salt
Eutectics, etc.

Alkenes (Paraffins), Alcohols,
Esters, Fatty Acids, Salt, Salt

Eutectics, Metals, Metallic
Alloys, etc.

Adsorption materials (e.g.,
Silica Gel/H2O, Zeolite/H2O),

Absorption materials (e.g.,
LiBr/H2O, LiCl/H2O) and
reaction-type materials (e.g.,
Hydroxides, Metal Oxides,

Carbonates, Hydride
Materials, Salt Hydrites)

Gravimetric Energy Storage
Density [kWh/kg] ~0.02–0.03 ~ 0.05–0.10 ~0.5–1.0

Volumetric Energy Storage
Density [kWh/m3] ~50 ~100 ~500

Energy Losses Over Time Yes Yes
No losses associated with
long-term storage (except

heating and cooling)

Operation Temperature Range From room temperature to
over 1000 ◦C

From room temperature to
around 1000 ◦C

From room temperature to
around 1500 ◦C

Comments Outlet temperature variable Narrower outlet temperature
(in relation to sensible TES)

Operation temperature is
pressure-dependent

(adjustable to some extent)

Some of the most important parameters for the selection of an appropriate material
for TES are listed below [171]:

• Capacity: defines the energy stored in the system and varies with the size, storage
technology and storage medium;

• Gravimetric and/or volumetric energy density: defines the amount of energy that the
material can store per unit of mass or per unit of volume, respectively;

• Power: defines how quickly the stored energy in the system can be charged or dis-
charged;

• Efficiency: defined as the ratio between the energy made available to use, and the
energy needed to charge the system. This value quantifies the losses during the
charge/discharge cycles;

• Storage period: defines how long the energy can be stored;
• Charge and discharge time: defines how long a system takes to charge or discharge;
• Cost: can be defined in terms of the cost of stored energy (€/kWh) or power (€/kW)

and depends on the specific configuration of the implemented system, i.e., its CAPEX
and OPEX values;

• Environmental impact: refers to considerations regarding the production of the mate-
rial and the operation of the plant, or the implementation of the TES technology, that
should be taken into account;

• Mechanical and chemical stability: this parameter affects not only the associated
costs but also has implications on the environmental impact due to the potentially
lower lifetime of the material/plant;

• System complexity: this parameter can influence both CAPEX and OPEX as well as
the flexibility and reliability of a given TES technology.

3.1.1. Sensible Heat Storage

As previously mentioned, sensible heat TES refers to the storage of heat associated
with a change in temperature without the occurrence of a phase change [167]. The amount
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of thermal energy QSensible that a given system is able to store can be determined by Equation
(5):

Qsensible =
∫ Tf

Ti

m·cp dT = m·cp·(Tf − Ti) (5)

in which m is the mass of the material, cp is its specific heat capacity, and Ti and Tf refer to
the initial and final temperatures, respectively. This technology for storing heat is the most
mature and most utilized heat-storage technology [172], with applications in use and in
development that include industrial heating [173], industrial heat recovery [174], district
heating [175], and concentrated solar plants [171], to name a few.

While sensible heat storage materials have comparatively low gravimetric and volu-
metric energy densities, they present very interesting properties, such as their low com-
plexity (compared to the two other TES technologies), their cost-effectiveness [171] and the
possibility of using highly available materials, like rocks, bricks, sand, soil, and water [172].
Additionally, these materials exhibit a very wide operation temperature range, which goes
from room temperature to temperatures that can exceed 1000 ◦C [176]. A main benefit of
sensible heat storage materials over the other two types is that the materials tend to present
very good reversibility, with little to no limitations in terms of their life cycle [167]. Sensible
TES materials can be found in both liquid or solid form, with solid TES materials not being
prone to leakages and usually having wider operation temperature ranges, which makes
them eligible for higher temperature applications. Liquid materials, on the other hand,
such as water, might cause corrosion and can have unfavorable properties, like having a
high vapor pressure at the desired operation temperature range [166].

It is also worth mentioning that solid and liquid materials for sensible heat storage
differ in the strategies available for the heat exchange between the heat storage medium
and the system that is providing/extracting heat, be that during charging or discharging. In
the case of solid materials, some sort of fluid needs to be used as a heat exchange medium
to transfer the heat from the storage material to the process in which it is required. In the
case of liquids, the heat storage material can function both as the heat storage medium and
the heat transfer fluid (HTF), provided that some sort of circulation (e.g., a pump) is used
to allow the heat exchange between the heat storage medium and the process requiring this
heat. As such, not only does the heat storage capacity play an important role in defining
a system’s properties, but also the heat transfer and mass transport properties, and the
design of the particular system [166]. In the next subsections, the different options for
sensible heat storage materials will be discussed more in detail.

3.1.2. Rocks, Pebbles, Sand, and Gravel

Solid sensible heat storage materials include rocks [177], pebbles [178], sands, gravel,
and other similar materials. These are arranged as a packed bed inside a container to be
used as fillers in single tank thermocline thermal energy storage systems. Earth materials
are comparatively cheap, abundant, non-toxic, non-flammable, and require the use of some
heat transfer fluid for its charge and discharge cycles. This heat transfer fluid is typically
put directly into contact with the heat storage medium, which in this case, doubles up as
the heat transfer surface [168]. Thermal oil and water/steam are the most common heat
transfer fluids [172].

Still, not every rock can be used for higher temperature operations. According to
Tiskatine et al. [179], the durability of rocks depends on its chemical and mineralogical
composition, the grain structure, the nature of the contacts in the rocks, as well as the
crystallographic texture of the rock-forming minerals. The authors also discuss some
degradation mechanisms as influencing factors, among which are the cracking of quartz
crystals caused by their thermal expansion or the loss of mass in marble and limestone
rocks resulting from the decomposition of CaCO3 with production of CO2 [179]. In another
study [180], Tiskatine et al. conclude, based on several criteria discussed, that among
50 candidate rocks the most promising candidates for high-temperature thermal energy
storage are dolerite, granodiorite, hornfels, gabbro, and quartzitic sandstone. Chemical
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changes associated with the thermal cycling and the selection of the HTF can induce
changes that can be deleterious for the operation of TES systems, with consequences such
as dust formation, micro-cracks, disintegration, mass loss, and decreases in specific heat
capacity [181].

The specific heat capacity of sensible heat storage systems, as mentioned earlier, is
one of the most important properties to consider during material selection. Studies have
reported mean values near 2300 kJ·(m3·K)

−1 for this property in rocks in general [180],
which, combined with their low price, make this technology a very competitive alternative.
A second important property to be considered is the thermal conductivity of the material,
given that it strongly influences the charge/discharge dynamics of a system [180]. An
evaluation from the data available in Zoth and Haenel [182] carried out by Tiskatine
et al. [180] has found, for a selected group of rock materials, adequately high values of
thermal conductivity varying from 2.4 to 4.3 W·(m·K)−1 at 25 ◦C and decreasing to 1.4 to
2.4 W·(m·K)−1 for a temperature of 500 ◦C.

3.1.3. Concrete and Ceramic Materials

Concrete blocks have also been considered as sensible heat storage materials [168].
These materials possess good mechanical properties, have a relatively low cost, are compar-
atively easy to produce, and are non-toxic and non-flammable.

Improvements to the concrete composition have been achieved by Xu et al. [183] by us-
ing an admixture of silane-coated silica fume to increase the specific gravimetric heat capac-
ity by 50% and the thermal conductivity by 38%, to 1.05 kJ·(kg·K)−1 and 0.719 W·(m·K)−1,
respectively. Experimental studies have shown that a high-temperature concrete with
a specific gravimetric heat capacity of 0.916 kJ·(kg·K)−1 and a thermal conductivity of
1.0 W·(m·K)−1 at 350 ◦C was able to reach temperatures over 300 ◦C in an experimental
setup designed to demonstrate the technology on a 350 kWh test unit equipped with an
oil-based heat exchanger [184]. Investigations by Alonso et al. [185] have shown that a
calcium aluminate cement blended with an admixture of blast furnace slag is suitable for
applications with temperatures up to 550 ◦C. While the concrete investigated had initially
a heat conductivity of 2.05 W·(m·K)−1, because of the heat cycling that leads to cracking,
this value decreased to 1.16 W·(m·K)−1. The authors suggest the use of other materials
and design techniques to improve the heat conductivity and mitigate degradation of other
properties, while pointing out the importance of heat conductivity to concretes as TES ma-
terials. Kunwar et al. [186] produced concrete cylindrical blocks with drillings in different
positions and different sizes to investigate the heat transfer performance of the material
with air as a heat transfer fluid. In terms of heat storage capacity, the studied samples were
reported to have a volumetric heat capacity of 2531 kJ·(m3·K)

−1, which is close to values
found for some rock materials [180].

3.1.4. Solid Waste Materials

Another alternative for solid-state heat storage systems is to use waste/inertized
materials. This approach is attractive due to its low costs and sustainability. Examples
of inertized products are fly ashes from municipal waste [187], industrial by-products
like potash [188], by-products from the mining and metallurgy industry [189,190], post-
industrial ceramic [191], recycled Nylon fiber from textile industry [192], and waste
glass [193].

Investigations using material prepared from demolition waste have shown promis-
ing results as sensible heat storage materials. Using a material developed in a previous
study [194], Kocak et al. [195] have made numerical and experimental investigations on a
lab-scale packed-bed prototype for sensible TES that can operate at temperatures between
130 and 180 ◦C. The authors claim that, compared to a very common sensible heat storage
medium (Therminol 66), their material could store up to 45% more heat, and that in com-
parison to other solid materials for sensible TES, demolition wastes can be up to tenfold

44



Inorganics 2024, 12, 313

cheaper. As such, the use of waste material from demolition might be an alternative to
make TES more economical while simultaneously conserving natural resources.

In a recent study, Zhang et al. [196] studied the development of a sensible TES material
prepared from steel slag, MgO, and refractory clay. This material presents a decent heat
conductivity of 1.137 W·(m·K)−1, with a maximum temperature of 1000 ◦C and a heat
capacity of 1.29 kJ·(kg·K)−1. On top of that, the authors claim that the costs per unit of
energy stored are very competitive compared to other, commonly used, high-temperature
sensible heat storage materials.

3.1.5. Water

Water, the most used liquid sensible heat storage material [166], has the advantage of
being able to act not only as the heat storage material of the system, but also as the heat
transfer fluid [168]. Alongside its non-toxicity, abundance and low cost, it has a rather high
gravimetric specific heat capacity (4.184 kJ·(kg·K)−1). Water can be used in a solid, liquid,
or gaseous state and is an excellent candidate for home space heating, cold storage of
food products, and hot water supply applications due to its non-flammable and non-toxic
properties [168]. Another attractive aspect of storing heat using water is the good scalability
and the low level of complexity for its operation (compared to latent and thermochemical
energy storage) [175]. One of the limitations of this technology is the high vapor pressure
that the material has. In cases in which higher temperatures are required, pressurization of
the system is necessary in order to keep the water in the liquid state [166,175].

3.1.6. Thermal Oils

This class of materials is represented by organic fluids which possess good heat transfer
capabilities. Thermal oils, much like water, can work simultaneously as thermal energy
storage medium and heat transfer fluid. These materials present advantages over water
because they can remain in the liquid state at much higher temperatures (usually around
250 ◦C under atmospheric pressure). Some materials have been reported to operate at even
broader temperature ranges, like between 12 ◦C and 400 ◦C [168]. Since they have a wide
temperature range, this means that they can generally have a higher sensible energy storage
capacity. On top of that, their low vapor pressure allows for cost savings in the installations
due to reduced pressure built up during higher temperature operations, resulting in lower
container and piping costs. For example, at 374 ◦C, the DOWTHERM thermal oil has a
vapor pressure of only 7.6 bar, while water under the same conditions would have a vapor
pressure of 221 bar. On top of that, since these thermal oils are liquid at room temperature,
they do not require an anti-freeze mechanism like molten salts and metallic alloys do [168].

Despite their benefits, thermal oils, in general, have lower specific heat capacities
(around 2 kJ·(kg·K)−1) and have very modest heat conductivity values (in the range of
0.1 W·(m·K)−1) compared to water [168]. The heat conductivity, however, can be improved
by introducing additives like graphene, graphite, and metal oxides. By adding up to 0.20 mg
graphene per mL of heat transfer oil, an increase of up to around 25% in this property
could be obtained [197]. The observed changes in the kinematic viscosity of the samples to
which the additives were added were minor under the investigated temperatures, resulting
in negligible changes in the liquid’s properties [197]. Still, these developments should be
scrutinized under the perspective of an application as a thermal energy storage material,
since the time scales and operation conditions under which these materials might have to
work might affect the stability of the additive nanoparticles.

While vegetable oils have the potential for cost reduction, there are concerns about
their rate of degradation. According to Kenda et al. [198], exposure to oxygen, moisture, and
higher temperatures affect the degradation of these materials. Furthermore, the presence of
fatty acids, unsaturated components, and light transition metals with two or more valence
states are some of the aspects that influence the degradation rate.
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3.1.7. Salts and Salt Eutectics (as Sensible Heat Storage)

For applications of sensible TES technologies in which temperatures exceed 400 ◦C,
molten salts are the preferred storage medium and heat transfer fluid. The use of molten
salts is becoming increasingly widespread in applications like middle-sized concentrated
power (CSP) plants and in generation III and III+ nuclear reactors. Properties like their
high specific volumetric heat capacity, high boiling points, very high thermal stability
and their very low vapor pressure even at elevated temperatures make them well-suited
candidates for these types of applications. Molten salt materials are also cheap, easily
available, non-toxic and non-flammable [168]. Commercially available systems can reach
up to 565 ◦C [199].

While these materials present many interesting properties as TES materials, they have
important drawbacks. The fact that their melting points are usually over 200 ◦C calls
for the use of some anti-freezing system to avoid solidification. One way to reduce the
solidification temperature of these salts is by combining one or more salts in a eutectic
mixture. For example, pure KNO3 has a melting temperature of 334 ◦C and pure NaNO3
has a melting temperature of 307 ◦C. Their binary mixture with a proportion of 60% NaNO3
and 40% KNO3 (known as “Solar Salt”) has a melting point of 220 ◦C [168]. The addition
of Li-based salts like LiNO2 and LiNO3 is deemed as an interesting alternative to further
lower the melting point of salt compositions and increase the heat storage capacity. Both
these aspects also help to reduce the cost of the stored energy (by reducing costs associated
with keeping the salt mixture in liquid state) [200]. Another candidate that is being used as
a sensible heat storage material is the HITEC™ salt, which is composed of 53 wt.% KNO3,
40 wt.% NaNO2, and 7 wt.% NaNO3 [199]. In relation to Solar Salt, this material possesses
better thermophysical properties and a lower melting point.

An important drawback of molten salts as sensible heat storage materials is that they
have high viscosities compared to other thermal fluids like oil and water. These poor flow
properties increase costs associated with the circulation of the fluid. On top of that, molten
salts have very poor heat transfer properties, with heat conductivities ranging from 0.5 to
0.6 W·(m·K)−1, depending on the selected salt [168].

In the subsubsection Salts and Salt Eutectics (as latent heat storage) the application of
this class of materials as latent heat storage materials is discussed.

3.1.8. Latent Heat Storage

Latent TES materials, on top of storing sensible heat energy as temperature, can
additionally store energy whenever the material undergoes a phase change. For their
applications as a TES medium, the transition between solid and liquid phases is most
explored [166]. These materials are called phase change materials (PCMs) and can be
categorized as organic and inorganic PCMs, depending on their composition.

The storage of heat Q for a latent heat storage material with a melting temperature Tm
(with Ti < Tm < Tf), starting from solid state at some initial temperature Ti until reaching a
final temperature Tf can be described in Equation (6) as follows:

Qsensible + Qlatent =
∫ Tm

Ti
msol ·cp, sol dT + m·∆h f us +

∫ T f

Tm
mliq·cp, liq dT (6)

where m is the mass of the latent TES material, cp is the specific heat capacity at constant
pressure, ∆hfus is the enthalpy of fusion of the solid phase given in kJ/kg, and the un-
derscripts “sol” and “liq” refer to the solid and liquid phases. On the right-hand side of
Equation (7), the first term refers to the amount of sensible heat stored in the solid phase,
the second term is associated with the heat involved in the phase change and the third term
is the amount of sensible heat stored in the liquid state.

The use of latent TES has several advantages over the sensible TES technology. The
operation approaches an isothermal regime in the vicinity of the phase change temperature,
which can be beneficial for the process. On top of that, the gravimetric and volumetric heat

46



Inorganics 2024, 12, 313

storage capacities are significantly higher compared to the sensible heat storage [166]. How-
ever, besides the additional complexity for operation, some materials lack an acceptable
long-term stability, tend to have low thermal conductivity, and present some undercooling
during phase transition [201].

The difference between sensible and latent TES materials is illustrated in Figure 8.
Assume two different materials, both solid at an initial temperature Ti. These materials,
which have similar specific heat capacity at constant pressure cp, experience an increase
in temperature, causing both of them to store an amount of energy that is proportional
to their respective cp values. This happens until a temperature Tm is reached. While an
increase in the stored energy for the sensible heat storage material is only possible with
an increase in temperature, the latent heat storage material undergoes the phase change,
storing energy as the transformation to liquid state progresses. The latent energy storage
material keeps a nearly constant temperature until the complete conversion of the solid
phase into liquid phase is completed, after which a further increase in the stored energy
can only occur with an increase in the temperature until reaching the final temperature Tf.
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As mentioned before, the high amount of energy that is stored in a very narrow
temperature range in the vicinity of Tm is advantageous for many processes, since it gives
more predictability and might simplify the control mechanisms to operate the system
efficiently.

For a particular application in a system, the selection of a suitable latent TES material
depends on its phase change temperature, its latent heat of fusion, the associated volume
changes during phase change, and the degradation of its thermophysical characteristics
with repeated cycling [166].

Latent TES systems rely on dedicated heat transfer fluids to transfer the heat from the
PCMs to the relevant process under consideration. These PCMs are stored in tanks/vessels,
and the system performance is very commonly limited by heat transfer between the
PCMs and the heat exchange fluid [202]. Because of this fact, several techniques for the
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enhancement of heat exchange have been investigated and developed. Said techniques can
be divided into passive and active improvement techniques.

Passive systems make use of various strategies to improve the heat transfer between
the PCM and the heat transfer fluid without the need of additional energy (external power).
Some of these techniques are nanoparticle dispersion, and adding heat pipes, porous
matrices or conductive foams/surfaces, and extended fins [203] within the PCM storage
tank/vessel [202].

When some source of external power is applied to improve the heat transfer, then it is
said that an active heat transfer enhancement technique is being used. Examples for active
heat exchange enhancement are mechanical aids such as pumps, vibration, jet impingement,
injection, and external fields [202]. While active enhancement can improve the performance
of the system in terms of power (or time to charge/discharge), it comes at the cost of
considerable energy expenses and an increase in the system’s complexity. These two
aspects obviously impact the costs associated with the operation and construction of such a
system. Because of this, passive techniques are currently more prevalent [202]. Among the
passive techniques for heat conductivity enhancement, according to Al-Salami et al. [203],
fins are very promising due to their minor volume occupancy, low cost, reliability, ease
of manufacturing, and simplicity. In an assessment conducted by Zhang et al. [200], the
latent energy storage materials considered had values of heat conductivity that ranged
from 0.2 to 0.8 W·(m·K)−1. These values are significantly lower than the values typically
found for sensible TES materials, which further underlines the significance of heat transfer
enhancement.

There are two important categories of materials used in latent heat storage systems,
organic and inorganic materials. Organic materials include alkanes, fatty acids, esters,
alcohols, and glycols. Due to their higher relevance and potential, only alkanes and fatty
acids are covered in this review. For a brief summary of some of the properties of esters,
alcohols and glycols in the context of latent heat storage materials, the reader is referred to
the literature [168,203]. Inorganic materials include salts and salt eutectics, salt hydrates,
metals, and alloys. A brief summary of examples and the properties of these materials is
provided in the following subsections.

3.1.9. Alkanes

Alkanes are a family of organic chemical compounds with the general formula
CnH2n+2. These compounds are often called paraffins, although the term “paraffin” usually
refers to a mixture of alkenes [168]. Due to their interesting properties such as high enthalpy
of fusion, low vapor pressure, chemical inertness, low cost, minimal tendency to separate
in different phases, non-corrosivity, and non-toxicity, these materials are suitable for waste
heat recovery systems and other low- to medium-temperature applications [166,204]. At
room temperature, alkenes with values of n (n = number of C atoms in the molecule)
between 5 and 17 are liquid, while molecules with higher n-values are waxy, solid mate-
rials [204]. The latent heat storage capacity and the melting temperature varies with the
number of atoms in the molecule, with longer/heavier molecules presenting higher values
for their latent heat storage capacity and higher melting points. These paraffin mixtures
have melting temperatures that typically range from −5 to 100 ◦C [168]. In general, the
values for the latent heat associated with the solid–liquid phase transition lie between 150
and 250 kJ·kg−1 [204].

Some of the main drawbacks of these PCMs are their low heat conductivity and high
volume change during the phase transition of ca. 10% [168]. According to a summary
made by Zalba et al. [205], mixtures of alkenes with different n values such as the ones
designated in that work as “paraffin C16-C28”, “paraffin C20-C23”, and “paraffin C22-C45”
show, respectively, melting points of ca. 43 ◦C, 49 ◦C and 59 ◦C. Still, all these materials
exhibit the same, very low thermal conductivity of 0.21 W·(m·K)−1. Some works have tried
to improve the thermal conductivity of these materials, by adding, for example, 0.06 wt.%

48



Inorganics 2024, 12, 313

natural graphite to an alkene material, leading to an increase in the heat conductivity to
0.38 W·(m·K)−1 [204].

3.1.10. Fatty Acids

Fatty acids are organic compounds that contain a carboxylic functional group (COOH)
on its aliphatic chain (i.e., do not have aromatic rings). These aliphatic chains can be
saturated (i.e., only simple bonds) or unsaturated (i.e., with double or triple bonds) and
have no heteroatoms in the carbon chain. Fatty acids have advantages similar to the
alkenes/paraffins, as they have relatively low cost, good chemical stability, and have hardly
any phase separation [168]. They also suffer from very similar drawbacks as alkanes,
such as low thermal conductivities and large volume changes associated with their phase
transition. Most of the fatty acids considered for latent heat storage applications are
saturated fatty acids, since they present higher melting points in relation to unsaturated
ones [168]. Examples of saturated fatty acids considered for heat storage applications are
caprylic acid (n = 8; Tm = 16.7 ◦C), lauric acid (n = 12; Tm = 44.2 ◦C), and stearic acid (n = 18;
Tm = 69.9 ◦C) [206]. Some of these fatty acids, like lauric acid, are naturally occurring in
agricultural crops, so that they can, in principle, be extracted from low-cost, renewable
sources [168] and from non-edible sources of fatty acids, like waste oils from agricultural
and food processing facilities, used cooked oils or genetically modified oils that are not
approved for human consumption [204].

Similarly to what has been observed for the alkanes/paraffins, attention has been
given to improving the thermophysical properties of these materials, with special emphasis
on thermal conductivity by means of, for example, using carbon nanotubes, as reported by
Sari et al. [207].

3.1.11. Salts and Salt Eutectics (as Latent Heat Storage)

Salts have melting temperatures that make these materials attractive both as sensible
and latent TES materials, depending on the operation temperatures required by the specific
applications. In the subsubsection Salts and Salt Eutectics (as sensible heat storage), the
application of salts in the liquid state as sensible heat storage materials was described.
Here, the focus is given to salts with comparatively higher melting points, so that they can
be used as latent heat storage materials in applications at higher temperatures.

There are several types of inorganic salts, which can be divided into nitrates, hydrox-
ides, chlorides, sulfates, and fluorides. For latent heat storage applications, salts and salt
eutectics with melting temperature of at least 250 ◦C are usually considered [168]. Nitrate
salts are currently the most used in CSP plants and typically operate at temperatures of
up to 565 ◦C [171]. Hydroxide salts have melting points between 250 ◦C and 600 ◦C, while
chlorides, carbonates, sulfates, and fluorides have melting points that surpass 600 ◦C [168].
While the thermodynamic and thermophysical properties of pure salts are predetermined,
a mixture of different salts can be used to form a eutectic mixture, in which these properties
can be tuned to a degree, especially the crystallization temperature. In this mixture, the
solidification and melting points are reduced and become lower than the melting points of
any of the individual components. These compositions of two or more components melt
and freeze congruently [200], i.e., they solidify at the same temperature. Because the phases
involved solidify simultaneously, macroscopic phase separation is hindered.

According to Ong et al. [199], most commercially available salt mixtures that could
work for latent TES have only a useful temperature range for applications such as hot water
supply and building heating/cooling systems, although there has been some interest in
finding suitable compositions and experimental efforts to determine properties relevant for
high-temperature applications.

3.1.12. Metals and Alloys

Some alloys and metallic materials exhibit favorable properties for latent TES, namely,
low melting points (sometimes close to or even below ambient temperatures) and very high
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boiling points, with negligible vapor pressure values even at elevated temperatures [168].
With the exception of cast iron/steel (which were considered as a sensible heat storage
materials) [172], metallic materials and their alloys have been investigated as latent TES
materials [168,208,209].

According to Costa et al. [208], metals and alloys considered for latent heat storage
have a wide range of melting points, ranging from as low as −38.9 ◦C for pure Hg,
up to 1414 ◦C, for pure Si. These materials present comparatively very high thermal
conductivities, which is a desirable property that affects the dynamic response of the
system. For instance, liquid Na exhibits a thermal conductivity of 65 W·(m·K)−1 while the
value for liquid Pb–Bi eutectic alloy (LBE) is 15 W·(m·K)−1 [168]. Because of their high
thermal conductivities, these materials do not require further additives to improve this
property.

For low-temperature conditions, Ga and Ga-based alloys are the most used and
investigated materials, and can be useful in applications such as thermal management. For
intermediate temperature applications in the range 40 to 300 ◦C, Pb and Cd are the most
attractive candidates based on their melting points [208]. However, the high toxicity of these
elements raises concerns related to the environment and human health. For temperatures
higher than 300 ◦C, several binary and ternary alloys have been considered, including (but
not limited to) Al-, Cu-, Mg-, Si-, and Zn-based alloys. The particular properties of these
alloys has been extensively covered in the work of Costa et al. [208].

These materials have been comparatively less studied due to being heavy and costly [208].
On top of that, their corrosiveness at high temperatures is a technical challenge and potential
leakages can pose severe harm to the environment. A method called encapsulation can
mitigate these particular issues. Different techniques have been developed for different
metal alloys, including encapsulation with ceramics and other metals [208]. Furthermore,
the necessary prevention of leakages or corrosion (with methods like encapsulation) reduces
the storage density and can significantly increase the costs [208].

3.1.13. Thermochemical Heat Storage

Thermochemical heat storage (TCS) systems use chemical reactions to store and release
thermal energy. The energy storage process of TCS materials comprises three phases,
namely, charging, storage and discharging. During charging, energy in the form of heat is
provided to the TCS material, which then undergoes an endothermic reaction. That means
that in order to charge the material, a certain amount of energy is provided as heat to the
reactant compounds and used to break the chemical bonds that hold them together. During
the storage phase, the products of the first reaction are kept separate from one another until
the stored energy is required. The discharge process is then carried out by combining the
products of the charging reaction, and releasing heat as the reaction proceeds [169,170].
The amount of stored energy Q can be described by Equation (7):

Qsensible + Qthermochemical =
∫ Tr

Ti
mS1·cp, S1 dT + mS1·∆hreaction +

∫ T f

Tr
mS2·cp, S2 dT (7)

in which m is the mass, cp is the specific heat capacity, Tr is the temperature at which the
reaction occurs at that specific pressure, ∆hreaction is the amount of energy in kJ·kg−1 of
reactant, and the underscripts S1 and S2 refer to the reactants (1) and the products (2),
respectively.

There are two main classes of materials within the thermochemical heat storage
group, namely, the sorption-type and reaction-type materials [169,201]. These sorption-
type materials, in turn, can be divided into adsorption- and absorption-type. This schematic
division is represented in Figure 9.

During adsorption, one of the reactants accumulates in, or attaches itself to, the
exposed layer of the other material involved. Said material, capable of adsorbing (or
‘receiving’ the attaching molecules) is called an adsorbent; the material which is adsorbed
(or attaches itself to the interface) is called an absorbate. Depending on the cohesive forces
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between the pair, a further subdivision is conducted. When the interaction is mainly caused
by Van der Waals intermolecular forces, it is said that physisorption is occurring. If these
forces are covalent, as the ones that are found in some chemical bonds, the phenomenon
is called chemisorption. Generally, chemisorption tends to present a higher activation
energy, which is related to a more significant dependence of the reaction rates on the
system’s temperature [201]. In adsorption, only a thin film from the solid phase takes
part in the process, so that the molecules/atoms underneath the material’s surface are not
disturbed [170]. Examples of materials (adsorbent/adsorbate) that can store energy through
sorption reactions include the silica gel/H2O and zeolites/H2O [201]. Most materials in
this category work with H2O as the volatile reactant and a solid material as the reactant pair.
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While the process of adsorption is mainly related to the material’s surface, absorption
on the other hand, is a process in which the absorbate penetrates the bulk material, causing
a change in composition, which occurs as a solution is formed. Usually, the absorbent is
either solid or liquid and the absorbate is either liquid or gaseous [201].

The most relevant properties of sorption-type materials in the context of energy storage
are the heat of reaction, thermal conductivity, thermal and chemical stability, toxicity, and
corrosiveness [170].

Reaction-type TCS employ proper chemical reactions as a means of storing heat.
A schematic representation of a reaction-type thermochemical heat storage material is
presented in Figure 10. Here, some chemical A receives an amount of heat, causing its
decomposition into B and C components. These components are kept separate, until
the energy that is effectively stored in their chemical bonds is made available again, by
combining B and C under adequate temperature and pressure conditions. Comparatively,
these reactions can thermodynamically occur only at higher temperatures. While sorption-
type materials tend to operate at temperatures below 200 ◦C [166], reaction-type materials
can vary from room temperature to temperatures as high as 1400 ◦C [169].

A direct comparison of the gravimetric storage capacities from sorption-type and
reaction-type materials reveal that most of the sorption-type systems have gravimetric
energy storage densities around 2880 kJ·kg−1, with some candidates reaching as high
as 4320 kJ·kg−1, like the LiCl/H2O pair [201]. Reaction-type TCS has some candidates
with very high gravimetric energy storage densities, such as MgH2/H2 (2880 kJ·kg−1) and
CaH2/H2 (<4430 kJ·kg−1) to name a few examples [169].

Some advantages of TCS are the long storage duration with low thermal losses (if
the reaction products are stored separately), and the high gravimetric and volumetric heat
storage densities. Furthermore, minimal thermal losses are experienced if the heat storage
process is performed at room temperature [169,170]. This is, of course, of particular interest
for long-term/seasonal TES. Also, unlike latent TES materials, the temperature of the heat
storage/release process can be adjusted (within a material-specific operating window) by
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changing the system state (typically, a change in the partial pressure of some reactant in
gaseous form) [210]. This allows highly flexible operation of a TCS system.
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To define the operation windows and screen for useful materials for each application,
an initial approach is to consider the equilibrium conditions for each TCS system. The
equilibrium conditions of these systems can be better understood by making use of the
Clausius–Clapeyron or the Van’t Hoff equations (which, although coming from different
formulations, yield the same expressions for the case of TCS) [211–213]. The Van’t Hoff
equation was previously defined as Equation (2) in chapter “Metal Hydrides”. Specifically
for reaction-based TCS materials, the reaction kinetics can be described in a very similar
way as described in the Metal Hydrides chapter under the Section 2.3. Examples of such an
approach can be seen for MgO/Mg(OH)2 [214,215] and CaO/Ca(OH)2 [216–219].

3.1.14. Hydroxide Systems

The two main hydroxide systems which have been investigated for heat storage appli-
cations are the MgO/Mg(OH)2 and CaO/Ca(OH)2 systems. The CaO/Ca(OH)2 system is
able to store/release heat at temperatures between 400 and 600 ◦C, depending on the pres-
sure conditions, making it an interesting option for applications such as CSPs [216,218,220].
It has a reaction enthalpy of −104 kJ/mol, good cyclability and presents a high material
volumetric energy of 195 kWh/m3 [216–219,221].

Working at a lower temperature range, around 300 and 400 ◦C, the MgO/Mg(OH)2
system also shows promise as a TES material. This material has a high gravimetric stor-
age density of 1389 kJ·kg−1; however, it suffers from very low conversion rates between
Mg(OH)2 to MgO. Consequently, in its pristine state, storage densities are only limited
to around 270 kJ·kg−1 [222]. This phenomena originates in the high activation energy
associated with the hydration/dehydration cycles, as well as in the low thermal conduc-
tivity, and a tendency to agglomerate larger particles with the number of cycles, which
leads to a decrease in porosity [222]. Strategies to counteract this low conversion include
changing the material’s microstructure and improving thermal conductivity. This has been
achieved mainly through the use of additives such as C-based [223,224], Fe-based [222],
Li-based [225] additives, among others. In particular, Tian et al. [222] investigated the
cycling properties of pristine MgO and Fe-doped MgO particles. The addition of Fe led to
the formation of a layered structure and enabled the material to reach a TES capacity of
approximately 50 (i.e., around 700 kJ·kg−1) of its theoretical heat storage capacity even after
10 cycles. While promising, it remains to be seen whether the materials being investigated
can maintain their layered structure after hundreds or even thousands of cycles.
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Another strategy to improve the performance is through compression to produce
pellets. According to Myagmarjav et al. [226], the addition of LiBr and expanded graphite
to Mg(OH)2 and a combination of compressing and drying of the obtained pellets, resulted
in an increase in the thermal conductivity (measured in the perpendicular direction) from
0.28 W·(m·K)−1 for pure Mg(OH)2 pellets to 1.91 W·(m·K)−1 for the obtained composite
material.

3.1.15. Salt Hydrates

This class of materials is represented by mixtures between inorganic salts and water,
which form a crystalline solid with general formula MpXq·m(H2O) [227]. During the
thermal charging phase, these materials undergo dehydration reactions, in which one
or more molecules of water are separated for every molecule of salt, along with some
compound with general formula MpXq·n(H2O), in which m > n. When the stored energy
is required, the material can react with water molecules once again (hydration). While
these compounds are already used as latent TES materials [168], several authors have
investigated them as TCS materials as well [170,227]. These materials have high energy
densities and, on top of that, water is abundant, non-toxic, and inexpensive [227]. However,
problems with reversibility are one of the major issues these materials face.

During dehydration, if the salt product is completely soluble in the water used for
crystallization, then it is said that there is a congruent melting. If there is only partial
solubility of the product salt, then it is said that there is an incongruent melting. Due to
the difference in density between the salt product and water, a phase separation can occur,
making subsequent reactions impossible. This phenomena can progressively decrease the
heat storage capacity of these materials [168].

Due to their potential as materials for energy storage, investigations related to the
development of new compositions/materials have been undertaken. As an example of
these efforts, Kiyabu et al. [227] have used high-throughput density functional theory (DFT)
calculations to look for suitable candidates for TCS applications. The authors claim to
have found several hydrates which surpass the U.S. Department of Energy’s system energy
density target (at least 95 kWh/m3 or 342 MJ·m−3).

Salt hydrates are generally divided as inorganic, nitrate, carbonate, chloride, sulfate,
and fluoride salts. Several systems have been investigated so far. For applications in the
range between 50 ◦C and 100 ◦C, salt hydrates like CaCl2, MgSO4, SrBr2, Na2S, and MgCl2,
are some of the most relevant [168,170].

3.1.16. Hydride Materials

In the Metal Hydrides chapter, the basic concepts and the development of these
materials is reviewed as a means of storing hydrogen. In this section, hydride materials
are considered for their ability to serve as TES materials. According to Sunku et al. [228],
MHs have been investigated primarily for high-temperature applications, and the main
candidates for those have been MgH2, TiH2, and CaH2. Other interesting systems are
complex metal hydrides, due to their thermodynamic properties. Carrillo et al. [229] notes
that MHs have an outstanding energy storage density with an operation temperature that
ranges from 250 ◦C to > 1000 ◦C. To put it into perspective, a sensible TES system based on
molten salt exhibits a storage density of ca. 150 kJ·kg−1 per 100 ◦C of temperature change,
while MgH2 exhibits approximately 2811 kJ·kg−1 of heat storage capacity [229,230].

Among the materials investigated, MgH2 is certainly one of the most studied. The
abundance of Mg sources, its comparatively low cost, high H2-gravimetric capacity, and
high heat storage capacity make it a very good candidate for this kind of application [228].
Mg-based materials also have the advantage of containing no critical and/or hazardous
components [229]. Compared to some other hydrides, pristine MgH2 possesses a decent
cyclability, but the material will experience a decrease in capacity over repeated cycling.
This, however, can be improved by the use of additives [231,232]. Other Mg-based mate-
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rials have been investigated for this application, such as Mg2Ni/Mg2NiH6 [233,234] and
Mg2Fe/Mg2FeH6 [33] systems.

Metal hydrides have demonstrated their cyclic stability up of at least 2000 cycles;
however, cost concerns [235–237] and the slow reaction kinetics remain the biggest hurdles
for the deployment of these materials as a heat storage technology [228]. Their low thermal
conductivity, problems related to sintering, and low tolerance towards gas phase impurities
further impair their performance, particularly for scaled-up applications [230,238].

4. H2-Storage Systems Coupled with TES

Up to this day, various strategies have been employed to enhance the performance of
metal hydride hydrogen storage systems. As was previously mentioned in the Section 2,
these include improving the intrinsic properties of the MH materials, optimizing the
manufacturing processes, and the design of advanced tank configurations, which stand
among some of the latest efforts found in the recent literature. Nonetheless, in most cases,
these developments have not sufficiently improved the performance of MH reactors to
make their scalability possible, for a couple of reasons. The most prominent example
is associated with the comparatively low effective heat conductivity of the powder beds,
which still demands more effort in the integration of different systems in innovative designs
and configurations, as improvements in kinetic behavior are typically outweighed by heat
management limitations [66]. Another frequently observed constraint is the desorption
temperature of some MH candidates which present high H2-storage capacities, like MgH2,
Mg2Ni, NaAlH4, and Li-RHC, but are not able to operate at near-room temperature and
pressure conditions [10,42,72]. As has been previously mentioned in this review, a common
solution to said problem is the addition of substitutional metal additives to modify the
hydride’s properties (like ∆H and ∆S), but this comes at the expense of cost. Some good
candidates for H2-storage also incorporate these expensive metals as part of their basic
composition, or use them as a catalysts/additives to enhance kinetic behavior. Examples of
these components and catalysts include precious metals such as Pd, Ru, and Pt [239], and
more common metals like Co and V, which can still cost around three times the price of
widely available materials like Mn [240]. However, all of these different hydrides share the
same limitation: alone, they would require external energy to maintain their desorption
process, making their overall efficiency very limited. It is in this context that the first
advantage of coupling MH with TES systems comes in. Temporarily storing the heat of
absorption in TES materials opens the door for the use of inexpensive high-temperature
metal hydrides such as MgH2 in stationary applications, as little to no additional heat has
to be supplied [241]. Similarly, the coupling of MH storage tanks with TES solutions allows
these systems to be installed independently of the existing heat-related operations that occur
in their surroundings. Hence, H2 could now be stored in locations that are physically distant
from engines, turbines, fuel cells, or any other equipment that needed to be previously
considered as a supply of waste heat for desorption. This allows for a more versatile system
design and increases the number of potential applications for the use of H2 as an energy
carrier. Furthermore, by using TES materials as heat sinks/reservoirs, heat transfer in and
out of the hydride bed is facilitated, leading to faster hydrogenation/dehydrogenation
times [242], and thus potentially reducing the need to incorporate expensive metal catalysts
to improve kinetics.

Having stated these advantages, the integration of metal hydride (MH) hydrogen
storage systems with thermal energy storage (TES) is reviewed in the following section.
Although MH–TES systems are still in the development stage, some applications scenarios
highlight the potential of these systems, especially in industries where both hydrogen and
heat are produced or consumed. Some fields that would benefit from MH–TES are the
following:

• Power Generation: Surplus electricity produced from both renewable or non-renewable
sources during low-demand periods could be converted to H2 via an electrolyzer and
stored in MH–TES systems for posterior grid load balancing in periods of peak de-
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mand. Waste heat from combined heat and power (CHP) plants could also be stored,
using systems based on metal hydride pairs [243]. The incorporation of a TES sys-
tem not only minimizes the need of additional energy inputs, but also allows for the
subsequent re-conversion of hydrogen into electricity in times of the day where the
processes that would otherwise provide heat for H2 desorption are not operating.
The application of MH–TES solutions is particularly attractive nowadays due to the
ongoing switch to H2 gas turbines.

• Industrial Processes and Waste Heat Recovery: Industries that produce or consume
substantial amounts of either heat or hydrogen, such as the cement, petrochemical,
glass, or steel industries, could integrate MH–TES systems and benefit from them
in several ways. Waste heat from industrial unit operations could be captured by
installed MH–TES systems and stored for later use in different processes. Alternatively,
the heat generated during hydrogen absorption reactions can be leveraged through
the use of TES materials and repurposed in other industrial operations. Processes
that require molecular hydrogen could also directly obtain it from nearby MH tanks.
On top of that, the incorporation of TES material might simultaneously guarantee a
steady supply of H2 for industrial operations, and benefit the system’s overall energy
efficiency, since TES materials can be used to control the temperature of the MH vessel,
and therefore the rate of release of H2 can be adjusted to meet the required inputs.

• District Heating and Cooling: MH–TES systems could be employed in district heating
networks. Waste thermal energy generated by district power plants or by day-to-day
residential activities can be used to operate MH heat pumps based on coupled MH
pairs, and subsequently, either cool or provide heating for homes. This heat-pump
concept has already been studied by Kumar et al. [244]. The benefit of including TES
materials in these devices, similarly to other applications, would be to provide a more
careful control of the H2 release and uptake by each of the MH beds, and thus allow
for the fine tuning of at home heating/cooling.

Table 4 offers an overview of the developments on MH hydrogen storage coupled
with TES. The results of some key publications are then presented in more detail. Table 4
and the subsequent discussions are subdivided according to the TES method (sensible,
latent, and thermochemical). Significantly more numerical studies were performed than
experimental studies. Therefore, all experimental studies will be discussed in detail, while
only selected numerical studies will be discussed.
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4.1. Metal Hydride: Sensible Thermal Energy Storage

While sensible TES systems are the most used in current heat storage applications [168],
they are not frequently considered as candidates for coupling with MH systems. There are
two important reasons for this. First, the comparatively low storage density of sensible TES
significantly increases the size of the whole hydrogen storage system, and thus reduces
the volumetric and gravimetric H2 densities. Second, the non-isothermal behavior during
the thermal charging/discharging process is not optimal for MH-based H2 storage sys-
tems, which ideally require a constant temperature of the heat sink and source during the
hydrogenation and dehydrogenation reactions, respectively. Latent and thermochemical
TES systems exhibit higher storage densities and store/release heat more isothermally than
sensible TES systems.

Two numerical studies where sensible heat storage materials and hydride systems
were coupled are presented in more detail in this section. Tiwari et al. [245] studied the
heat exchange between a LaNi5-containing H2 storage tank and a concrete-based TES
system, using a 3D numerical model developed in COMSOL Multiphysics 5.2 software.
The proposed system is shown in Figure 11 and consists of two cylindrical tanks containing
the metal hydride and the TES material. The heat exchange was facilitated by water as a
heat transfer fluid, flowing through embedded cooling tubes.
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The influence of the dimensions of the hydride tank on the reaction rates was studied.
The highest reaction rates and lowest H2 charging times were found for tank dimensions of
D·L = (0.15 m)·(0.7 m). The number and arrangement of the cooling tubes was studied,
and it was found that eight tubes homogeneously distributed in the hydride bed were the
optimal number (the maximum number of tubes studied was twelve). The velocity of the
heat transfer fluid was also evaluated. Lower velocities allowed for higher heat transfer
rates to the sensible storage system, but reduced cooling efficiency in the metal hydride
tank. A velocity of 0.1 m/s was considered optimal for balancing these effects. The study
found that, with the optimal hydride tank design, a maximum of 37% of the heat generated
during hydrogen absorption could be stored in the concrete-based system. This limit of
37% was attributed to the low thermal conductivity of concrete [245].

In a later study [246], the same authors numerically investigated a LaNi5 hydride
storage tank in combination with a water-based sensible TES system. The system design is
shown in Figure 12.
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Figure 12. Schematic of sensible heat storage system coupled with metal hydride reactor. “Reprinted
with permission from Ref. [246]. 2023, Elsevier”.

Here, the metal hydride reactor was equipped with helical heat exchanger tubes,
through which the heat exchange fluid (water) could flow. During the H2 absorption
process, the water temperature increased as it flowed through the metal hydride bed
and reached a maximum increment of 32 K. A total of 81.7% of the heat emitted during
absorption was successfully stored by the TES system (at an H2 supply pressure of 16 bar).
During the subsequent desorption process, 60% of the heat required to discharge the metal
hydride reactor could be supplied by the TES system. The authors mention that the system’s
efficiency can be further improved by optimizing the helical tube design and operating
parameters inside the metal hydride storage reactor [246].

4.2. Metal Hydride: Latent Thermal Energy Storage

The earliest studies of coupling latent TES systems with metal hydrides were published
in 2013 by Garrier et al. [241] and Marty et al. [247]. In these studies, the possibility of
reducing the amount of external heat required for H2 desorption from MgH2 was explored.
MgH2 requires high-temperature heat (>300 ◦C) to release its hydrogen. Such heat is
classified as high-grade heat, which is thermodynamically and economically valuable.
Thus, there is strong motivation to reduce the amount of externally supplied heat for H2
desorption from MgH2 by storing and re-using the heat from absorption.

Garrier et al. [241] built a 10 kg MgH2/0.63 kg H2 prototype reactor, which employed
a metallic Mg–Zn alloy (Mg69Zn28Al3) as PCMs for latent TES. Compacted disks of MgH2
mixed with a 4 at.% Ti–V–Cr alloy were inserted into a cylindrical reactor. This reactor
was surrounded by an external cylindrical tube containing pure Mg–Zn alloy. The heat
released during Mg hydrogenation flowed through the tank wall (which separated the two
compartments) and melted the Mg–Zn alloy. The heat released during the solidification of
the alloy was then used for hydrogen desorption.

Figure 13 shows the temperature and pressure conditions of the metal hydride and Mg–
Zn alloy PCM during the absorption and desorption processes. The red curve represents
the equilibrium conditions of the Mg/MgH2 system. At any point below that curve, the
equilibrium shifts towards the formation Mg and H2. Above that curve, the equilibrium
favors the formation of the hydride, MgH2. In order to maintain a temperature gradient
between the metal hydride and the PCM, the temperature and pressure conditions in the
MgH2 reactor were very different during absorption and desorption. The PCM melted and
solidified at ca. 340 ◦C. Absorption took place at around 375 ◦C and 10 bar, and desorption
took place at around 310 ◦C and 2 bar.
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alloy phase change material. “Reprinted with permission from Ref. [241]. 2013, Elsevier”.

Heat was exchanged between hydride and PCM through the steel wall, which sepa-
rated the two materials. No additional heat transfer enhancement methods were employed,
such as fins or a heat transfer fluid.

Considering a 24 h charge/discharge cycle, the daily efficiency of the reported tank
was about 69%. The authors propose better insulation and a scale-up of the system to
further improve this efficiency. They further note that the efficiency of the first prototype
was already much better than the efficiency of a conventional MgH2 tank, which had a
daily efficiency of 37% [241].

To investigate the influence of the tank shape on the system performance, Mellouli
et al. [248] numerically studied different geometrical configurations of MgH2 tanks coupled
with Mg69Zn28Al3 PCM to compare their heat exchange efficiency. Cylindrical and spherical
tank shapes were studied and compared with each other in regard to the time required to
absorb and desorb H2. It was found that a spherical tank shape is superior in terms of the
hydrogen charging time. A 22% improvement was achieved by spherical tank, in terms of
the time required to reach 80% of its hydrogen storage capacity, compared to the cylindrical
tank.

Ye et al. [252] numerically investigated two different reactor types for the coupling
of MgH2 with a NaNO3 TES material. The first reactor configuration had an annular
reactor-type design similar to the reactor reported by Garrier et al. [241]. The second reactor
had a cylindrical, sandwich-type design, in which circular metal hydride and PCM disks
were alternately layered on top each other as shown in Figure 14.
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reactor type) and (b) sandwiched metal hydride—PCM units. “Reprinted with permission from
Ref. [252]. 2021, Elsevier”.

It was found that the hydrogen absorption and desorption time of the sandwiched
MH–PCM unis were 78% and 59% shorter, respectively, than in the case of annular reactor
design. This behavior was attributed to the enhanced heat transfer between the hydride and
PCM disks in the case of the sandwich reactor. For the same hydrogen storage capacity, the
heat transfer area of the sandwich reactor was 2.5 times larger than in the annular reactor.
Thermal resistances between the hydride and PCM were also considerably lower [252].

The studies by Garrier et al. [241], Mellouli et al. [248] and Ye et al. [252] on MgH2
coupled with latent TES materials highlight the importance of the tank design for its
performance.

The Mg2Ni/Mg2NiH4 material is another high-temperature hydride system, which
operates at similar temperature conditions as Mg/MgH2 [266]. No experimental studies
have been reported for the coupling of this system with a TES material yet. However, in a
numerical study by Mellouli et al. [249], Mg2Ni/Mg2NiH4 was investigated with sodium
nitrate (NaNO3) as latent TES material. Mg2Ni/Mg2NiH4 is able to absorb and desorb
hydrogen at temperatures around 344 ◦C and 272 ◦C and pressures of 15 bar and 2 bar for
absorption and desorption, respectively. These temperature ranges make the selection of
NaNO3 adequate, since it melts at a temperature of 307 ◦C [267]. An adequate temperature
gradient is provided for both processes.

In their design, aluminum foam was incorporated to improve the heat exchange in
both the metal hydride reactor as well as the PCM compartment. Four configurations were
investigated, as shown in Figure 15.

• Design 1: A basic configuration with a disk of Mg2Ni alloy surrounded by PCM
stacked on a central filter tube.

• Design 2: Similarly to Design 1 but with 48 encapsulated spherical shells filled with
PCM, arranged concentrically inside the MH bed.

• Design 3: Each spherical shell in Design 2 is replaced by a hexagonal tube filled
with PCM.

• Design 4: Each hexagonal tube in Design 3 is replaced by a cylindrical tube filled
with PCM.
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Figure 15. Different geometrical configurations of metal hydride—PCM reactors as studied nu-
merically by Mellouli et al. [249]. (a) Base design for MH-TES reactor; (b) Design 1: Disks with
no PCM embedded in MH; (c) Design 2: Disks with embedded PCM spheres; (d) Design 3: Disks
with embedded PCM hexagonal tubes; (e) Design 4: Disks with embedded PCM cylindrical tubes
“Reprinted with permission from Ref. [249]. 2016, Elsevier”.

Mellouli et al. found that Design 4 was the most efficient option. This conclusion
was rationalized based on the observation that cylindrical tubes filled with PCM inside
the hydride bed favored a more effective heat exchange than the spherical shells or the
hexagonal tubes. The geometry of the cylindrical tubes provides a larger surface area for
heat exchange, resulting in more efficient thermal management. Design 4 showed a 58.1%
decrease in filling time, relative to the basic configuration (Design 1) [249]. It was also found
that the aluminum foam enhances the effective thermal conductivity of the hydride bed
as well as that of the PCM medium. This improvement is critical, as it results in reduced
heat accumulation in the hydride bed, which accelerates the heat transfer between metal
hydride and TES material. It was also mentioned that a balance must be found between
the enhancement of the heat transfer characteristics of the hydride and PCM beds and an
acceptable hydrogen storage capacity, which is reduced by the addition of the foam [249].

In a later numerical study conducted by Alqahtani et al. [242], the heat transfer efficiency
of two different cylindrical reactor configurations that also employed Mg2Ni/Mg2NiH4, with
NaNO3 as a PCM, was analyzed. The following designs were investigated, as shown in
Figure 16:
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• Design 1: A metal hydride reactor was surrounded by a single cylindrical jacket
packed with the PCM. The heat exchange took place at the interface between the
hydride reactor and the PCM jacket.

• Design 2: A metal hydride reactor was enclosed by PCM in a cylindrical sandwich
bed, which increased the heat transfer area by adding more interfaces between the
MH reactor and the PCM.
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Figure 16. Different geometrical configurations of MH–PCM cylindrical reactors as studied by
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It was found that Design 2 showed a dramatic improvement in terms of the hydrogena-
tion and dehydrogenation rates compared to Design 1. The hydrogenation rate improved
by 81.5%, and the dehydrogenation by 73%. This was attributed to a greater heat transfer
rate in Design 2, which was achieved as a result of the increase in heat transfer area [242].

In addition to high-temperature hydrides such as MgH2 and Mg2NiH4, the coupling
of low-temperature hydrides such as LaNi5 and other AB5-type alloys with latent TES mate-
rials has been investigated (see Table 4 for a comprehensive list). For this class of hydrides,
the number of numerical studies also greatly exceeds the number of experimental studies.

Nguyen et al. [255] experimentally studied the application of metal foam as a means
to improve heat transfer between a LaNi5 hydrogen storage canister and paraffin wax
(RT28HC) latent TES material, as shown in Figure 17.
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Figure 17. (a) Schematic of the LaNi5 hydrogen storage (MH) with PCM thermal management system
and the positions of thermocouples; (b) Photograph of MH–PCM hydrogen storage setup (with and
without metal foam (MF)). “Reprinted with permission from Ref. [255]. 2022, Elsevier”.
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An 800-NL hydride canister was tested for its ability to charge and discharge hy-
drogen at flow rates of 1.1 slpm, 1.5 slpm, and 2 slpm. Without the PCM, the canister
could only absorb or release hydrogen for a short duration, until a maximum of 12% of
the total storage capacity was reached. Introducing RT28HC paraffin wax PCM allowed
the system to maintain hydrogen flows for longer periods, achieving up to 26% and 29%
of the total storage capacity during charging and discharging at 1.1 slpm. The study also
found that the PCM’s thermal conductivity significantly affects the MH system’s perfor-
mance. Pure PCM with low thermal conductivity (0.2 W/(m·K)) limited the effectiveness
of the thermal management solution. Enhancing the PCM with copper foam increased
its effective thermal conductivity to about 4.3 W/(m·K), improving its thermal and charg-
ing/discharging performance. The copper foam-embedded PCM maintained the hydride
canister’s temperature around 28 ◦C, which is ideal for the PCM’s functionality. The en-
hanced system achieved much higher storage utilization, reaching 62.5% and 84% of the
canister’s theoretical capacity at 1.1 slpm and 1.5 slpm over 450 min [255].

In a numerical study by Chibani et al. [256], different metal foams were investigated to
enhance heat transfer between LaNi5 hydrogen storage material and a paraffin PCM. The
setup design is shown in Figure 18. It consists of a cylindrical tank filled with LaNi5 metal
hydride and a central hydrogen feed tube surrounded by four PCM tubes which were
arranged in a rhombus pattern. These tubes were embedded with metal foams (aluminum,
copper, nickel, and titanium) to enhance heat transfer.
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Figure 18. Dimensional schematic of the metal hydride—PCM reactor (a) and mesh configuration
after grid independence analysis (b) as shown by Chibani et al. [256]. “Reprinted with permission
from Ref. [256]. 2022, Elsevier”. The incorporation of metal foams significantly improved heat transfer.
Copper showed the best results, followed by aluminum, nickel, and titanium. The porosity of the
foam also played a crucial role, particularly, on the melting time of the paraffin. Lower porosities
(<80%) resulted in higher thermal conductivities within the foam-embedded PCM phase, and led to a
considerable reduction in the melting time of paraffin (from over 16,000 s to less than 500 s) [256].
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4.3. Metal Hydride: Thermochemical Thermal Energy Storage

This section deals with the reports on the coupling of metal hydrides with thermo-
chemical TES systems. Thermochemical TES systems exhibit the highest theoretical thermal
storage capacities of the three TES methods. This attribute is attractive for their coupling
with hydrogen storage systems, where the system gravimetric and volumetric hydrogen
densities are important parameters.

In this section, a sequence of three consecutive studies is presented, which all origi-
nated from the same laboratory at the German Aerospace Center (DLR) in Germany. These
studies properly illustrate the sequence of steps needed to transition from a feasibility study
to a numerical study, and finally to a working prototype. In the first study, performed by
Bhouri et al. [260] in 2016, a feasibility analysis of a solid-state hydrogen storage reactor
is presented. MgH2 was used as the metal hydride, and Mg(OH)2 was used as the ther-
mochemical TES material. An advantage of thermochemical TES materials is their ability
to store and release heat energy at different temperature and pressure conditions. Besides
their high storage density, this behavior makes them attractive for coupling with metal
hydrides. By adjusting the pressure of the heat storage and release reactions, it is possible to
perfectly match the operating conditions of the thermochemical TES system to the optimal
operating conditions of the metal hydride.

Bhouri et al. analytically investigated a novel reactor concept, in which the heat
released during hydrogen absorption in Mg was stored in the Mg(OH)2 bed by driving its
dehydration reaction, and vice versa. Figure 19 shows the operating principle.
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Figure 19. Operating principle of Mg/MgH2 reactor using Mg(OH)2 as heat storage me-
dia: (a) absorption of H2/dehydration of Mg(OH)2/condensation of H2O and (b) desorption
of H2/hydration of MgO/evaporation of H2O. “Reprinted with permission from Ref. [260].
2016, Elsevier”.
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The study concluded that the use of Mg(OH)2 could reduce the overall mass of the
heat storage system by a factor of four compared to traditional PCMs. This, in turn, resulted
in an increase in the system’s gravimetric H2 storage capacity compared to the utilization
of PCMs as TES solutions. Garrier et al. reported a system gravimetric H2 capacity as
0.315 wt.% when utilizing a Mg–Zn–Al PCM [241]. The concept proposed by Bhouri
et al. exhibited a H2 capacity of 1.5 wt.% [260]. Additionally, the TES material costs of the
thermochemical TES system were also reported to be considerably cheaper compared to the
PCM costs (by a factor of around 12), thus demonstrating the high potential of this concept.
During the analysis, the thickness of the metal hydride and thermochemical material layers
was optimized, and additives were used to enhance the thermal conductivity of Mg(OH)2,
emphasizing their importance [260].

The first analytical feasibility study by Bhouri et al. [260] was followed up by two
numerical studies performed by Bhouri et al. [268] and by Lutz et al. [210], in which the H2
absorption and desorption processes were investigated, respectively. The same material
combination was used as in the initial feasibility study [260]. In this review, the results of the
H2 desorption study [210] are presented in detail. In said study, the results were obtained
by running a 2D numerical simulation. The reactor was designed with a double-walled
cylindrical geometry, separating the metal hydride bed from the thermochemical bed. The
basic design of the reactor is shown in Figure 20.
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It was found that the hydrogen release process was completed in 132 min, which the
authors of the study suggest would be suitable for stationary applications. It was also found
that the efficiency of the system is highly dependent on the thermal conductivity of the
reactive beds, with the MgO bed being particularly sensitive. A concept was proposed to
utilize the waste heat of a high-temperature PEM fuel cell in combination with a superheater
to generate water vapor at the desired temperature and pressure level of 350 ◦C and 10 bar,
which was found to be adequate for the hydration reaction. It was also found that adjusting
the water vapor pressure for higher temperatures during the MgO hydration could enhance
heat transfer between the TES and metal hydride compartments. This resulted in a faster
dehydrogenation [210].

On the basis of the three previous studies [210,260,268], Lutz et al. [261] performed an
experimental study on a H2 storage reactor prototype including peripheral components,
combining MgH2 in the form of a 90% Mg/10% Ni alloy (Mg90Ni10) as the metal hydride
and Mg(OH)2 as the thermochemical TES material. The authors did not provide an expla-
nation for their switch from pure Mg, which was utilized in the previous studies, to the
Mg–Ni alloy. The experimental setup (Figure 21) consisted of three main components:

• Water vapor infrastructure, where water vapor was supplied or withdrawn using a
tube bundle that acted as an evaporator/condenser, regulated by thermal oils. This
allowed the control of the water vapor pressure in the reactor, and the measurement
of the reacted fraction of the thermochemical system via liquid level changes and
pressure sensors.

• The hydrogen infrastructure, where hydrogen was supplied or withdrawn from the
reactor using volume flow controllers.
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• The reactor, which consisted of a double-walled tube with the metal hydride in the
form of 300 mm diameter pellets located in the inner tube, and Mg(OH)2 powder in the
outer tube for heat absorption. The reactor included thermocouples for temperature
monitoring and was designed to exclude mass transfer limitations.
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The study demonstrated that hydrogen storage was achieved at pressures as low
as 9 bar, storing hydrogen at 20.8 g H2/L based on the reactive materials alone. It was
found that the optimal operating temperature for the magnesium oxide hydration was
around 300 ◦C, achieved at a water vapor pressure of 9.75 bar. This temperature was
sufficient for the dehydrogenation of the magnesium hydride. Thermal losses and poor
kinetics of the Mg(OH)2/MgO system prevented full conversion during simultaneous
thermochemical cooling and heating. However, the proposed reactor concept allows
for high-capacity hydrogen storage at low pressures, making it a promising option for
stationary storage applications.

5. Future Developments

Throughout this review, metal hydrides have been presented as a promising means to
store hydrogen, and consequently contribute to the integration of hydrogen-based technolo-
gies into the global energy infrastructure. However, further research is still necessary to
successfully optimize the properties of metal hydride beds themselves and make H2 storage
in metal hydrides industrially viable. Addressing the thermal management challenges
inherent in metal hydrides remains especially critical for achieving efficient, cost-effective,
and reliable hydrogen storage. For this reason, coupling MH systems with thermal manage-
ment solutions such as TES emerges as a favorable approach, offering a synergistic solution
which maximizes energy efficiency by reusing stored thermal energy. In the following
sections, key topics related to the improvement of MH–TES hydrogen storage systems, such
as material optimization, heat transfer improvements, and cost reduction strategies are
discussed, highlighting the importance of heat integration alongside other metal hydride
improving strategies.

5.1. Material and System Development

Despite the progress made in coupling metal hydride systems with thermal energy
storage solutions (MH–TES), these technologies still have a low degree of maturity. Research
and development are key to the success of hydrogen storage in metal hydrides, with
material optimization and the design of efficient systems that can adequately manage heat
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transfer being crucial aspects to improve upon. The latter is particularly important, as
the efficiency of MH systems depends on the ability to store and reuse heat during the
hydrogen absorption/desorption processes.

Regarding developments in the properties of hydride materials, some widely known
compounds such as MgH2 have been the subject of ample investigation, with existing
works focusing on its various alloys, system configurations, and enhancement additives.
This, however, is not the case of complex metal hydrides (for example), whose performance
still needs to be improved, despite presenting some favorable properties. Complex metal
hydrides show great promise as hydrogen storage materials for stationary applications,
mainly due to their high H2 capacity and potentially low raw material cost, but their
relatively high operating temperatures of over 100 ◦C makes effective thermal management
imperative. Here, the application of TES materials could play an important role in the
future; however, there have been no studies on complex hydrides coupled with TES systems
to date.

As has been mentioned throughout this review, a significant challenge in improving
these systems rests in the poor thermal conductivity of both metal hydrides and TES storage
materials. In metal hydrides, this deficiency leads to uneven temperature distributions
during hydrogen absorption/desorption, which complicates the heat exchange process
and results in operational inefficiencies. Meanwhile, poor thermal conductivity in TES
materials has been shown to be a limiting factor, and reduce system performance [261].
Adding metal foams has been suggested as a solution to improve thermal conductivity
of PCMs at low temperatures. However, for high-temperature applications, the potential
reactivity of metals with TES materials could become an issue. In this regard, encapsulating
PCMs with ceramic materials for operation at high temperatures has been explored as a
potential solution [269].

Cyclic stability has also presented itself as an issue in metal/hydrogen systems which
must be solved, particularly in the case of complex hydrides and Mg-based systems [118].
It has been long known that many metal hydrides tend to deactivate or passivate in the
presence of impurities in the gas phase [270] or when brought in contact with ambient
air [19]. These unfortunate behaviors greatly reduce the potential of metal hydrides for
practical applications, as significant efforts to purify H2 gas would be required before
exposing it to the metal hydride, and the implementation of costly safety measures during
the operation and maintenance of metal hydride systems becomes necessary. More research
is required to reduce the sensitivity of metal hydrides when they are in contact with gasses
other than H2.

While all the above-mentioned developments might greatly contribute to the competi-
tiveness of MH and MH–TES technologies, significant challenges lie in how these coupled
systems are designed. Heat management plays a crucial role in their effectiveness. It is thus
important not only to take into consideration strategies that might minimize heat losses to
the environment, but also ways to improve the heat exchange between MH and TES during
operation. In these systems, having heat losses means that additional energy inputs will
need to be factored in to compensate for the lost heat, which directly translates into higher
operational costs and, somewhat indirectly, into higher capital expenditures, because of the
additional measures that need to be devised to mitigate these losses. Due to the importance
of these two aspects, more research efforts should be dedicated to investigating optimum
design strategies/geometries for coupling MH–TES systems in different use-case scenarios,
while minimizing environmental heat losses whenever possible.

5.2. Economic Feasibility

Building a commercial-scale MH–TES system requires numerous materials and techni-
cal components. The costs of hydride materials remain high, especially for complex metal
hydrides. Thermochemical materials can be expensive as they often contain rare metals.
Catalysts and thermal additives are also costly, but necessary, as many MHs depend on
them to guarantee reversible storage behavior, and for property enhancements. Besides
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elevated investment costs, the operating costs of MH systems can also be considerable.
Inflated operating costs could potentially be offset by integrating TES materials, as they
allow for the recovery and reuse of heat during the absorption/desorption cycles. This
reduces or could even eliminate the need for additional energy inputs, improving the over-
all energtic and economic efficiency of the system. Durability is also crucial for economic
viability, with systems needing to cycle around 11,000 times over 30 years with minimal
degradation [11,271].

A practical aspect to consider is the integration of metal hydride hydrogen storage
systems into existing infrastructures with established heat exchange systems. By leveraging
preexisting heat exchange systems, the additional costs of TES implementation may be
reduced. This approach could be especially relevant to ensure viability in industrial
applications, where heat exchange networks are already in place.

Efficient synthetic routes are critical to process large volumes of materials quickly and
cost-effectively, and only through research will overall production prices be eventually
reduced. For instance, Wang et al. proposed a new direct synthesis of complex metal
hydrides (NaAlH4 and LiAlH4) through hydrogenation of their respective metal hydrides
with aluminum in the presence of a catalyst and a liquid complexing agent. This process
produces NaAlH4 and LiAlH4 in high yield at ambient temperature and near ambient
pressure conditions, a breakthrough that will lead to reductions in production costs [30].
Low-cost synthesis routes like this one will encourage researchers and engineers to integrate
complex hydrides in large-scale developments.

Another important aspect rests in the sustainability of these systems. Recycling metal
hydrides after usage and incorporating recycled materials into metal hydride synthesis
would not only be beneficial environmentally, but also economically. As an example,
Guerrero-Ortiz et al. [272] have developed a viable synthetic route from Al-cans into
NaAlH4 metal hydride using NaH and TiF3 as a catalyst. This approach could create a
much needed synergy between the recycling and energy industries, potentially leading
to reduced costs with further development [272]. Passing et al. [273] studied the use of
scrap Mg/Al metal waste for hydrogen storage. Al served as an enhancement additive
to MgH2, increasing its thermal conductivity. The incorporation of recycling processes in
the production of metal hydride hydrogen storage systems is still in the early stages of
development but holds significant promise in driving the overall economic viability of
hydrogen storage technologies. Finally, it is worth noting that coupled MH–TES hydrogen
storage systems are made-up of numerous components which are usually expensive.
Unless the production costs of MH materials can be reduced, MH–TES systems will present
themselves as financially unattractive solutions. Therefore, maintaining a balance between
material and system costs remains a critical factor.

6. Conclusions

Despite the growing interest in the development of MH–TES systems, different aspects
impact their economic and technical viability. Regarding MH materials themselves, much
effort has been dedicated to not only develop new materials, but also to improve the kinetic
behavior and propose efficient ways to improve the effective heat conductivity of powders
and compacts. Other important developments in this field are related to the production
methods of these materials, the utilization of low-cost and earth-abundant raw materials,
and the use of recycled materials.

Developments related to the systems themselves have focused on the optimization of
geometry, with numerous works numerically investigating the behavior of these systems.
Special emphasis has been given to the heat management of these systems. The positioning
of heat exchange surfaces and the use of fins and baffles are some of the most prominent
examples of investigated aspects in the field.

The diversity of TES materials is overwhelming and the properties of each class of
materials affect their use. Further developments of TES materials being currently used in
renewable energy sites might also produce new opportunities for MH–TES systems.
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While no systematic bibliographical review was carried out, some conclusions with
the sampling presented here can be pointed out. The surveyed works suggest that sensible
heat storage materials have been studied the least in relation to the other two TES types,
which might suggest that further consideration and a careful analysis of the merits and
shortcomings of this pairing should be made to avoid overlooking good potential candi-
dates.

A significant amount of the studies surveyed sought to couple MH systems with latent
TES materials. This trend suggests that researchers are looking for materials with higher
thermal capacity. For the thermochemical TES materials coupled with MH systems, few
studies were found. This might be related either to the complexity of these systems or the
amount of knowledge, models and data required to enable the development of such systems.
Still, due to their outstanding heat storage capacities, the further development of new
pairings might be one of the alternatives to obtain systems with promising characteristics for
hydrogen and energy storage. It is possible that one of the bottlenecks for the development
of thermochemical TES materials with MH systems is the inherent difficulty and complexity
of finding candidates that match well in operation temperature as well as thermodynamic
and kinetic behavior. The development of a framework for the selection of material pairing
in this regard would be highly desirable.

Most of the studies available in the literature for MH–TES systems use different
numerical methods to evaluate the system. However, the vast majority of the experimental
studies also involved numerical investigations or were based on previous work, in which
the designed system was first investigated numerically. This shows how fundamental these
numerical studies have become for the development of laboratory-scale prototypes and
proof-of-concept designs.

In spite of the current achievements, an accelerating demand for zero-emission energy
technologies is putting more pressure on the race to develop economically competitive
solutions. Most of the possible MH and TES combinations are yet to be explored, and
the leap from theory to practice is only just beginning. Therefore, this work emerges as
a starting point for future research efforts on the matter, be it in the form of optimizing
already studied MH–TES systems or conceiving new ones.
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Abstract: Transition metal phosphides (TMPs) show great potential as catalysts for the hydrogen
evolution reaction (HER). FeP stands out as an efficient and cost-effective non-noble metal-based
HER catalyst. However, FeP tends to aggregate and suffer from instability during the reaction.
To tackle these challenges, we developed an efficient and straightforward approach to load metal-
organic framework-derived N/P co-doped carbon-encapsulated FeP nanoparticles onto a nickel
foam substrate (FeP@NPC/NF-450). This catalyst exhibits exceptional HER activity in 0.5 M H2SO4

and 1.0 M KOH solutions, with overpotentials of 68.3 mV and 106.1 mV at a current density of
10 mA cm−2, respectively. Furthermore, it demonstrates excellent stability with negligible decay over
48 h in both acidic and alkaline solutions. The outstanding hydrogen evolution catalytic performance
of FeP@NPC/NF-450 is mainly due to the N, P co-doped carbon matrix, which safeguards the FeP
nanoparticles from aggregation and surface oxidation. Consequently, this enhances the availability of
active sites during the hydrogen evolution reaction (HER), leading to improved stability. Moreover,
introducing nickel foam offers a larger specific surface area and enhances charge transfer rates.
This study provides a reference method for preparing stable and highly active electrocatalysts for
hydrogen evolution.

Keywords: metal-organic framework; transition-metal phosphides (TMPs); N/P co-doped carbon;
electrocatalyst; hydrogen evolution reaction

1. Introduction

With the increasing severity of environmental pollution and energy shortages, the
development of sustainable clean energy has gradually gained the attention of various
countries [1–6]. Over the past few decades, numerous renewable green energy sources,
such as biomass, solar, wind, geothermal, and hydrogen, have been explored. Among
these renewable energy sources, hydrogen energy stands out due to its high energy density,
and clean, pollution-free characteristics [7,8]. Noble metal-based materials are typically
considered efficient catalysts for electrochemical water splitting to produce hydrogen. How-
ever, their limited abundance on earth and high costs restricts the commercial application
of noble metal-based catalysts. Using abundant non-noble metals on earth as catalysts
for water electrolysis to produce hydrogen has become a research hotspot [9]. Various
catalysts have been developed to advance non-noble metal-based hydrogen evolution
reaction (HER) catalysts, including transition metal carbides [10,11], transition metal sul-
fides [12,13], transition metal nitrides [14,15], transition metal oxides [16,17], and transition
metal phosphides [18,19].

Among the various transition metal-based catalysts, transition metal phosphides have
garnered significant attention for their excellent electrocatalytic activity and affordability.
Among all the other transition metals, due to the low price and high Earth abundance
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of Fe, FeP has attracted much attention due to the electrocatalytic HER performance in
consideration of other nature resources. FeP-based catalysts are reported to have high
levels of activity in wide pH ranges in both acid and alkaline electrolytes. However, the
HER activity of FeP is still inferior to that of Pt-based catalysts, so enhancing FeP-based
electrocatalytic activity is a substantial challenge [20]. Previously, numerous researchers
have investigated FeP-based electrocatalysts. Wei and his team synthesized spindle-shaped
Co-doped FeP supported on three-dimensional reduced graphene oxide using a hydrother-
mal method [21]. The synthesized catalyst demonstrated a low overpotential of 110.8 mV
at a current density of 10 mA cm−2 in an acidic environment. Similarly, Jiang’s group
constructed a hollow spherical heterostructure FeCo-P catalyst through a hydrothermal
and phosphorization method [22]. The hollow spherical structure and the heterostructure
between Co2P and FeP endowed the catalyst with a low overpotential of only 131 mV
at a current density of 10 mA cm−2 in 1.0 M KOH. Despite these advances, the catalytic
activity and stability of FeP are significantly limited by the slow charge transfer rate, the
low number of active sites, and its high sensitivity to oxygen during water electrolysis.
Metal-organic frameworks (MOFs), consisting of metal ions or clusters linked to organic
ligands, have gained significant attention for their large specific surface area and high
porosity [23]. Utilizing MOFs as templates has proven to be an effective strategy for prepar-
ing porous carbon/transition metal phosphides, transition metal oxides, and transition
metal sulfides, which exhibit excellent catalytic performance [24].

To improve the electrocatalytic activity and stability of FeP, it is crucial to design a
structure that maximizes the exposure of active sites while preventing catalyst aggregation
and surface oxidation. Thus, it is essential to develop an efficient structure that keeps
FeP nanoparticles separated during the reaction. Recently, carbon materials have been
widely used to encapsulate FeP nanoparticles [25]. Carbon prevents FeP nanoparticles
from aggregating during phosphorization and protects FeP electrocatalysts from oxidation
during the hydrogen evolution reaction (HER) [26]. However, the intrinsic activity of
carbon materials requires enhancement. The low intrinsic activity of carbon diminishes
the electrocatalytic performance of carbon-coated FeP nanoparticles. Recent studies have
revealed that nitrogen (N) doping in carbon matrices can create additional active sites
for transition metal phosphide-based catalysts during the HER, significantly enhancing
their overall performance. Also, nickel foam exhibits excellent conductivity, facilitating
efficient electron transport during electrochemical reactions, thus improving catalytic
performance [27]. Furthermore, the robust structure of nickel foam ensures good catalyst
stability. It also allows direct electrochemical performance testing without needing binders,
significantly saving time. The interaction between the nickel foam substrate and the catalyst
can generate synergistic effects, further enhancing overall catalytic efficiency [28].

Inspired by these developments, we synthesized an N, P-doped carbon-coated FeP
catalyst supported on nickel foam (NF). This catalyst was prepared by immersing nickel
foam in a Fe-MOF solution, enabling successful loading of the MOF onto the nickel foam,
followed by phosphorization in a tube furnace under an Ar atmosphere. The resulting
FeP@NPC/NF catalyst exhibited excellent HER catalytic activity and stability in alkaline
and acid mediums.

2. Result and Discussion

To avoid interference from the nickel foam substrate and the X-ray diffractometer
sample holder, X-ray diffraction spectra were collected for FeP@NPC-T (T = 400 ◦C, 450 ◦C,
500 ◦C) and Fe2O3@NC after removing the nickel foam substrate. The X-ray diffraction
spectra of samples subjected to different heat treatment temperatures exhibit similar main
features, as shown in Figure 1. The diffraction peaks of the FeP@NPC/NF-T samples
match well with those of FeP (PDF#01-071-2262). The diffraction peaks observed at 30.9◦,
32.8◦, 34.5◦, 35.5◦, 37.2◦, 46.3◦, 46.9◦, 48.3◦, 50.4◦, 56.1◦, and 59.6◦ correspond to the (020),
(011), (220), (120), (111), (121), (220), (211), (130), (221), and (002) crystal planes of FeP

84



Inorganics 2024, 12, 291

(PDF#01-071-2262) [22], respectively. This indicates the successful synthesis of the FeP
phase in the catalysts.
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Figure 1. The XRD patterns of FeP@NPC/NF samples subjected to heat treatment at 400 ◦C, 450 ◦C,
and 500 ◦C, along with the Fe2O3@NC/NF sample heat−treated at 450 ◦C.

The morphology and structure of FeP@NPC/NF-400, FeP@NPC/NF-450, and
FeP@NPC/NF-500 were examined using scanning electron microscopy (SEM), as shown
in Figure 2a–i. The nickel foam surface is porous and smooth, providing ample space for
catalyst growth and gas release channels, which helps mitigate the decline in catalytic
performance. After loading FeP@NPC nanoparticles onto the nickel foam, the surface
becomes rougher. The size of the nanoparticles in the catalysts enhanced due to the increase
in the annealing temperature from 400 ◦C to 500 ◦C. Figure 2g presents the EDS elemental
mapping of the FeP@NPC/NF-450 sample, indicating the presence and uniform distribu-
tion of Ni, Fe, P, N, and C elements within the catalyst, further confirming the successful
synthesis of the FeP@NPC/NF catalyst.

Transmission electron microscopy (TEM) characterization of FeP@NPC/NF-450 ex-
hibits a large number of small nanoparticles encapsulated by the matrix, as shown in
Figure 3. The formation of the matrix could be attributed to the heat treatment of 2-
methylimidazole. The d spacing of the crystalline fringe is 0.241 nm, indicating the forma-
tion of (111) in the FeP phase [29]. The TEM results exhibit that the FeP nanoparticles are
encapsulated in the N, P-doped carbon matrix.

To further investigate the chemical composition and electronic properties of the
FeP@NPC/NF-450 catalyst, an X-ray photoelectron spectroscopy (XPS) analysis was per-
formed. Figure 4a shows the XPS spectra of the FeP@NPC/NF-450 catalyst. The Ni 2p XPS
spectrum of FeP@NPC/450/NF exhibits six characteristic peaks, as shown in Figure 4b.
The two peaks at 853.33 eV and 870.65 eV, corresponding to Ni 2p3/2 and Ni 2p1/2, are
attributed to the presence of metallic Ni0, indicating that Ni primarily exists in its metallic
form. The peaks at 856.81 eV and 874.01 eV are assigned to Ni-O, while the broad peaks
at 861.93 eV and 880.32 eV correspond to satellite peaks [30,31]. The XPS spectrum of Fe
2p exhibits five characteristic peaks, as shown in Figure 4c. The two peaks at 706.27 eV
and 719.07 eV, corresponding to Fe 2p3/2 and Fe 2p1/2, are attributed to the presence of
Fe2+, while the peaks at 709.65 eV and 723.51 eV are attributed to Fe3+. The presence of
both Fe2+ and Fe3+ is ascribed to the formation of Fe-O. The peak at 713.14 eV is associ-
ated with the formation of Fe-P bonds [32,33], consistent with the XRD results (Figure 4c).
Figure 4d shows the high-resolution P 2p spectrum, which can be deconvoluted into three
peaks: 129.85 eV (P 2p3/2) and 130.74 eV (P 2p3/2) corresponding to the formation of Fe-P
bonds, and 134.50 eV attributed to P-O bonds formed by surface oxidation [34,35]. The
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N 1s spectrum can be resolved into three primary peaks, which correspond to graphitic
N at 401.87 eV, pyrrolic N at 400.34 eV, and pyridinic N at 399.36 eV, as previously re-
ported [36,37]. The incorporation of nitrogen into the carbon framework serves to both
improve the catalyst’s conductivity and augment the quantity of active sites conducive
to hydrogen generation [38]. The C 1s XPS spectrum (Figure 4f) shows a strong peak
at 284.79 eV, corresponding to C=C bonds, along with peaks at 286.74 eV and 288.65 eV,
representing C-N=O and O-N=O bonds, respectively, indicating successful nitrogen dop-
ing in the carbon matrix [39,40]. These analyses confirm the successful synthesis of the
FeP@NPC/NF-450 catalyst.
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The electrocatalytic performance of FeP@NPC/NF-450 during the hydrogen evolution
reaction (HER) was tested in a 1.0 M KOH solution. The HER performance levels of Pt
sheets, FeP@NPC/NF-400, FeP@NPC/NF-500, Fe2O3@NC/NF, and nickel foam were also
analyzed for comparison. The linear sweep voltammetry (LSV) curves of the catalysts
are shown in Figure 5a. The Pt sheet exhibited the lowest overpotential of 35.1 mV at a
current density of 10 mA cm−2, demonstrating the highest HER performance [41]. Among
the FeP@NPC/NF catalysts synthesized at different phosphorization temperatures and
Fe2O3@NC/NF and nickel foam, FeP@NPC/NF-450 showed the highest HER activity.
At a current density of 10 mA cm−2, the overpotential of FeP@NPC/NF-450 was only
106.1 mV, significantly lower than that of FeP@NPC/NF-400 (138.9 mV), FeP@NPC/NF-
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500 (142.9 mV), Fe2O3@NC/NF (201.1 mV), and nickel foam (177.8 mV). FeP nanoparticles
are protected by the N, P-doped carbon matrix from aggregation, the mass transfer in the
big bulk particles will be hindered. The HER properties will decrease with the increase in
the annealing temperature to 500 ◦C. However, when the annealing temperature is under
450 ◦C, the crystal structure of FeP is weak in the XRD results, indicating that some of the
Fe-MOF precursor is transferring to the FeP phase. According to the LSV results, FeP is
the active site of the catalyst; the weak crystal structure of FeP will decrease the number of
active sites during the reaction, thus hindering the HER properties of the catalyst.
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FeP@NPC/NF−400, FeP@NPC/NF−450, FeP@NPC/NF−500, Fe2O3@NC/NF, Ni foam, and Pt
sheet; (c) Nyquist plot and (d) capacitive current difference versus scan rate of FeP@NPC/NF−400,
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To investigate the kinetics of the catalysts, their Tafel slopes were analyzed (Figure 5b).
The Tafel slope of FeP@NPC/NF-450 was only 110.73 mV dec−1, significantly lower than
those of FeP@NPC/NF-400 (135.10 mV dec−1), FeP@NPC/NF-500 (164.60 mV dec−1),
Fe2O3@NC/NF (392.92 mV dec−1), and Ni foam (172.16 mV dec−1). This indicated that
FeP@NPC/NF-450 exhibits the highest efficiency for hydrogen production, so we con-
ducted a further analysis of the catalysts’ kinetics during the hydrogen evolution reaction
(HER) process. Nyquist plots were obtained for FeP@NPC/NF-400, FeP@NPC/NF-450,
FeP@NPC/NF-500, Fe2O3@NC/NF, and Ni foam, as depicted in Figure 5c. The efficiency of
electron charge transfer within the catalysts is manifested by the diameter of the semicircles
in the Nyquist plots, which is indicative of the charge transfer resistance (Rct) encountered
during the reaction. The resistance at the interface between the electrolyte and the catalyst is
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termed as Rs [42]. Notably, FeP@NPC/NF-450 demonstrated the lowest internal resistance
of 5.42 Ω cm−2, signifying its superior electron transfer efficiency compared to the other
catalysts. This enhanced performance can be ascribed to the N- and P-doped carbon matrix,
along with the nickel foam substrate, which effectively mitigates the aggregation of FeP
nanoparticles during the annealing process. As a result, these structural features facilitate
accelerated charge transfer between the active sites and the electrolyte.

To delve deeper into the hydrogen evolution reaction (HER) performance of the
catalysts during hydrogen production, the double-layer capacitance (Cdl) was determined
by conducting cyclic voltammetry scans at various sweep rates, spanning from 20 to
100 mV s−1. The Cdl values of FeP@NPC/NF-400, FeP@NPC/NF-450, FeP@NPC/NF-
500, Fe2O3@NC/NF, and nickel foam was 3.28 mF cm−2, 6.70 mF cm−2, 2.38 mF cm−2,
1.19 mF cm−2, and 1.99 mF cm−2, respectively, as shown in Figure 5d. FeP@NPC/NF-450
exhibited the largest double-layer capacitance, significantly higher than that of the other
catalysts studied. This suggests that encapsulation in the N and P-doped carbon matrix
prevents the aggregation of FeP nanoparticles and facilitates the redistribution of electrons
among N, P, and C, promoting the exposure of more active sites.

Assessing the stability of FeP@NPC/NF-450 during the hydrogen production process
is of utmost importance. The stability of FeP@NPC/NF-450 was assessed by 1000 cyclic
voltammetry scans and chronoamperometry tests. As shown in Figure 6a, after long-term
testing over 1000 cycles, there was no significant change in the polarization curve compared
to the catalyst before cycling. As depicted in Figure 6b, the current density of FeP@NPC/NF-
450 remained almost unchanged after 48 h at 106.1 mV in the chronoamperometry test.
Those results indicate that the catalyst’s structure remains stable in the reaction and Fe
atoms do not leach out from the materials. The stability of FeP@NPC/NF-450 can be
attributed to the encapsulation by the N and P co-doped carbon, which prevents the
oxidation and corrosion of the FeP nanoparticles in 1.0 M KOH electrolyte [25].
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Figure 6. (a) Stability of FeP@NPC/NF−450 before and after 1000 cycles, and (b) chronoamperometric
curve of FeP@NPC/NF−450 at 106.1 mV for 48 h in 1.0 M KOH.

Figure 7 showcases the hydrogen evolution reaction (HER) performance of the synthe-
sized catalysts in an acidic electrolyte (0.5 M H2SO4). The linear sweep voltammetry (LSV)
curves (Figure 7a) demonstrate that the HER catalytic activity of the FeP@NPC/NF-450 cat-
alyst surpasses that of the other studied catalysts, second only to the Pt sheet. At a current
density of 10 mA cm−2, the overpotentials of the FeP@NPC/NF-400, FeP@NPC/NF-450,
FeP@NPC/NF-500, Fe2O3@NC/NF, Ni foam, and Pt sheet catalysts were 86.8 mV, 68.3 mV,
135.9 mV, 229.5 mV, 134.6 mV, and 33.5 mV, respectively. Figure 7b shows the Tafel slopes
of the prepared catalysts, with the Tafel slope of FeP@NPC/NF-450 being 57.90 mV dec−1,
significantly lower than those of FeP@NPC/NF-400 (72.81 mV dec−1), Mo-FeP@NPC/NF-
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500 (97.63 mV dec−1), Fe2O3@NC/NF (210.42 mV dec−1), and Ni foam (140.95 mV dec−1),
indicating its superior catalytic kinetics during the HER process.
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To evaluate the electron transfer dynamics of the synthesized catalysts, electrochem-
ical impedance spectroscopy (EIS) measurements were performed. The charge trans-
fer resistance (Rct) of the FeP@NPC/NF-450 catalyst was 3.85 Ω cm−2, lower than that
of FeP@NPC/NF-400 (4.41 Ω cm−2), FeP@NPC/NF-500 (6.63 Ω cm−2), Fe2O3@NC/NF
(24.24 Ω cm−2), and Ni foam (17.78 Ω cm−2), suggesting a faster electron transfer rate
during hydrogen production. To further investigate the electrochemical double-layer ca-
pacitance (Cdl) of the catalysts, cyclic voltammetry (CV) curves were recorded at different
scan rates. As shown in Figure 7d, the Cdl value of FeP@NPC/NF-450 was 11.68 mF cm−2,
significantly higher than those of FeP@NPC/NF-400 (3.36 mF cm−2), FeP@NPC/NF-500
(2.47 mF cm−2), Fe2O3@NC/NF (0.72 mF cm−2), and Ni foam (1.49 mF cm−2), indicating a larger
electrochemically active surface area and more available active sites for hydrogen production.

The synthesized FeP@NPC/NF-450 catalyst exhibits excellent stability in 0.5 M H2SO4,
as shown in Figure 8. After 1000 cycles, the LSV curve shows almost no change. Simultane-
ously, after 48 h of chronoamperometry testing, the change in current density is negligible,
demonstrating its remarkable catalytic stability.
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3. Experimental Section
3.1. Chemicals

All chemicals were used as received without further purification. Hydrochloric
acid was purchased from Shanghai Titan Technology Co., Ltd. Sodium hypophosphite
(NaH2PO2) was obtained from Aladdin Biochemical Technology Co., Ltd. (Shanghai,
China). 2-Methylimidazole (C4H6N2) was purchased from Adamas-beta (Shanghai, China)
Chemical Reagent Co., Ltd. Ethanol (C2H5OH) was acquired from Jiangsu Qiangsheng
Functional Chemical Co., Ltd. (Changshu, China) Iron(III) chloride (FeCl3) was purchased
from Shanghai Runjie Chemical Reagent Co., Ltd. (Shanghai, China).

3.2. Pretreatment of Nickel Foam

First, the nickel foam was cut into small pieces of 40 mm × 25 mm. The cut nickel
foam was immersed into 1 M HCl, deionized water, and anhydrous ethanol to ultrasonicate
for 20 min. After the ultrasonication, a hair dryer was used to blow dry the pieces for spare.

3.3. Preparation of Fe-MOF Precursor on Nickel Foam

Firstly, 2 mmol of FeCl3 was added to 50 mL of deionized water and stirred until
completely dissolved. Then, 10 mmol of 2-methylimidazole was added, and the mixture
was stirred for an additional 30 min to obtain the Fe-MOF precursor [18]. The pretreated
nickel foam was then immersed in the Fe-MOF precursor solution and left to stand for
24 h. After 24 h, the nickel foam was removed and gently rinsed with deionized water and
anhydrous ethanol to remove impurities and organic residues. Finally, the nickel foam was
dried in an oven at 60 ◦C to obtain the Fe-MOF/NF precursor.

3.4. Preparation of FeP@NPC/NF

FeCl3 was dissolved in the DI water to form uniform Fe2+ solution. 2-methylimidazole
was dissolved in the FeCl3 solution to prepared Fe-MOF precursor. Ni foam was soaked
in the above-mentioned precursor to prepare Fe-MOF/NF precursor. Then, the prepared
precursor was transferred to FeP@NPC/NF under phosphorization reaction.

The FeP@NPC/NF samples were prepared using a high-temperature phosphorization
method under argon protection. The Fe-MOF/NF precursor and 0.4 g of sodium hypophos-
phite were placed separately at the downstream and upstream positions of a porcelain boat,
respectively. The porcelain boat was then transferred to a tube furnace. Before heating, the
tube furnace was evacuated and purged with argon gas three times. Under an argon atmo-
sphere, the furnace was heated at 2 ◦C/min to 450 ◦C and maintained at this temperature
for 2 h. The furnace was then cooled at a rate of 5 ◦C/min to 200 ◦C, followed by natural
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cooling to room temperature to obtain the phosphorized FeP@NPC/NF catalyst at 450 ◦C,
designated as FeP@NPC/NF-450. For comparison, the phosphorization of Fe-MOF/NF
was conducted at 400 ◦C and 500 ◦C under otherwise identical conditions, resulting in
FeP@NPC/NF-400 and FeP@NPC/NF-500, respectively. Additionally, Fe-MOF/NF was
thermally treated at 450 ◦C without adding a phosphorus source under the same conditions,
yielding Fe2O3@NC/NF.

3.5. Preparation of FeP Powder Material Without Ni Foam

After Ni foam had been immersed for 24 h in the Fe-MOF precursor solution, powders
were collected from the baker. The collected powder was washed and dried, then annealed
under the same condition of FeP@NPC/NF, the prepared sample was labeled as FeP@NPC.

3.6. Material Characterization

The crystal structure of the prepared powder material (sample without Ni foam) was
analyzed using powder X-ray diffraction (XRD, Rigaku SmartLab, Cambridge, MA, USA)
with Cu Kα1 radiation (λ = 1.5406 Å) in the 2θ range of 20◦ to 80◦. The microstructure
was further investigated using scanning electron microscopy (FE-SEM, Hitachi SU8600,
Tokyo, Japan). The surface chemical composition of the catalyst was determined by X-ray
photoelectron spectroscopy (XPS, ThermoFisher Nexsa, Waltham, MA, USA).

3.7. Electrochemical Measurements

The HER performance was analyzed using a standard three-electrode system with a
CHI 660E electrochemical workstation. The reference and counter electrodes were saturated
calomel electrode (SCE) and a Pt sheet. The working area of the working electrode was
1 cm × 1 cm, and the HER was conducted in a 1 M KOH solution and 0.5 M H2SO4 solution.
All electrode potentials (vs. SCE) were calibrated to a reversible hydrogen electrode (RHE)
and IR-corrected (solution resistance), namely, E(RHE) = E(SCE) + 0.244 + (0.0599 × pH) − iRs
(at 25 ◦C) [43,44]. The linear sweep voltammetry (LSV) rate was 3 mV s−1, and the
electrochemical impedance spectroscopy (EIS) was analyzed at a voltage of 106.1 mV
(1 M KOH) and 68.3 mV (0.5 M H2SO4) in the frequency range of 100 KHz to 10 MHz.

According to the formula given in [45],

ECSA = Cdl/Cs

The electrochemical active surface area (ECSA) can be analyzed through the double-
layer capacitance (Cdl), and the Cdl of catalysts was evaluated based on the cyclic voltammo-
gram (CV). The CV curves of the catalysts were tested at scan rates from 20 to 100 mV s−1.
The slope of the fitted linear regression function (∆j = janodic − jcathodic) vs. scan rate) equals
the value of Cdl.

4. Conclusions

In conclusion, we have devised a novel structure aimed at augmenting the activity and
stability of FeP nanoparticles. A simple phosphidation method was employed to synthesize
nitrogen and phosphorus co-doped carbon-coated FeP nanoparticles supported on nickel
foam (FeP@NPC/NF). The N, P co-doped carbon serves to prevent the aggregation of
FeP nanoparticles by encapsulating them, thereby increasing the number of active sites
and shielding the FeP nanoparticles from corrosion and oxidation during the hydrogen
production process. The multi-controllable network structure of the nickel foam offers a
larger specific surface area during the hydrogen evolution reaction (HER) and facilitates gas
release. The results demonstrate that FeP@NPC/NF-450 exhibits excellent HER activity in
acidic and alkaline environments. In 1.0 M KOH and 0.5 M H2SO4, the hydrogen evolution
overpotentials at a current density of 10 mA cm−2 were 68.3 mV and 106.1 mV, respectively,
with corresponding Tafel slopes of 57.90 mV dec−1 and 110.73 mV dec−1. Moreover, it
showed long-term stability for 48 h in both acidic and alkaline media, surpassing the
performance of recently reported FeP-based HER catalysts. This study provides a simple
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approach for improving the activity and stability of FeP-based electrocatalysts, presenting
a promising application in green energy conversion, where highly active HER catalysts
are essential.
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Abstract: The environmental and health impacts of sulfur compounds in fuel oil have
prompted considerable research interest in oxidative desulfurization (ODS) technology.
Tetrahedrally coordinated titanium has been demonstrated to exhibit excellent activity in
the context of oxidative desulfurization processes. However, further improving the catalytic
property of the tetrahedrally coordinated titanium remains a challenging endeavor. In
the context of ODS processes conducted at near room temperatures, the improvement of
conversion remains a subject of considerable challenge. In this study, hierarchically porous
titanosilicate hollow spheres were synthesized by using TS-1 zeolite precursors as Ti and Si
sources to obtain the catalyst with only tetrahedrally coordinated titanium. The synthesized
materials were characterized through transmission electron microscopy (TEM), Fourier-
transform infrared spectroscopy (FT-IR), ultraviolet–visible diffuse reflectance spectroscopy
(UV-Vis), and nitrogen adsorption analysis. These techniques confirmed the formation of
hollow spherical hierarchically porous structures with Ti species uniformly incorporated in
tetrahedral coordination and the presence of five-member rings of TS-1 zeolite. As a result,
the hierarchically porous titanosilicate hollow spheres demonstrated excellent catalytic
performance in ODS, achieving complete dibenzothiophene (DBT) removal within 15 min
and a high turnover frequency (TOF) of up to 123 h−1 at 30 ◦C.

Keywords: hierarchically porous; titanosilicate; hollow spheres; oxidative desulfurization

1. Introduction
Fuel oil is widely utilized as energy source; however, its high quantity of sulfur

remains a problem that needs to be solved [1]. During the combustion of gasoline and
diesel, sulfur compounds such as dibenzothiophene (DBT), 4,6-dimethyldibenzothiophene
(4,6-DMDBT), and 4-methylbenzothiophene (4-MDBT) produce sulfur oxides, which are
harmful to human health and contribute to environmental pollution [2]. In response, stricter
sulfur content regulations have been introduced worldwide, attracting research interest for
development of effective petroleum desulfurization technologies [3–6]. Despite the recent
advancements in the field, the efficient removal of sulfur compounds from fuel oils using
minute quantities of catalysts at ambient temperatures is still rare.

Hydrodesulfurization (HDS) is the most prevalent industrial technology utilized for
sulfur removal due to its high efficiency [7]. However, producing ultra-low sulfur fuels with
HDS requires high temperatures, high pressures, and significant hydrogen consumption,
which increases operational costs and complicates process control [8]. To overcome these
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limitations, alternative non-hydrodesulfurization methods, such as biological desulfuriza-
tion [9], adsorption desulfurization [10,11], extraction desulfurization [12], and oxidative
desulfurization (ODS) [13] have been explored. Among them, ODS eliminates the need
for hydrogen, enhancing operational safety and reducing costs. The two types of ODS are
non-catalytic and catalytic; while non-catalytic ODS is compatible with oils that contain
high levels of sulfur, it necessitates elevated reaction temperatures and extended reaction
times [14]. In contrast, catalytic ODS has emerged as particularly promising, as it efficiently
removes sulfur compounds under mild conditions, including ambient pressure and reac-
tion temperatures below 100 ◦C [15]. More importantly, aromatic sulfur-containing organic
compounds (ASOCs) including DBT, 4,6-DMDBT, and 4-MDBT are not easily eliminated
through the HDS process because of steric hindrance; in contrast, ASOCs can be efficiently
removed through the ODS process under mild conditions [16].

The ODS process means that sulfur compounds are catalytically oxidized into more
polar sulfone derivatives, which can then be separated from hydrocarbons through ad-
sorption or extraction [17]. The most common oxidants are hydrogen peroxide (H2O2) and
tert-butyl hydroperoxide (TBHP). H2O2 is often favored for its environmental friendliness
and cost-effectiveness; however, the reaction occurs in a biphasic water/oil system. In
this setup, sulfur compounds remain in the oil phase, while the catalyst and H2O2 are in
the aqueous phase, causing mass transfer limitations that hinder the oxidation rate [18].
In comparison, TBHP, being oil-soluble, enables the reaction to proceed in a single-phase
system, eliminating interfacial mass transfer limitations and enhancing reaction perfor-
mance [19–21].

Various catalysts have shown significant potential in oxidative desulfurization (ODS),
including transition metal oxides [22,23], TS-1 zeolite [24,25], and mesoporous silica [26,27].
Careo et al. [23] investigated ODS reactions in synthetic diesel using vanadium oxide
catalysts supported on titanium, analyzing the impact of operating conditions on sulfur
removal efficiency. Similarly, Du et al. [24] synthesized hierarchical porous TS-1 (HTS)
using a soft-template method. The hierarchical pore structure of HTS enabled superior
dibenzothiophene (DBT) removal compared to conventional TS-1, which relies solely on
microporous structures and demonstrated lower efficiency under identical conditions. Fur-
thermore, the use of mesoporous materials has been shown to enhance ODS performance
due to their large pore channels, which improve the accessibility of sulfur compounds. For
instance, Cho et al. [28] synthesized Ti-SBA-15 through a grafting method, achieving good
catalytic activity [29,30]. In summary, some ODS catalysts have been reported; however,
their activities remain unsatisfactory and introduce single tetrahedrally coordinated Ti to
the catalysts, which is still a challenge.

Previous studies [31,32] have demonstrated that aging a solution containing appro-
priate amounts of silicon sources and template agents, such as TPAOH or TEAOH, at
controlled temperatures produces a transparent solution rich in zeolite primary and sec-
ondary structural units, along with nanoclusters formed through their aggregation. Adding
Ti species to the above precursors makes it more likely that material precursors containing
tetrahedrally coordinated Ti will be obtained. In addition, due to their substantial surface
area and comparatively short channels, which are conducive to molecular diffusion, hier-
archically porous nanoparticles are frequently used as catalytic support and a variety of
templates have been shown to facilitate the synthesis of hierarchically porous structures
such as PEO-b-PMMA and CTAB [33], P123 and SDS [34], and CTAB-PAA [26,35].

Herein, hierarchically porous titanosilicate hollow spheres (Ti-HHS) containing TS-1
zeolite precursors were synthesized using a polyelectrolyte–surfactant mesoporous complex
template as a structure-directing agent. Ti-HHS exhibited hollow spherical mesoporous
structures with Ti species uniformly incorporated in tetrahedral coordination and the pres-
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ence of five-member rings of TS-1 zeolite, and gave rise to excellent catalytic performance in
ODS, achieving complete dibenzothiophene (DBT) removal with a high turnover frequency
(TOF) of up to 123 h−1 at 30 ◦C.

2. Results and Discussion
2.1. Characterization of Ti-HHS

The synthesis of the Ti-HHS mechanism is outlined in Figure 1. The small-angle
XRD patterns of the calcined Ti-HHS-1, Ti-HHS-2, and Ti-HHS-3 samples are presented in
Figure 2a. These patterns display a single broad diffraction peak around 2.0◦, consistent
with the worm-like pore structures observed in the TEM images. Figure 2b shows the
wide-angle XRD patterns of the same samples. A broad diffraction peak centered at 23◦

is observed, corresponding to the characteristic peak of amorphous silica. No diffraction
peaks associated with zeolite crystal structures or titanium species are detected.
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The SEM and TEM images of Ti-HHS-3 are shown in Figures 3 and 4, respectively.
The SEM images (Figure 3) reveal that Ti-HHS-3 has a uniform spherical morphology
with particle sizes ranging around several hundreds of nanometers and exhibits good
particle dispersion. Figure 3b shows a rough particle surface with visible macropores. The
TEM images in Figure 4a confirm that the hollow spherical shell structure is consistent
across the sample, supporting the observations from the SEM images. Figure 4b indicates
that the shell thickness ranges from 20 to 40 nanometers. Figure 4d, an enlarged view of
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Figure 4c, highlights the uniformly distributed wormhole structure within the particles,
further emphasizing the hierarchical porous characteristics of the sample [36,37].
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The EDS mapping for Ti-HHS-3, presented in Figure 5, characterizes the Ti distribution
within the sample. The mapping confirms a uniform distribution of Ti throughout the
hollow sphere structure, with no evidence of local aggregation or clustering. These results
validate the successful incorporation of Ti into all three samples. The titanium content
in the sample was determined by ICP-AES; the Ti content of Ti-HHS-1, Ti-HHS-2, and
Ti-HHS-3 are 0.55 wt%,1.46 wt%, and 2.60 wt%, respectively.
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Figure 6a,b present the nitrogen adsorption–desorption isotherms and the correspond-
ing pore size distribution curves for the hierarchically porous titanosilicate hollow sphere
samples. All three samples exhibit typical Type IV isotherms with an H3-type hystere-
sis loop, characterized by two adsorption steps in the relative pressure (P/P0) range of
0.25–0.35 and 0.85–0.95 in Figure 6a. The first step corresponds to a peak at approxi-
mately 3 nm in Figure 6b, indicating the presence of wormhole-like mesopores within the
samples [36,37]. The second step corresponds to the larger pores within the shell template
by phase-separated PAA [35]. Furthermore, the nearly overlapping adsorption–desorption
curves suggest highly accessible mesopores, consistent with the thin-shell structure of the
hollow spheres. According to Table 1, the three samples show relatively large specific
surface areas and pore volumes. While the surface area and pore volume of Ti-HHS-3
are lower than Ti-HHS-1 and Ti-HHS-2, which probably owes to different additions of Ti
species [38].

Table 1. The detailed structural parameters of the samples.

Samples Mesopore Size (nm) SBET (m2/g) VMIC (cm3/g) VMES
(cm3/g)

Ti-HHS-1 2.8 710 0.005 1.022
Ti-HHS-2 2.8 647 0.006 0.915
Ti-HHS-3 2.8 600 0.009 0.941
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associated with the stretching vibrations of double five-membered rings in MFI structures 
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cating short-range order within the samples. Each sample also shows a distinct absorption 
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Figure 6. Nitrogen adsorption–desorption isotherms (a) and pore size distribution curves (b) for
Ti-HHS-1, Ti-HHS-2, and Ti-HHS-3.

As shown in the FT-IR spectra in Figure 7, all three samples exhibit characteristic
absorption peaks at 810 cm−1 and 1053 cm−1. These absorption peaks correspond to the
symmetric and asymmetric Si–O–Si stretching vibrations, respectively, which are typical
features of amorphous silica in infrared spectra [39]. Additionally, a minor absorption peak
appears at 560 cm−1 in the Ti-HHS-1, Ti-HHS-2, and Ti-HHS-3 samples. This peak is associ-
ated with the stretching vibrations of double five-membered rings in MFI structures [40],
suggesting the presence of primary and secondary zeolite structural units and indicating
short-range order within the samples. Each sample also shows a distinct absorption peak
at 960 cm−1, attributed to Si–O–Ti vibrations [39,41], confirming the incorporation of Ti
into the structure. Furthermore, the intensity of the 960 cm−1 peak decreases with lower Ti
content, particularly in the Ti-HHS-1 sample, where the peak at 960 cm−1 is less prominent.
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UV–visible absorption spectroscopy was employed to investigate the coordination
state of Ti species in the hierarchically porous titanosilicate hollow spheres. As shown
in Figure 8, all three samples exhibit a narrow, strong absorption peak at 215 nm, with
no additional peaks observed at longer wavelengths. The absorption peak near 220 nm
is characteristic of the tetrahedral coordination of Ti species within the framework [42].
These results confirm that the doped Ti exists exclusively in tetrahedral coordination within
the framework, with no evidence of non-framework octahedral Ti species or separate
crystalline TiO2 phases [43,44].
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2.2. ODS Performance of Ti-HHS

In the ODS reaction at 30 ◦C, both the catalyst and oxidant are crucial for effective
desulfurization. As shown in Figure 9a, the sulfur compound conversion rate remains
low in the absence of an oxidant, and no significant conversion occurs without a catalyst.
However, the simultaneous introduction of the Ti-HHS-3 catalyst and the oxidant (TBHP)
results in rapid DBT conversion, reaching 100% within 15 min. Previous studies [32,45]
have demonstrated that tetrahedral Ti sites exhibit higher oxidation activity compared to Ti
species in amorphous silica. Structural characterization of Ti-HHS-3 confirms the presence
of Ti species primarily in tetrahedral coordination, which significantly enhances its activity.
As illustrated in Figure 9b, the Ti-HHS-3 catalyst, synthesized from TS-1 precursor, exhibits
substantially higher ODS activity than TiO2/HHS prepared via direct the impregnation of
TiO2 with an equivalent Si/Ti molar ratio. The catalytic ODS process is shown in Figure 10,
and, as reported in the literature, sulfoxides exhibited a high polarity and tended to be
absorbed onto the silanol groups in silica via hydrogen bonding, achieving a one-pot
oxidation–adsorption process with the hierarchically porous titanosilicate [26].

The ODS activity of catalysts with varying Ti content (Ti-HHS-1, Ti-HHS-2, and Ti-
HHS-3) was evaluated under identical conditions. As shown in Figure 11, Ti-HHS-3
exhibits the highest catalytic performance, achieving 100% DBT conversion within 15 min.
In contrast, Ti-HHS-1 and Ti-HHS-2 achieve only 71% and 94% conversion after 30 min,
respectively. These results highlight the critical role of Ti content in enhancing catalytic
activity. At the 2 min mark, Ti-HHS-3 achieves a TOF of up to 123 h−1, which could be due
to the tetrahedrally coordinated Ti of the TS-1 precursors in Ti-HHS-3. As illustrated in
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Table 2, an analysis of the extant literature reveals a range of catalysts with different levels
of performance in the oxidation of DBT. It is evident that Ti-HHS-3 exhibits higher activity
than the majority of reported catalysts, especially the TOF, although it should be noted that
Ti-HHS-3 operates at near room temperature.
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Table 2. Comparison of catalytic ODS performance of DBT with different catalysts.

Catalysts Ti Content
(wt%)

S Content
(ppm) Oxidant Temperature

(◦C) TOF (h−1) Ref.

Ti-HHS-3 2.6 500 TBHP 30 123 This work
Ti-B-M-DA 5.5 1000 TBHP 60 58.8 [46]

Ti-SBA-2 5.5 500 TBHP 40 48.8 [47]
Meso-TS-1 0.98 174 H2O2 60 3.7 [48]
NSTS-10 2.7 500 TBHP 25 14.9 [26]
Ti-HMS 0.88 584 H2O2 70 1.8 [49]

Ti-MCM-41S 1.26 1740 TBHP 80 18.2 [19]

103



Inorganics 2025, 13, 37

Inorganics 2025, 13, x FOR PEER REVIEW 10 of 20 
 

 

The ODS activity of catalysts with varying Ti content (Ti-HHS-1, Ti-HHS-2, and Ti-
HHS-3) was evaluated under identical conditions. As shown in Figure 11, Ti-HHS-3 ex-
hibits the highest catalytic performance, achieving 100% DBT conversion within 15 min. 
In contrast, Ti-HHS-1 and Ti-HHS-2 achieve only 71% and 94% conversion after 30 min, 
respectively. These results highlight the critical role of Ti content in enhancing catalytic 
activity. At the 2 min mark, Ti-HHS-3 achieves a TOF of up to 123 h−¹, which could be due 
to the tetrahedrally coordinated Ti of the TS-1 precursors in Ti-HHS-3. As illustrated in 
Table 2, an analysis of the extant literature reveals a range of catalysts with different levels 
of performance in the oxidation of DBT. It is evident that Ti-HHS-3 exhibits higher activity 
than the majority of reported catalysts, especially the TOF, although it should be noted 
that Ti-HHS-3 operates at near room temperature. 

0 5 10 15 20 25 30
0

20

40

60

80

100

 Ti-HHS-1
 Ti-HHS-2
 Ti-HHS-3

D
BT

 C
on

ve
rs

io
n 

(%
)

Reaction Time (min)  

Figure 11. DBT ODS activity of Titanosilicate hierarchically porous hollow spheres with varying Ti 
content (reaction conditions: 20 g of 500 ppm model gasoline, 20 mg). 

Table 2. Comparison of catalytic ODS performance of DBT with different catalysts. 

Catalysts Ti Content 
(wt%) 

S Content 
(ppm) Oxidant Temperature 

(°C) TOF (h−1) Ref. 

Ti-HHS-3 2.6 500 TBHP 30 123 This work 
Ti-B-M-DA 5.5 1000 TBHP 60 58.8 [46] 

Ti-SBA-2 5.5 500 TBHP 40 48.8 [47] 
Meso-TS-1 0.98 174 H2O2 60 3.7 [48] 
NSTS-10 2.7 500 TBHP 25 14.9 [26] 
Ti-HMS 0.88 584 H2O2 70 1.8 [49] 

Ti-MCM-41S 1.26 1740 TBHP 80 18.2 [19] 

As shown in Figure 12, with an O/S ratio of 1, the DBT conversion rate reaches 95.51% 
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version rate over time reveals a plateau after 15 min, indicating that this ratio is insuffi-
cient for full DBT conversion. When the O/S ratio is increased to 3, DBT conversion reaches 
100% within 15 min. With further increases in the oxidant ratio to 6 and 9, the conversion 
of DBT did not change too much. These findings suggest that an optimal O/S ratio exists 
for efficient DBT conversion while minimizing oxidant consumption. Accordingly, an O/S 
ratio of 3 is identified as optimal, and all subsequent investigations in this study are based 

Figure 11. DBT ODS activity of Titanosilicate hierarchically porous hollow spheres with varying Ti
content (reaction conditions: 20 g of 500 ppm model gasoline, 20 mg).

As shown in Figure 12, with an O/S ratio of 1, the DBT conversion rate reaches
95.51% within 30 min, but complete conversion is not achieved. A closer examination of
the conversion rate over time reveals a plateau after 15 min, indicating that this ratio is
insufficient for full DBT conversion. When the O/S ratio is increased to 3, DBT conversion
reaches 100% within 15 min. With further increases in the oxidant ratio to 6 and 9, the
conversion of DBT did not change too much. These findings suggest that an optimal
O/S ratio exists for efficient DBT conversion while minimizing oxidant consumption.
Accordingly, an O/S ratio of 3 is identified as optimal, and all subsequent investigations
in this study are based on this ratio. It was reported that octane could not be oxidized by
TBHP below 80 ◦C [50]; thus, in our experiments, the oxidation of model oil by TBHP could
be neglected.
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In industrial applications, the concentration of sulfur compounds in fuel oil can vary
significantly. To more accurately simulate the sulfur concentrations found in actual fuel oils,
Ti-HHS-3 was selected as the catalyst to conduct the ODS reaction on model gasolines with
different sulfur contents. The model gasolines were prepared with sulfur concentrations
of 500 ppm, 1000 ppm, and 2000 ppm, as shown in Figure 13. As the DBT concentration
increased, the conversion rate of the sulfur compounds significantly decreased over the
same period. Notably, when the DBT concentration reached 2000 ppm, complete conversion
could not be achieved within 30 min. This may be attributed to the relatively low Ti doping
in Ti-HHS-3, resulting in insufficient catalytic active sites to meet the demands of the
reaction at high concentrations, thereby causing a significant decline in catalytic activity.
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The reaction temperature is one of the critical parameters influencing catalyst activity.
As shown in Figure 14, complete DBT conversion requires 15 min at 30 ◦C. When the
reaction temperature is increased to 50 ◦C, the time for complete DBT conversion decreases
to 10 min. Further increasing the temperature to 80 ◦C reduces the conversion time to just
2 min. These results demonstrate that the ODS reaction catalyzed by Ti-HHS-3 is highly
temperature-dependent, with reaction rates significantly increasing at higher temperatures.
As the reaction temperature increases, the conversion efficiency of sulfur compounds
improves, highlighting the potential for temperature optimization in practical applications.
Higher temperatures likely enhance the reactivity of the catalyst’s active sites, reducing the
activation energy and thereby accelerating the reaction.

Fuel oils commonly used in daily life include petrol and diesel. Compared to gasoline,
diesel contains longer alkane chains and boils in the range of 180–350 ◦C. To model diesel
fuel, this study used long-chain alkanes, specifically tetradecane. The types of sulfur
compounds can vary significantly. To further investigate the ODS performance of Ti-
HHS-3, other sulfur compounds, specifically 4-MDBT and 4,6-DMDBT, were selected
to evaluate their ODS performance with Ti-HHS-3 as the catalyst in model diesel. The
experimental results (Figure 15) demonstrate that Ti-HHS-3 exhibits excellent catalytic
activity in both short-chain alkanes (n-octane) and long-chain alkanes (n-tetradecane),
with no significant difference in catalytic performance between the two alkanes. However,
the presence of methyl groups in the molecular structure of 4-MDBT and 4,6-DMDBT
introduces steric hindrance, limiting interaction between the reactive Ti sites on the catalyst
and the sulfur compounds [51,52]. Consequently, the conversion rates for 4-MDBT and
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4,6-DMDBT are lower than that of DBT at the 2 min, 5 min, and 10 min mark, highlighting
the impact of molecular structure on ODS efficiency and providing valuable insights for
the desulfurization of diesel oils.

Inorganics 2025, 13, x FOR PEER REVIEW 12 of 20 
 

 

The reaction temperature is one of the critical parameters influencing catalyst activ-
ity. As shown in Figure 14, complete DBT conversion requires 15 min at 30 °C. When the 
reaction temperature is increased to 50 °C, the time for complete DBT conversion de-
creases to 10 min. Further increasing the temperature to 80 °C reduces the conversion time 
to just 2 min. These results demonstrate that the ODS reaction catalyzed by Ti-HHS-3 is 
highly temperature-dependent, with reaction rates significantly increasing at higher tem-
peratures. As the reaction temperature increases, the conversion efficiency of sulfur com-
pounds improves, highlighting the potential for temperature optimization in practical ap-
plications. Higher temperatures likely enhance the reactivity of the catalyst’s active sites, 
reducing the activation energy and thereby accelerating the reaction. 

0 5 10 15 20 25 30
0

20

40

60

80

100
D

BT
 C

on
ve

rs
io

n 
(%

)

Reaction Time (min)

 30℃
 50℃
 80℃

 

Figure 14. Effect of reaction temperature on DBT conversion (Reaction conditions: 20 g of 500ppm 
model gasoline, 20 mg catalyst, O/S = 3). 

Fuel oils commonly used in daily life include petrol and diesel. Compared to gaso-
line, diesel contains longer alkane chains and boils in the range of 180–350 °C. To model 
diesel fuel, this study used long-chain alkanes, specifically tetradecane. The types of sulfur 
compounds can vary significantly. To further investigate the ODS performance of Ti-
HHS-3, other sulfur compounds, specifically 4-MDBT and 4,6-DMDBT, were selected to 
evaluate their ODS performance with Ti-HHS-3 as the catalyst in model diesel. The exper-
imental results (Figure 15) demonstrate that Ti-HHS-3 exhibits excellent catalytic activity 
in both short-chain alkanes (n-octane) and long-chain alkanes (n-tetradecane), with no 
significant difference in catalytic performance between the two alkanes. However, the 
presence of methyl groups in the molecular structure of 4-MDBT and 4,6-DMDBT intro-
duces steric hindrance, limiting interaction between the reactive Ti sites on the catalyst 
and the sulfur compounds [51,52]. Consequently, the conversion rates for 4-MDBT and 
4,6-DMDBT are lower than that of DBT at the 2 min, 5 min, and 10 min mark, highlighting 
the impact of molecular structure on ODS efficiency and providing valuable insights for 
the desulfurization of diesel oils. 

Figure 14. Effect of reaction temperature on DBT conversion (Reaction conditions: 20 g of 500ppm
model gasoline, 20 mg catalyst, O/S = 3).
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In previous research [46], the ODS reaction typically involves the decomposition of 
the oxidant on the catalyst surface, producing active radicals. Electron paramagnetic res-
onance (EPR) characterization is conducted to confirm the generation of active radicals 
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Figure 15. Conversion of different sulfur compounds in model diesel (reaction conditions: 20 g of
500 ppm model oil, 20 mg catalyst, O/S = 3).

In addition to the factors mentioned above, the effect of stirring speed on the ODS
reaction should also be examined (as shown in Figure 16). For consistency, the stirring
speed was maintained at 300 r/min in other experiments. The results show that the cat-
alytic activity of the ODS reaction remained largely unaffected by changes in stirring speed.
Specifically, whether the stirring speed is set at 300 r/min or adjusted to 100 r/min or
500 r/min, the ODS reaction proceeds similarly. This indicates that, under the experimen-
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tal conditions used, stirring speed only slightly impacts on the catalytic activity of the
ODS reaction.
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Figure 16. Effect of stirring speed on DBT conversion (reaction conditions: 20 g of 500 ppm model
gasoline, 20 mg catalyst, O/S = 3).

In previous research [46], the ODS reaction typically involves the decomposition
of the oxidant on the catalyst surface, producing active radicals. Electron paramagnetic
resonance (EPR) characterization is conducted to confirm the generation of active radicals
within the Ti-HHS-3 catalytic system. By using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO)
as a radical trap at room temperature, the addition of the oxidant TBHP resulted in a
typical radical/DMPO adduct signal (Figure 17). Based on the literature [53], the average
spacing of the four stable peaks with a height ratio of 1:2:2:1 is 14.9 Gs, which indicates
hydroxyl radicals were produced in the catalytic system. Hydroxyl radicals, as highly
reactive species, can effectively oxidize DBT, thus facilitating desulfurization. The EPR
spectrum confirms hydroxyl radical production during Ti-HHS-3 catalyzes DBT oxidation,
supporting a radical-based oxidation mechanism for the ODS reaction.
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3. Materials and Methods
3.1. Materials

Cetyltrimethylammonium bromide (CTAB, 99%), tetraethyl orthosilicate (TEOS,
≥99%), tetrabutyl titanate (TEOT, 99%), ammonium hydroxide (25–28 wt%), dibenzothio-
phene (DBT, ≥99 wt%), 4-methyl dibenzothiophene (4-MDBT, ≥99 wt%), 4,6-dimethyl
dibenzothiophene (4,6-DMDBT, ≥99 wt%), n-octane (≥99 wt%), and n-tetradecane
(≥99 wt%) were purchased from Aladdin Biochemical Technology (Shanghai, China). An-
hydrous ethanol (≥99 wt%) was obtained from Tianjin Bohua Chemical Reagent (Tianjin,
China). Tert-butyl hydroperoxide (TBHP, 5.0–6.0 mol/L in decane) was acquired from
Sigma-Aldrich (Shanghai, China). Tetrapropylammonium hydroxide (TPAOH, 25 wt%) was
purchased from Meryer Chemical Technology (Shanghai, China), and polyacrylic acid (PAA,
25 wt%, MW = 240,000) was obtained from Thermo Fisher Scientific (Shanghai, China).

3.2. Synthesis of Ti-HHS

To prepare the HHS precursor solution, mix 6 mL of TPAOH solution with 12 mL of
deionized water and stir for 15 min until homogeneous. Then, add 5.6 mL of TEOS and a
specified amount of TEOT (0.075 mL, 0.15 mL, and 0.3 mL) to achieve Si/Ti molar ratios
of 116, 58, and 29, respectively. Continue stirring for 2 h to allow the hydrolysis of Si and
Ti sources, resulting in a clear solution. Place the solution in a sealed container and let it
stand at 45 ◦C for 3 days; the resulting clear solution is the HHS precursor solution. Here,
the transparent solution containing zeolite structural units was prepared as the precursor
for hierarchically porous titanosilicate hollow spheres (HHS).

Dissolve 0.56 g of CTAB in 20 mL of deionized water, stirring at 60 ◦C until CTAB is
fully dissolved. After the solution becomes clear, bring the solution to room temperature,
then add 3.0 g of PAA, and stir for 20 min until the solution is clear again. While stirring,
add 2.0 g of ammonium hydroxide, which will immediately turn the solution milky white;
continue stirring for another 20 min. Then, add 8.8 mL of precursor solution with varying
Si/Ti molar ratios and stir at room temperature for 2 h. Transfer the emulsion to a 50 mL
autoclave and let it stand at 80 ◦C for 2 days. Collect the product by centrifugation, wash it
twice with deionized water and anhydrous ethanol, and dry it at 60 ◦C for 12 h. Calcine
at 550 ◦C for 6 h to remove the template. Samples with varying Ti contents, obtained by
adding 0.075 mL, 0.15 mL, and 0.3 mL of the Ti source, are designated as Ti-HHS-1, Ti-HHS-
2, and Ti-HHS-3, respectively. When 0 mL of TEOT is added and the other synthesis steps
are as above, a pure silicon hollow (HHS) sphere sample is obtained. A surfactant-polymer
composite was used as the structure-directing agent, which became colloidal particles via
self-assembly between anionic PAA and cationic CTAB. Under alkaline conditions, a series
of Ti-HHS catalysts with varying titanium contents (Ti-HHS-1, Ti-HHS-2, and Ti-HHS-3)
were successfully synthesized. The HHS precursor, with its larger volume and greater
polymerization capability compared to monomeric or oligomeric silicates, is unable to
penetrate the interior of the PAA-CTAB template. Consequently, co-assembly of the silicon
source with the template and phase separation of PAA primarily occur at the surface of the
PAA-CTAB composite, resulting in the formation of a thin shell. During calcination, the
template is removed, leaving behind a hollow spherical structure.

For preparation of TiO2-supported samples, a certain amount of tetrabutyl titanate
was dissolved in 1 mL of deionized water, 0.1 g of pure silica hollow spheres was added to
the above solution after continuous stirring for 2 h at room temperature, and then it was put
into a vacuum oven and dried at 40 ◦C for 10 h. The solid samples were taken and ground
and then roasted at 400 ◦C for 2 h in air, which yielded TiO2/HHS-1 and TiO2/HHS-2, with
Si/Ti ratios of 58 and 29, respectively.
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3.3. Characterization

X-ray diffraction (XRD) patterns were recorded on a Rigaku Smart Lab 3 kW instru-
ment (Tokyo, Japan) using Cu Kα radiation (40 kV, 40 mA). Wide-angle diffraction patterns
were measured in the 2θ range of 5–50◦ with a scan speed of 8◦ per minute, while small-
angle diffraction patterns were measured in the 2θ range of 1–5◦ with a scan speed of 0.1◦

per minute. Scanning electron microscopy (SEM) images were taken using a JSM-7800F
(JEOL, Tokyo, Japan). The SEM instrument operates under vacuum conditions, and samples
were gold-sputtered prior to testing. Transmission electron microscopy (TEM) images were
obtained with a JEM-2800 (JEOL, Japan). Nitrogen adsorption–desorption isotherms were
obtained using a JW-TB220A analyzer from JWGB Sci & Tech Co., Ltd. (Beijing, China).
Samples were pretreated at 350 ◦C under nitrogen flow for 4 h prior to measurement. The
specific surface area was calculated using the Brunauer–Emmett–Teller (BET) model (JWGB,
Beijing, China); the microporous pore volume (Vmic) and the mesoporous pore volume
(Vmes) were obtained by DFT method. Infrared spectra were collected on a Bruker VECTOR
22 spectrometer (Billerica, MA, USA), with samples prepared by pressing into KBr pellets;
the position and shape of absorption peaks were analyzed to characterize whether Si-O-Ti
structures were present in the silicate materials. The diffuse reflectance UV–visible (UV-vis)
spectra of the dehydrated samples relative to BaSO4 were measured using a Shimadzu
(UV-2450) spectrophotometer (Tokyo, Japan) over a wavelength range of 500–2000 nm
at room temperature. Electron paramagnetic resonance (EPR) spectra were recorded at
room temperature using a Bruker EMX-plus X-band spectrometer (Billerica, MA, USA). Ti
content was determined by inductively coupled plasma emission spectrometry (ICP) on a
Thermo Scientific iCAP 7400 (Waltham, MA, USA) atomic emission spectrometer.

3.4. Catalytic Tests

Dissolve 0.1 g DBT, 4,6-DMDBT, or 4-MDBT in 199.9 g of n-octane or n-tetradecane,
stirring for 10 min, then seal and store as 500 ppm model gasoline. Place 20 g of model
gasoline in a 50 mL Erlenmeyer flask and transfer it to a 30 ◦C water bath, stirring until the
temperature stabilizes. Add 20 mg of the calcined hierarchically porous titanosilica hollow
spheres as the catalyst and stir for another 10 min. Subsequently, add a specific amount
of tert-butyl hydroperoxide (TBHP, 5.5 M in decane) solution to the system according to
the predetermined oxygen-to-sulfur ratio. Start timing as soon as the oxidant is added.
The stirring speed is maintained as 300 r/min. Samples are collected at various reaction
times, and the catalyst is removed by filtering through a syringe with a membrane filter
before analyzing reactant concentrations using a gas chromatograph (GC-7800, Grockway,
Tengzhou, China). The signal detection during the analysis is performed using a flame
ionization detector (FID). All catalysts were dehydrated at 150 ◦C for 2 h prior to use. The
major ODS reaction conditions are listed in Table 3.

Table 3. The conditions for ODS reactions.

ODS
Reaction

Runs

Raw Material:
Catalyst

Ratio

Raw Material:
Oxidant

Ratio
O/S Ratio Temperature

(◦C)
S Content

(ppm)
Stirring

Speed (r/min)

1 1000 1363 3 30 500 300
2 1000 4089 1 30 500 300
3 1000 454 9 30 500 300
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3.5. Analysis

The GC-7800 equipped with a flame ionization detector (FID) was used to analyze the
DBT, 4,6-DMDBT, and 4-MDBT concentration in the samples after the catalytic oxidation
reaction, using high purity nitrogen as the carrier gas at a flow rate of 1 mL/min.

The conversion of DBT, 4,6-DMDBT, and 4-MDBT were calculated to evaluate the
performance of the catalyst Ti-HHS. The reaction equation for oxidative desulfurization is
based on the following equation:

η = [(C0 − C)/C0] × 100% (1)

where η is the DBT, 4,6-DMDBT, and 4-MDBT conversion rate, and C0 and C correspond to
the initial and final concentration of DBT in model gasoline, respectively (Units: ppm).

The oxidant/sulfur molar ratio (O/S) of the reaction was evaluated using the following
equation:

α = no/ns (2)

where α is the O/S, and no and ns denote the molar mass of oxidant added to the ODS and
the molar mass of sulfur compound in the model gasoline, respectively.

4. Conclusions
In summary, a zeolite TS-1 precursor was successfully used as the source of Ti and Si,

with a PAA-CTAB composite serving as the template, to synthesize hierarchically porous
hollow spheres, Ti-HHS-x, under mildly alkaline conditions. The Ti-HHS-3 sample, with
the highest Ti content, exhibited remarkable catalytic activity in the ODS reaction at room
temperature. Using only 20 mg of catalyst, a complete conversion of DBT in 20 g of 500 ppm
model gasoline was achieved at 30 ◦C with a TOF as high as 123 h−1. This outstanding
catalytic performance can be attributed to the tetrahedral coordination Ti of TS-1 sub-units
and the hierarchically porous hollow structure of the material itself.
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Abstract: The present study addressed the removal of Trypan blue (TB) from water using a novel
Ni-Zn-Bi-layered triple hydroxide (NZB LTH or NZB) synthesized through the co-precipitation
technique. The physiochemical properties of NZB were analyzed before and after TB adsorption
using XRD, BET, FESEM, FTIR-ATR, Raman, and XPS. Studies on adsorption indicate that 80 mg of
NZB has a maximum TB removal effectiveness of around 96.7% at natural pH (~4.5–5.0). This study
found that NZB has a maximum adsorption capacity (qmax) of 5.3 mg·g−1 at dye concentrations
ranging from 5 to 30 mg·L−1. When combined with various anionic dye mixtures, NZB’s selectivity
studies showed that it is highly selective for the removal of TB and is also effective at removing
cationic dyes. When compared to Na2SO4 and NaCl salts, NZB had a lower dye removal percentage
for TB removal in the presence of Na2SO3. In an adsorption process, the interaction between the
TB and NZB in an aqueous solution is caused by hydrogen bonding and electrostatic interactions,
which are investigated in the adsorption mechanism. In comparison with ethanol and methanol,
the recyclability investigation of NZB revealed the notable removal of TB using 0.1 M NaOH for the
desorption. Therefore, the present investigation suggests that NZB is an appropriate adsorbent for
the removal of TB from an aqueous solution.

Keywords: synthesis; co-precipitation; dye removal; anionic dye; LTH; adsorption capacity; selectivity;
salt-effect; reusability

1. Introduction

Dye contamination of water necessitates treatment by removing the dyes with diverse
adsorbents or methods before they discharge into local drainage systems or natural water
bodies [1–3]. Various industries, such as textiles, cosmetics, ink, plastics, paper, food,
pharmaceuticals, pulp, leather, printing, paints, and rubber, use dyes because they are easily
soluble in water and give concentrated color to the water [4,5]. Trypan blue (TB) is a water-
soluble azo dye that is used for biological staining, vitreoretinal surgery, and measuring cell
viability, and it is also used in the food coloring dyeing process [6–8]. However, TB is toxic to
cells for a short period of exposure time and carcinogenic to humans and animals; if exhaled
or ingested, it causes eye agitation, skin irritation, and digestive problems. Excessive levels
of TB may harm aquatic life. Due to the toxic effects of TB, the European Chemicals Agency
has determined that TB is carcinogenic to human beings and requested that its usage
in testing facilities be restricted [9]. Discharging untreated water polluted with this dye
may have detrimental effects on natural water resources, disrupt the aquatic lifecycle, and
pose substantial risks to human health, including toxicological and carcinogenic effects.
To prevent contamination of the environment, the TB discharges from various sectors
should be removed from the water. This concern of dye contaminations in water has led
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to the development of many water treatments, such as advanced oxidation processes, ion
exchange, deep eutectic solvent, coagulation-flocculation, adsorption, electrocoagulation,
wet-oxidation, sedimentation, arc discharge, membrane bioreactors, phytoremediation,
reverse osmosis, sequencing batch reactors, membrane filtration, etc. [8,10–17]. Among
these, adsorption is considered to be one of the easiest, low-cost, most rapid, and effective
approaches to removing dyes from water using adsorbents [18–20].

The process of adsorption is capable of efficiently removing many kinds of
pollutants [21–25]. In addition, the application of this technique in the removal of dyes
from water-based solutions may be seen visibly in an instant. Adsorbents with a substantial
surface area, extensive porous architectures, and abundant surface hydroxyl groups have
the potential to expeditiously remove dyes. Consequently, an extensive study has been
conducted to develop adsorbents for the goal of removing harmful dyes and other pollu-
tants. These adsorbents include porous carbon derived from biomass, activated carbon
from bamboo fibers, carbon xerogel, silica xerogel, agricultural wastes, hydrogels, metal-
organic frameworks (MOFs), biochar, calcium silicate, aerogel, zeolite, polymers, natural
adsorbents, layered double hydroxides (LDHs), montmorillonite, layered triple hydroxides
(LTHs), red mud waste, nanoparticles, and various other adsorbents [12,18,26–41]. Among
these adsorbents, LTHs possess a high positive charge, nanosheet configuration, high
porosity, abundant surface functional groups, and a moderate surface area. Additionally,
they are synthesized using low-cost chemicals and inexpensive methods, making them
a promising and cost-effective option for effectively removing anionic-based dyes. The
advantages of LTHs means they can be used to effectively treat water contaminated with
anionic-based dyes.

Recently, nanomaterials have been explored for environmental applications because
of their distinctive features, primarily their high surface-to-volume ratio. Accordingly,
because of their layered structure and three cationic constituents, LTHs are one of the
nanomaterials that are becoming more popular among researchers working with water
research [42–44]. Conversely, LDHs, which are a mixture of two cationic precursors, would
be less efficient than LTHs due to the possibility of reduced surface area and low functional
groups [45–48]. As a result, three cationic structures with LTHs could be able to remove
dye more effectively than LDHs. Due to their unique characteristics, the applications for
LTHs include water purification, supercapacitors, batteries, electrolysis, photocatalysts,
electrocatalysts, and water splitting [49–61]. The LTH structure has notable qualities, such
as a large number of active sites and high interlayer space, as well as a remarkable ability
for efficient ion exchange. Thus, water research communities are focusing on these LTHs to
use them as active adsorbents for water purification.

It has been reported in several studies that LTHs are used for the removal of dyes.
Accordingly, Kazemi et al. synthesized a MgZnAl LTH using the hydrothermal method
to remove acid yellow 76 (AY76) at pH 4 [38]. Because of the electrostatic interaction
and hydrogen bonding between the LTHs and AY76, the maximum adsorption capac-
ity (qmax) of the LTHs was found to be 277.8 mg·g−1, and they had a high reusability
of 90.3% after four cycles. Recently, Abdel-Hady et al. produced ZnMgAl LTHs via
co-precipitation to remove crystal violet (CV) at a pH of 9 [62]. However, the qmax of
the prepared LTHs adsorbent was only 64.8 mg g−1, which was a result of its ineffec-
tiveness at removing the positively charged CV dye. In contrast, after five cycles, the
reusability of ZnMgAl LTHs was determined to be moderate at 64.0%. However, the
potential mechanisms that facilitated adsorption between ZnMgAl LTHs and CV exhibited
substantial efficacy, such as mesoporous filling, surface diffusion, hydrogen bonding, elec-
trostatic interaction, and π–π interaction. Using the co-precipitation method, Bahadi et al.
synthesized a polyethyleneimine-functionalized graphene oxide composite with MgFeAl
LTHs (PEI@GO/MgFeAl) to remove acid red 1 (AR1) dye at pH 6 [43]. AR1 adsorbed on
PEI@GO/MgFeAl exhibited a qmax of 225.7 mg·g−1, and an effective reusability of 80.7%
was observed after five cycles. The adsorption of AR1 was achieved by the mechanism of
electrostatic interactions, pore-filling, hydrogen bonding, and π–π interactions. Similarly, co-
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precipitation was employed to synthesize MgNiAl-CO3, which was then calcined at 500 ◦C
to yield MgNiAl-C to remove methyl orange (MO) at pH 8 [63]. Because of the calcination
effect, MgNiAl-C (375.4 mg·g−1) had a higher qmax than MgNiAl-CO3 (118.5 mg·g−1) for
MO removal. Similarly, co-precipitation was used to produce NiMgAl LTHs with variable
percentages (20% and 30%) of Ni(NO3)2·6H2O, which were then calcined at 400 ◦C to obtain
NiMgAl-layered triple oxides (LTOs) to remove MO at pH 9 [64]. This work demonstrated
increased Ni(NO3)2·6H2O loading into MgAl, as well as improved adsorption performance
following calcination. After calcination, 30%NiMgAl LTO (322.5 mg·g−1) had a higher
qmax compared to 20%NiMgAl LTO (270.2 mg·g−1), 20%NiMgAl LTHs (250.0 mg·g−1),
and 30%NiMgAl LTHs (232.5 mg·g−1). In contrast to the 30%NiMgAl LTHs, which only
removed 58% of the MO after three cycles, the 30%NiMgAl LTO was able to remove 72%
of the MO. On the other hand, samples of LTHs still showed a good qmax, and they offer
the following advantages over LTO: a low-temperature process, no calcination or anneal-
ing is necessary, a time-saving procedure, high hydroxyl groups on their surface that are
crucial for the removal of dyes through hydrogen bonding and electrostatic interaction,
mild-temperature drying following synthesis does not impact structure or morphology, the
ability to synthesize LTHs using a single method, and a high crystalline structure. For this
reason, the use of LTH-based adsorbents for dye removal via the adsorption process has the
potential to achieve a high adsorption capacity for dye removal. According to the above
studies, LTHs are often synthesized via co-precipitation, which is a low-cost approach,
and this type of method is advantageous for the adsorption process since it produces
inexpensive and efficient sorbents. The pH of the solution is crucial for the adsorption
process and should not harm the environment. Using a pH of the dye solution between
4 and 8 for the adsorption process would be environmentally friendly. However, some
studies performed at pH 9 could be harmful. Further, it is necessary to test the reusability
of the adsorbent in the adsorption process, which helps to reduce the material waste or cost
of the process. Therefore, it is necessary to desorb the dye molecules from the adsorbent
surface by either chemical or thermal methods. It would be preferable if the adsorbent
could be reused for at least five cycles, ensuring a high removal efficiency of over 90%.
Additionally, the qmax is dependent on the volume and dosage of the adsorbents, as well as
on the concentration of the dye molecules. For the higher qmax, experiments could use a
high volume of dye solution, a low adsorbent dosage, and a higher dye concentration.

This is the first time NZB has been synthesized using co-precipitation to remove TB
from an aqueous solution. Several characterization approaches were employed to compare
before and after dye adsorption. To investigate the dye removal effectiveness and potential
mechanisms of the synthesized adsorbent, a systematic batch adsorption procedure was
carried out, accounting for the effects of pH, dosage, dye concentrations, time, isotherms,
and kinetic studies. Additionally, the study involves the process of selectively removing TB
by combining various dye mixtures, the salt effect, and exploring the potential for reusing
the materials. The potential of NZB as an effective adsorbent in the treatment of aqueous
solutions contaminated with both anionic and cationic dyes is demonstrated by this study.
Figure 1 presents a diagram of the synthesis of NZB and its ensuing removal of TB.

Inorganics 2024, 12, x FOR PEER REVIEW 4 of 25 
 

 

 
Figure 1. Schematic diagram of the synthesis of NZB and its adsorption properties regarding TB. 

2. Results and Discussion 
The adsorbent’s surface area could potentially assist in achieving a faster and higher 

level of dye removal. Thus, an analysis was conducted on the surface area of the NZB 
using the N2 adsorption–desorption technique and the Barrett–Joyner–Halenda (BJH) 
method to assess the porosity of the adsorbent before TB adsorption. As shown in Figure 
2a, according to the IUPAC classification, the NZB shows a Type IV isotherm curve with 
a characteristic H3 hysteresis loop opening at 0.45 (P/P0) and closing at 1.0 (P/P0), 
demonstrating the presence of a mesoporous structure on the surfaces. This loop 
represents the capillary condensation properties occurring in the mesopores. The NZB’s 
surface area was determined to be low, at 17.08 m2·g−1, whereas the pore volume and pore 
diameter were found to be 0.0436 cm3·g−1 and 5.9 nm, respectively. The lower surface area 
might be owing to the presence of moisture, which can block the pores and reduce surface 
area. However, the layered triple hydroxide (LTH) type of materials may have high 
positive charges on their external surfaces, and this could play a crucial role in the removal 
of a large number of anionic dye molecules rather than their surface area. A similar result 
was obtained in the report of the N2 adsorption–desorption isotherm study on the 
HKUST-1 and HHK-10 before and after water vapor adsorption. The surface area of these 
MOF materials was 1510 and 1284 m2·g−1, respectively. After water vapor adsorption, the 
surface area decreased to 607 and 687 m2·g−1. As a result, the presence of moisture could 
reduce the material’s surface area [65]. In light of this, NZB has the potential to function 
as an effective adsorbent in the process of water treatment for the removal of TB. 

Figure 1. Schematic diagram of the synthesis of NZB and its adsorption properties regarding TB.

115



Inorganics 2024, 12, 296

2. Results and Discussion

The adsorbent’s surface area could potentially assist in achieving a faster and higher
level of dye removal. Thus, an analysis was conducted on the surface area of the NZB using
the N2 adsorption–desorption technique and the Barrett–Joyner–Halenda (BJH) method to
assess the porosity of the adsorbent before TB adsorption. As shown in Figure 2a, according
to the IUPAC classification, the NZB shows a Type IV isotherm curve with a characteristic
H3 hysteresis loop opening at 0.45 (P/P0) and closing at 1.0 (P/P0), demonstrating the
presence of a mesoporous structure on the surfaces. This loop represents the capillary con-
densation properties occurring in the mesopores. The NZB’s surface area was determined
to be low, at 17.08 m2·g−1, whereas the pore volume and pore diameter were found to
be 0.0436 cm3·g−1 and 5.9 nm, respectively. The lower surface area might be owing to
the presence of moisture, which can block the pores and reduce surface area. However,
the layered triple hydroxide (LTH) type of materials may have high positive charges on
their external surfaces, and this could play a crucial role in the removal of a large number
of anionic dye molecules rather than their surface area. A similar result was obtained in
the report of the N2 adsorption–desorption isotherm study on the HKUST-1 and HHK-10
before and after water vapor adsorption. The surface area of these MOF materials was 1510
and 1284 m2·g−1, respectively. After water vapor adsorption, the surface area decreased
to 607 and 687 m2·g−1. As a result, the presence of moisture could reduce the material’s
surface area [65]. In light of this, NZB has the potential to function as an effective adsorbent
in the process of water treatment for the removal of TB.
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X-ray diffraction (XRD) is a non-destructive method for material structural investi-
gation. Figure 2b presents the XRD analysis of the structural matter of NZB before TB
adsorption. The XRD pattern of NZB revealed a crystalline structure. Accordingly, Ni(OH)2
was confirmed by the presence of characteristic peaks at 2θ, including 11.7◦, 19.2◦, and
38.2◦ and 46.4◦, 52.4◦, 59.2◦, 62.5◦, 69.8◦, and 74.3◦, denoted as (003), (001), and (011) and
(400), (102), (110), (111), (103), and (201), respectively [3,66–68]. The appearance of peaks
like (011), (111), (211), (020), (310), (102), (221), (320), (312), (131), (203), and (223) confirms
Zn(OH)2, which corresponds to 25.8◦, 27.3◦, 33.3◦, 35.2◦, 36.0◦, 37.6◦, 45.1◦, 48.7◦, 53.0◦,
57.9◦, 60.3◦, and 71.4◦, respectively [69–71]. Furthermore, the earlier reports confirmed that
all remaining characteristic peaks were indeed Bi(OH)3 [72–74]. However, some noise in the
diffraction pattern can be seen due to the presence of moisture on the NZB. The presence of
characteristic peaks of respective hydroxides such as Ni(OH)2, Zn(OH)2, and Bi(OH)3 in the
diffraction pattern confirms the LTH structure in NZB. Furthermore, Raman spectroscopy
was utilized to examine and govern the NZB’s functional composition. Figure 2c shows
the Raman spectrum of the adsorbent, NZB, which covers from 200 to 1800 cm−1. The
Raman shift at 220.4 cm−1 for Bi-OH, 289.9 and 322.6 cm−1 for Zn-OH, and 417.5, 457.7,
and 525.3 cm−1 for Ni-OH showed the existence of M-OH (Metal-hydroxide) stretching
vibration in the adsorbent [70,75,76]. The peaks at 976, 823, 1040, 1337–1385, and 1649 cm−1

are ascribed to NO3
− in-plane bending, symmetric stretching, antisymmetric stretching,

and out-of-plane bending vibration, respectively [77,78]. Additional peaks at 1055.6 cm−1

and 1182 cm−1 to 1242 cm−1 were due to the symmetric and antisymmetric vibration of
carbonate ions (CO3

2−) [78]. The observation of these peaks verifies the LTHs’ composition
of Ni(OH)2, Zi(OH)2, and Bi(OH)3 in their structure.

The functional groups in NZB were found using FTIR-ATR. Figure 2d thus reveals
the IR peaks of NZB in the wavenumber range of 650 to 4000 cm−1. The wider peak at
3200–3500 cm−1 was produced by stretching vibrations of interlayer hydroxyl (-OH) groups
from the NZB. The peaks at 2974, 2750, 2496, 1923, 1088, and 1438 cm−1 indicate strong
and mild C-H stretching vibrations, while the peak from 2822 to 2882 cm−1 represents
CH2 stretching [3,79]. The characteristic peaks at 1378 and 1275 cm−1 correspond to the
symmetric stretching vibrations of NO3

− ion and 1044 cm−1 to the symmetric stretching
vibration of CO3

2− ion, respectively [3,79–81]. The symmetric stretching vibration of the
carboxylate molecule results in an IR peak regarding 1720–1767 cm−1 [82]. The peak
between 1601 and 1668 cm−1 is caused by the bending vibration of water molecules [83].
The peaks at 941 and 881 cm−1 correspond to the metal-oxygen and metal-hydroxyl groups
in LTHs [84]. The absorption peaks in the 806–660 cm−1 range may be related to the
vibrational modes of O-M-O and M-O-M, where M denotes Ni, Zn, and Bi [80]. The
presence of the peaks mentioned above served as evidence that several functional groups
are present in NZB LTHs.

Furthermore, this study analyzed the NZB’s morphology and elemental composition
using FESEM and EDX. Accordingly, Figure 3a–c shows the morphology of the NZB at
various scale ranges, such as 5 µm, 1 µm, and 500 nm. The observed layered structure and
predicted flat sheet-type morphologies were noted. The rough surface was produced and
the stacked sheet layer of NZB was identified at 500 nm scale. However, particles or grains
were seen on the NZB’s surface. This could be because the particles were crushed into a
fine powder after the material was made. The sizes of these particles or grains could be
between 100 and 500 nm. These sheet structures could have more active sites and surface
areas, which might be beneficial for removing a considerable amount of dye molecules
from water. The elemental mapping result shows that the NZB’s distribution of Ni, Zn,
Bi, and O is uniform (Figure 3d–g). These mapping pictures show that NZB has a higher
concentration of Ni than Zn, Bi, and O elements, which is confirmed by the quantity of
each chemical used in the preparation. Figure 3h depicts the NZB’s elemental composition.
The EDX spectrum revealed that the weight percentage of Ni K (53.78%) was larger than
Zn K (29.46%), Bi M (6.35%), and O K (10.4%), and no further elements were identified,
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suggesting that NZB is produced only from the nickel-zinc-bismuth composition. Similarly,
the proportion of NZB’s atomic weight % was identified as Ni K > Zn K > O K > Bi M.
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XPS was used to determine the existence of the elemental composition on the produced
adsorbent. The Ni-Zn-Bi LTH (NZB) of the full XPS survey spectrum is depicted in Figure 4a.
The spectrum was analyzed within the binding energy range of 0 to 1200 eV, and the
presence of NZB elements, including Bi 4f, C 1s, O 1s, Ni 2p, and Zn 2p, was confirmed
at specific binding energies. Moreover, Figure 4b–f demonstrated the high resolution of
each NZB component present at corresponding binding energies; the discussion of these
peaks follows. The high-resolution spectrum of Bi 4f confirms two distinctive peaks at
157.7 eV and 163.1 eV, which are caused by Bi 4f7/2 and Bi 4f5/2, respectively. In the C1s
peaks of the high-resolution spectrum, two peaks were observed at 284.2 eV and 288.3 eV.
This was a result of the carbon bonding of the HCO3

− and CO3
2− within the interlayer of

NZB LTHs [85]. In contrast, O 1s exhibits a single characteristic peak at 530.5 eV, which is
attributed to the M-OH (M=Ni-Zn-Bi) bonding. Consequently, the presence of this peak
demonstrates that the hydroxyl group of water is bonded to the surface of the NZB LTHs.
The Ni 2p spectrum exhibits the two peaks of Ni 2p3/2 and Ni 2p1/2 at binding energies
of 855.0 eV and 872.7 eV, respectively. Furthermore, the Ni 2p is accompanied by the
formation of satellite peaks at 860.6 eV and 878.9 eV. Lastly, the binding energies of Zn
2p3/2 and Zn 2p1/2, respectively, assigned two peaks to the Zn 2p spectrum at 1020.9 eV
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and 1044.0 eV, indicating the presence of Zn2+ in NZB LTHs. Therefore, the presence of the
aforementioned elements confirmed the synthesized Ni-Zn-Bi-layered triple hydroxide.
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3. Batch Adsorption
3.1. pH

The adsorption process for the removal of dye from water may be influenced by the
pH of the solution. Thus, it is crucial to investigate TB adsorption at various pH levels.
Figure 5a shows the percentage of dye removed at various pH levels using 80 mg of NZB
and 15 mg·L−1 of TB concentration. The dye removal percentage dropped steadily from
97.6% to 12.3% as the pH increased from 2 to 10. The higher removal (97.6%) at pH 2 was
due to the higher protonation (-OH2+) of NZB surfaces that may be highly attracted with
TB molecules through hydrogen bonding with chemical structures such as -OH, -NH2,
and -N=N- and also capable of high interaction with negatively charged sulfonate (-SO3

−)
groups (Figure S1). The decrease in removal efficiency from 96.2% to 12.3% from pH 4 to
10 may be attributed to the increasing deprotonation (-OH2−) on NZB surfaces, which are
unable to attract negatively charged groups in dye structures. Figure S2 represents the
UV-Vis absorbance spectra of TB at various pHs, as well as spectra before and after TB
adsorption by NZB, showing that the absorbance peak was substantially reduced in acidic
conditions (2, 4, and natural pH (~4.5–5.0)), indicating strong adsorption. In contrast, the
spectra obtained in the base media exhibit increased absorption peaks, indicating restricted
adsorption. NZB surfaces may contain vast positive charges (-OH+) in acidic environments,
electrostatically attracting or hydrogen bonding with the TB dye. However, when the pH
increases (natural (~4.5–5.0) and 6–10), they acquire negative charges (-OH−), repelling
the TB. Furthermore, at natural pH, the dye removal percentage was found to be 87.9%,
which is significant. As a result, accomplishing an adsorption procedure in either an acidic
or basic medium may affect the environment; hence, subsequent adsorption experiments
were undertaken using natural pH (~4.5–5.0).
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Figure 5. Batch adsorption parameters for dye (TB) removal using NZB LTH at room temperature:
(a) effect of pH (Dosage: 80 mg, dye concentration: 15 mg·L−1, volume: 25 mL, time: 1 h); (b) effect of
adsorbent dosage (Dye concentration: 10 mg·L−1, pH: natural (~4.5–5.0), volume: 25 mL, time: 1 h);
(c) effect of dye concentration (Dosage: 80 mg, pH: natural (~4.5–5.0), volume: 25 mL, time: 1 h); and
(d) effect of contact time (Dosage: 80 mg, pH: natural (~4.5–5.0), volume: 25 mL, dye concentration:
10, 20 and 30 mg·L−1) at different dye concentrations.

3.2. Adsorbent Dosage

The adsorbent dosage may be important in the adsorption process for dye removal.
Therefore, an experiment was performed to test the influence of NZB dosage on dye
removal. The dosage ranged from 10 to 80 mg, with a dye concentration of 10 mg·L−1 at
natural solution pH (~4.5–5.0). Figure 5b shows the dye removal percentage plotted against
the adsorbent dosage. As the NZB’s dosage increased from 10 to 80 mg, the dye removal
percentage increased steadily from 26.6% to 96.7%. The results show that increasing
the adsorbent dosage resulted in a considerable increase in adsorbent sites, which was
attributed to a higher dye removal percentage. Figure S3 depicts absorbance spectra both
before and after TB adsorption by NZB at various dosages; the UV-Vis absorbance peak
significantly decreased when the NZB dosage increased from 10 to 80 mg. The ideal dosage
of 80 mg was determined via these studies and utilized in subsequent investigations.

3.3. Dye Concentration

The increasing concentration of dye molecules may affect the adsorbent-based dye
removal process. Thus, it is vital to examine the highly concentrated dye molecule in the
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adsorption process for dye removal effectiveness by the NZB; determining the qmax of
the generated adsorbents is also critical. A batch experiment was carried out to assess
the efficiency of an optimum dosage of NZB at various TB concentrations to compute the
maximal dye removal from each concentration. Figure 5c illustrates the percentage of dye
molecules removed at concentrations ranging from 5 to 30 mg·L−1. As the TB concentration
increased from 5 to 30 mg·L−1, the dye removal percentage of NZB gradually decreased
from 96.5% to 55.1%. The decrease in dye removal percentage was attributed to the NZB
surface not having enough active sites or an inadequate adsorbent to adsorb large numbers
of TB molecules at increasing concentrations. However, according to Figure 5c, a substantial
removal percentage was observed owing to positive charges on the NZB surface caused by
intensified driving forces and the diffusion rate of the TB dyes. Figure S4 shows absorbance
spectra for various before and after dye concentrations, revealing that increasing the dye
concentration increases the absorbance peak after dye adsorption by NZB, which suggests
restricting the adsorption at higher concentrations.

3.4. Contact Time

To measure the adsorption rate at various dye concentrations, contact times extending
from 0 to 180 min were utilized, since dye molecules may adsorb quickly or slowly on
adsorbent surfaces. The optimal dosage of 80 mg of NZB was treated with 25 mL of TB
concentrations ranging from 10 to 30 mg·L−1 to determine the dye removal percentage
based on contact time along with natural pH (~4.5–5.0). Figure 5d depicts dye removal
percentages vs. contact time at various dye concentrations. Accordingly, NZB removes
10 mg·L−1 of dye, with 68.8% and 72.0% efficiency during 1 and 30 min. After steadily
increasing the dye removal percentage, it reached 93.7% after 60 min of contact, almost
reaching saturation. A fast removal of a low-concentration dye from an aqueous solution
may be ascribed to the presence of more active sites that may quickly adsorb dye molecules.
For 10 mg·L−1, the minimal contact time is 30 min. At a concentration of 20 mg·L−1,
the influence of time on the adsorbent was evaluated, with contact times up to 180 min.
In this batch of contact time, the dye removal percentage for the NZB was 42.4% and
47.0% for 1 and 30 min, respectively. After 60 min, it increased to 73.0% and attained
equilibrium. At a TB concentration of 30 mg·L−1, NZB effectively removed 26.3%, 47.3%,
and 55.9% of TB after 1, 30, and 60 min, respectively. After 120 min, it reached 60.2%, and
no more improvements were seen. As a result, the removal of TB at low, moderate, and
high concentrations takes at least 30, 60, and 120 min, respectively. The optimal amount of
adsorbent may absorb dye molecules with a lower concentration than those with higher
concentrations; raising the dye concentration to be absorbed by NZB necessitates a longer
time need. It should be noted that NZB was able to remove TB efficiently, even at higher
concentrations; however, it takes a longer time, as seen with the naked eye through UV-Vis
absorbance spectra and supernatant TB solutions after adsorption at different contact times
for various dye concentrations. Accordingly, Figure 6 depicts UV-Vis absorbance spectra
for the influence of contact time, as well as related photographs of before and after dye
adsorption for various dye concentrations. With an increase in the dye concentration, there
is an increase in the contact time of the absorbance spectra, indicating that dye adsorption
is fast at low concentrations but slow at higher concentrations. The adsorption process for
dye concentrations of 10, 20, and 30 mg·L−1 needs a minimum contact time of 30, 60, and
120 min, as seen in the supernatant solution image.
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of 10, 20, and 30 mg·L−1 adsorption by NZB LTH with their corresponding photograph of dye
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volume: 25 mL, temperature: RT).

4. Characterization of the Adsorbent After TB Adsorption

To further understand TB adsorption on NZB surfaces, the adsorbent must be analyzed
following dye adsorption by utilizing different characterization approaches. Figure S5a il-
lustrates the N2 adsorption–desorption BET Type IV isotherm curve, with an inset showing
the BJH pore size distribution curve of NZB for porosity measurements (refer to the Sup-
plementary Materials). The typical H3 loop Type IV isotherm curve remained unchanged
after dye adsorption; however, the surface area of the NZB was reduced to 9.8 m2·g−1. The
reduced surface area could be caused by the adsorbed dye particles blocking the pores on
the adsorbents’ surface. Following dye adsorption, pore volumes decreased while pore
diameters increased by 0.0243 cm3·g−1 and 6.56 nm, respectively. The decreasing pore
volume and increasing pore diameter are due to the dye particles taking up a high place in
the pore’s depth and the chances of increasing the pore edges through the pore breathing
effect [86]. As seen by the diffraction pattern in Figure S5b, dye adsorption weakened and
decreased all of the NZB’s crystalline peaks, indicating a high likelihood of TB adsorption
on the NZB’s surface. However, the diffraction pattern showed no other structural changes,
suggesting that the adsorbent remained structurally strong after dye adsorption. Moreover,
the Raman spectra reveal that the dye adsorption boosted the intensity of the peaks, caused
shifts, led to the disappearance of most peaks, and resulted in the formation of new peaks,
indicating the potential for dye adsorption on NZB surfaces (Figure S5c). Importantly, the
distinctive peaks range from 812 to 836 cm−1 and 990 cm−1, respectively, because of the
benzene ring vibration and the bending vibration of the aromatic C=C structure in the dye.
Furthermore, the peak at 1222 cm−1 was related to the stretching vibration of C-N in the
dye structure. The peaks at 1346 and 1424 cm−1 were caused by the stretching vibration of
S=O from sulfonic acid in the dye and the bending vibration of the -OH group from the TB
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dye, respectively. The peak ranging from 1519 to 1577 cm−1 was because of the stretching
vibration of -N=N- in the dye structure [87]. The signal at 1691 cm−1 was found to be the
bending vibration of the aromatic C-H from the dye structure.

Figure S5d shows the NZB of the IR spectrum following dye absorption, revealing the
shifting of peaks and the appearance of new ones. As a result, 3422 and 3256 cm−1 appeared
due to the dye molecules’ -OH and N-H stretching vibrations, respectively. The stretching
vibration of the azo group (-N=N-) was responsible for the peaks at 1642 and 1550 cm−1.
Additionally, the aromatic stretching vibration of C=C and the stretching vibration of
-SO3

− in the dye structure caused characteristic peaks, such as at 1527 and 1349 cm−1.
Furthermore, 1326 and 1188 cm−1 were claimed to be the stretching vibration of the dye
molecule’s C-N group. Figure S5e shows FESEM images of NZB following dye treatment
at various scales. It was found that the NZB’s morphology exhibited irregularities and
its surface had become uneven, resulting in the dye molecules settling over the layered
structure. Moreover, there were no noticeable changes in the structure or form of the
adsorbent surface, suggesting that it remained unchanged, even after the dye was absorbed.
Then, XPS was utilized for confirming dye adsorption on NZB surfaces by detecting an extra
N 1s peak of dye molecule binding energies at 399.1 and 401.5 eV, which were attributable to
-N= and -NH2, respectively (Figure S6). Also, the XPS peaks of Bi 4f shifted from 157.7 and
163.1 eV to 158.3 and 163.6 eV, Ni 2p shifted from 855.0 and 872.7 eV to 855.5 and 873.2 eV,
and Zn 2p shifted from 1020.9 and 1044.0 eV to 1021.3 and 1044.5 eV, respectively. This is
because dye molecules adsorbed on metals in the LTHs made the binding energies higher.

4.1. Adsorption Isotherm and Kinetics

It is important to determine the qmax of an adsorbent by using the Langmuir and
Freundlich adsorption isotherms. Additionally, it is vital to determine the kind of ad-
sorption process to understand the dye molecules that are adsorbed on the NZB surfaces.
The Langmuir and Freundlich isotherms are linearly fitted in Figure 7a,b, while Table 1
contains the values of the isotherms. The values of the Langmuir and Freundlich isotherms
were tabulated using Equations (S1)–(S3) (refer to the Supplementary Materials). Con-
sequently, the qmax of NZB is 5.3 mg·g−1 for the dye concentrations used in this study,
ranging from 5 to 30 mg·L−1. The linear fitting (R2 > 0.998) of the Langmuir isotherm
calculated R2 value was greater than that of the Freundlich isotherm, signifying that the
adsorption process could be conducted on a monolayer. The NZB surface exhibited a
higher adsorption energy (KL) for dye molecules, which was determined to be 2.06 L·mg−1.
Equation S2 was employed to calculate the separation factor (RL), and the value was found
to be between 0 and 1, demonstrating that the removal of TB was quite promising for the
adsorbent. The adsorbent’s 1/n value (0.256) was lower than 1, demonstrating that the
NZB’s surface may exhibit heterogeneity and so can adsorb a substantial quantity of TB dye.
Additionally, the Freundlich constant of adsorption capacity (KF) value was used to deter-
mine the quantity of adsorbate adsorbed on adsorbent surfaces, which was 3.02 mg·g−1.
Additionally, the experimental results were validated by the adsorption isotherm models
(Figure 7c). The experimental (qe) consequences for NZB are consistent with the Lang-
muir model when contrasted with the Freundlich model. This finding suggests that the
mechanism of TB adsorption may be a monolayer.

Table 1. Adsorption isotherm findings of NZB LTH after TB adsorption.

Adsorbent
Langmuir Freundlich

qmax (mg·g−1) KL (L·mg−1) RL R2 1/n KF (mg·g−1) R2

NZB LTH 5.3 2.06 0.088 to 0.015 0.998 0.256 3.022 0.792
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Kinetic studies are essential for the identification of adsorption models and the com-
prehension of the adsorption process’s rate. This study used Equations (S4)–(S7) to analyze
the pseudo-first-order and pseudo-second-order models, and intraparticle diffusion (refer
to the Supplementary Materials). Adsorption kinetics linear plots for TB concentrations
of 10, 20, and 30 mg L−1 are depicted in Figure 8. Table 2 indicates that the rate of ad-
sorption studies for all dye concentrations follows pseudo-second-order. This is because
the experimental qe value of all dye concentrations was matched with the calculated qe
value using pseudo-second-order when compared to pseudo-first-order. Moreover, the R2

value of the correlation coefficient for the pseudo-second-order was greater than that for
the pseudo-first-order. Consequently, these findings suggest that the adsorption of TB from
water onto NZB is followed by a pseudo-second-order kinetic model [88]. Table 3 depicts
the results of Weber’s intraparticle diffusion, which was employed to ascertain the dye
adsorption rate. The diffusion process is divided into two stages, as illustrated in Figure 8.
The initial stage is responsible for the movement of dye molecules from the solution to the
adsorbent surface, while the second stage is responsible for the diffusion of particles into
the surface pores of the NZB. The intra-particle diffusion rate constants Kint1 and Kint2 are
high and low for the first and second stages, respectively, for all dye concentrations. This is
a result of the high driving force of dye molecules in water at the beginning of the process,
which decreases to a low level at the end of the process on the pores of the NZB surfaces.
Nevertheless, the Kint1 and Kint2 values are elevated as a result of the increased propelling
forces of dye molecules in the water toward the pores of the adsorbent, which is a result
of the concentration increase from 10 to 30 mg L−1. Additionally, the gradual increase in
the thickness of the dye particle’s boundary layers on the adsorbent pores from the first
stage to the second stage is indicative of the diffusion of dye molecules at low and high
concentrations, respectively, as the values for all dye concentrations increase from C1 to C2.
The concentration of dye molecules was increased from 10 to 30 mg L−1, which increased
the C1 and C2 values. This increase in the number of dye molecules contributed to the
thickening of the boundary layers on the pores following pore filling. However, the C1
value decreased for 30 mg L−1, which may be attributed to the low driving force toward
the adsorbent’s pores at the primary step, as a result of the possibility of agglomerated
dye particles at a higher concentration. Consequently, a higher amount of dye particles
(30 mg·L−1) resulted in a higher thickness of the boundary layer on the adsorbent’s surface
in comparison to 10 and 20 mg L−1.

Table 2. Adsorption kinetic models with the correlation coefficients of TB adsorption on NZB LTH.

Adsorbent

Pseudo-First-Order Pseudo-Second-Order

C0
(mg·L−1)

qe, exp
(mg·g−1) K1 (min−1)

qe, cal
(mg·g−1) R2 K2

(g·mg−1·min−1)
qe, cal

(mg·g−1) R2

NZB LTH
10 2.99 0.022 0.70 0.945 0.165 3.03 0.999
20 4.58 0.026 3.54 0.920 0.026 5.36 0.994
30 5.16 0.031 4.34 0.912 0.020 6.13 0.996
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Table 3. Intraparticle diffusion constants of TB adsorption on NZB LTH.

1st Stage 2nd Stage 1st Stage 2nd Stage 1st Stage 2nd Stage

NZB LTH

10 mg·L−1
Kint1 Kint2 C1 C2 R2

1 R2
2

0.137 0.015 1.989 2.808 0.980 0.905

20 mg·L−1
Kint1 Kint2 C1 C2 R2

1 R2
2

0.228 0.124 2.431 3.595 0.997 0.999

30 mg·L−1
Kint1 Kint2 C1 C2 R2

1 R2
2

0.449 0.129 1.841 4.235 0.921 0.999
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4.2. Mechanism

The adsorption mechanism might be used to understand the adsorbent’s capacity to
adsorb the dye in water. The decrease in surface area of NZB from 17.08 to 9.8 m2·g−1

following dye adsorption occurred because the dye molecules blocked the pores of NZB
by either electrostatic or hydrogen bonding. The pore volume (0.0436 to 0.0243 cm3·g−1)
dropped while the pore diameters (5.9 to 6.56 nm) rose as a result of the pore-filling process
during adsorption. Additionally, the pore diameters of the adsorbent increased owing to
the pore breathing effect. The adsorption of dye molecules onto the surfaces of NZB may
result in a reduction in peak intensity seen in the XRD pattern. The existence of a substan-
tial number of positive charges on the surface of NZB may account for the electrostatic
interaction with the negatively charged TB dye, which likely leads to the physisorption
phenomenon. Moreover, the adsorption of dye molecules induces changes in the Raman
spectra throughout the 600 to 1800 cm−1 region. The observed IR peaks at 3422 and
3256 cm−1 following adsorption may be attributed to the presence of -OH and N-H groups
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in the dye molecule. Furthermore, the presence of -N=N-, C=C, -SO3
−, and C-N in the dye

molecules resulted in the appearance of 1642, 1527, 1349, and 1326 cm−1 vibrations. The
formation of these IR peaks may be attributed to the electrostatic or hydrogen bonding
contact between the positively charged surface of NZB surfaces, which consist of metal
nodes and hydroxyl groups. Following the adsorption of dye, the high-resolution spectrum
of the NZB LTH reveals the presence of the N 1s peak, which is attributed to the existence
of nitrogen in the azo and amino groups within the structure of TB. The binding energies
of Bi 4f, Ni 2p, and Zn 2p elements were enhanced upon adsorption, as a result of dye
molecules being absorbed onto NZB surfaces. This enhancement could be due to electro-
static interactions between the dye’s -SO3

− groups and the NZB’s metal nodes. As seen
in Figure 9, the primary mechanism of dye adsorption by the NZB involves a hydrogen
bonding contact between the -OH+ groups of the NZB and the sulfonate groups (-SO3

−),
amino groups (-NH2), hydroxyl groups (-OH), and azo groups (-N=N-) of TB. On the other
hand, the metal ions present in the surface LTHs, such as Ni2+, Zn2+, and Bi3+, may be
electrostatically attracted to the negatively charged -SO3

− group in the dye structure. As
a result, the adsorption process implies that NZB LTH and Trypan blue dye may bind
together, enhancing their effectiveness in water remediation via hydrogen bonding and
electrostatic interaction.
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4.3. Selectivity

It is critical to investigate dye removal from different anionic and cationic dye mixtures
using an adsorbent to determine whether or not it is capable of removing additional dyes
or simply the specified dye for industrial applications. To this extent, 100 mg of NZB
LTH was employed to remove anionic dyes, including Eriochrome black T (EBT), Rose
Bengal (RB), Methyl orange (MO), Congo red (CR), and Amido black 10B (AB), as well
as cationic dyes, including Safranin O (SO), Crystal violet (CV), Rhodamine 6B (Rh6B),
Methylene blue (MB), Brilliant green (BG), and Rhodamine 6G (Rh6G), from a mixture of
18 mg·L−1 concentration of Trypan blue (TB). The chemical structures of these dyes are
illustrated in Figure S7 (refer to the Supplementary Materials). Because the absorbance
value of 1.058 determined the concentration of TB, each cationic and anionic dye was
adjusted to match the absorbance of TB for selectivity experiments. The UV-Vis absorbance
spectra before and after adsorption of a variety of anionic (EBT + TB, MO + TB, RB + TB,
CR + TB, and AB + TB) and cationic (SO + TB, CV + TB, Rh6B + TB, MB + TB, BG + TB,
and Rh6G + TB) dyes with a mixture of TB are illustrated in Figure 10. The absorbance
spectra of the dye mixture after adsorption indicate that NZB LTH is capable of selectively
removing TB from a mixture of anionic dyes, such as EBT, MO, RB, and AB. Accordingly,
EBT, which only has one negatively charged -SO3

− group, may not be able to attract NZB
as quickly as TB, which has four -SO3

− and two primary amines (-NH2). As a result of the
competition between EBT and TB in the aqueous solution, NZB may have high selectivity
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for TB. In contrast to the four -SO3
− groups and two -NH2 groups in TB, the adsorption

of one positively tertiary amine (-N(CH3)2) and negatively charged -SO3
− group in MO

dye to the positively charged NZB may be a weak contact via hydrogen bonding and
electrostatic interaction. Therefore, in the presence of MO and TB, negatively charged TB
attracts NZB more easily than MO. The chemical structure of RB has quite a few negative
charges, such as one COO− and one O− group. As a consequence of the competition
between RB and TB for NZB, TB has a higher adsorption because of its more negatively
charged dye. Therefore, when combined with RB, NZB exhibits significant TB selectivity,
whereas AB only contains two -SO3

− and one -NH2 group. Thus, when AB competes with
TB for adsorption on NZB, the interaction via electrostatic and hydrogen bonding may be
slower than TB, which has a faster adsorption owing to four negative charges and two
amine groups. NZB hence exhibits notable selectivity for TB when combined with AB. The
structure of CR includes two -SO3

− and two -NH2 groups. Despite having four negative
charges and two positive charges, NZB has a significantly higher removed CR than TB. CR
may be easier to remove than TB because it has a low molecular weight, stronger driving
forces in water, and/or more hydrogen bonds and electrostatic interactions. In instances of
cationic dyes containing TB, NZB was able to remove TB while also removing almost all
cationic dyes except CV. The structures of cationic dyes like SO, Rh6B, MB, BG, and Rh6G
mostly contain positive charge groups like -NH2, -N-, and -N(CH3)2, and aromatic rings,
which form dipole–dipole hydrogen bonds and Yoshida hydrogen bonds with the highly
positively charged hydroxyl (-OH+) groups of NZB. Despite the presence of tertiary amine
in CV’s structure, it is possible that the combination of CV and TB’s larger molecular size
inhibits its rapid adsorption on the surface of NZB through hydrogen bonds, resulting in
the observation of a higher absorption peak. As a result, anionic TB has no competition
with other cationic dyes for adsorption on positively charged NZB. Because of the high
reduction in absorbance peaks of cationic dyes with TB following adsorption by NZB,
the removal efficiency of the SO, CV, Rh6B, MB, BG, and Rh6G was determined to be
74.0%, 69.7%, 82.1%, 86.2%, 82.8%, and 77.0%, respectively. Figure 11 shows photographs
of different anionic and cation dye mixtures with TB before and after adsorption. The
absorption spectra indicate that NZB LTH effectively selectively removes TB when mixed
with anionic dyes such as EBT, MO, RB, and AB, in contrast to CR. In the combination of
TB with cationic dyes, NZB LTH completely removed TB and was also capable of removing
almost all cationic dyes. Therefore, the present study has shown that NZB LTH is a viable
material for the highly selective removal of TB when combined with an anionic dye mixture.
Additionally, it is capable of removing cationic dyes.
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4.4. Salt Effect

Textiles and other industries that use coloring for products that produce wastewater
may contain various types of salt that may affect the efficacy of adsorbents for dye removal
using adsorption. As a result, it is critical to determine how the inorganic salts and their
higher concentrations affect NZB LTH’s dye removal percentage. In this work, sodium
sulfate (Na2SO4), sodium sulfite (Na2SO3), and sodium chloride (NaCl) are the common
salts used for TB removal. Figure 12 shows that the experiment without salt had a higher
dye removal percentage (73.5%). But when Na2SO4 salt was added, the percentage of
dye removal dropped to 35.5% at 0.01 M. This was because the negative charges of SO4

2−

and SO3
2− in the water caused competition, and the positively charged adsorbent was

better at attracting SO4
2− than the SO3

2− group of TB. Furthermore, an increase in salt
concentrations from 0.03 M to 0.09 M led to a decrease in the dye removal percentage
from 38.4% to 35.1%, primarily due to increased competition from SO4

2−. The addition of
Na2SO3 to the dye solution resulted in a drastic decrease in the dye removal percentage,
reaching 18.0% at a concentration of 0.01 M. This was caused by the salt’s high adsorption
of the SO3

2− group onto the NZB surfaces, which acted as a shield for TB’s SO3
2− group.

When compared to Na2SO4, Na2SO3 may have a severe effect on the NZB’s dye removal
percentage. Increasing the salt content from 0.03 M to 0.05 M reduced the dye removal
percentage from 17.4% to 10.3%, perhaps because of the NZB’s strong attraction to the
SO3

2− of salt. Subsequently, the removal percentage increased a little from 11.1% to 11.6%
as the concentration was increased from 0.07 M to 0.09 M, mostly due to a higher salt
effect. Furthermore, when the concentration of NaCl increased from 0.01 M to 0.09 M,
the dye removal percentage increased from 39.7% to 43.1%, which might be attributed
to the salt effect, in which the solubility of dye molecules rises with the increasing ion
concentration of NaCl in an aqueous solution. Consequently, the percentage of dye removal
rose as salt concentration increased. NaCl in the dye solution might therefore have a small
effect in comparison to Na2SO4 and Na2SO3 salts. The UV-Vis absorbance spectra of the
different salts’ effects on TB adsorption by NZB LTH are shown in Figure 12. These findings
demonstrate that as the concentration of salt in the dye solution rises, the high absorbance
value could be seen in the following order: NaCl < Na2SO4 < Na2SO3.
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NZB LTH, even after five cycles. Therefore, 0.1 M NaOH proved to be an effective reagent 
for desorbing TB, allowing for up to three reuses of the NZB LTH. Zubair et al. found 
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4.5. Reusability

Since it saves the energy and cost of the process, the key stage for the adsorption
process is the reuse of the adsorbent after adsorption. After TB adsorption by NZB LTH,
desorption was obtained by individual contact with 25 mL of methanol, 0.1 M NaOH, and
ethanol. A 12 h drying procedure at 60 ◦C was conducted on the NZB LTH in an oven
to prepare it for use in the subsequent dye adsorption process after desorption. Similarly,
the TB removal treatment was performed five times. As seen in Figure 13d, the NZB
removed 82.5% of the dye during the zeroth cycle. The adsorbent then removed a TB
percentage ranging from 59.0 to 15.2%, 69.7 to 9.6%, and 56.8 to 25.7%, respectively, using
the reagents methanol, ethanol, and 0.1 M NaOH during the first to fifth cycles. The decline
in dye removal percentage after each cycle may be attributed to dye molecules taking up
permanently in the pores of NZB LTH after the zeroth cycle, as well as a minor loss of
adsorbent quantity due to washing after each cycle; thus, increasing the number of cycles
corresponds to a decrease in the dye removal percentage. However, when compared to
methanol and ethanol, NaOH effectively desorbed TB from the surface of NZB LTH, even
after five cycles. Therefore, 0.1 M NaOH proved to be an effective reagent for desorbing TB,
allowing for up to three reuses of the NZB LTH. Zubair et al. found similar results when
they used various LDHs, such as 0.5 M NaOH, ethanol, and 0.5 M NaOH + NaCl, to desorb
EBT dye for up to three cycles [89]. Accordingly, the adsorption capacity of the CoFe, ZnFe,
and NiFe LDHs drastically decreased from the first to the third cycles. However, 0.5 M
NaOH showed better reusability compared to other agents. The dye molecules’ strong
adsorption on the adsorbent surfaces through hydrogen bonding or electrostatic interaction
may be the cause of their decreasing adsorption capacity or removal efficiency as the
number of cycles increases. Another study used water to desorb Coomassie brilliant blue
(CBB) from the surfaces of Mg-Cu LDHs; however, after three cycles, this LDH was able to
remove 50% of the CBB [90]. Therefore, it might be hard to remove the dye molecules from
the LDHs or LTHs using a solvent or water process. To make the process more reusable, it
is suggested that other methods be found to remove the dye from the adsorbent surfaces.
The UV-Vis absorbance spectra of TB-adsorbed NZB before and after dye adsorption for
0–5 cycles are shown in Figure 13a–c. The absorbance peak becomes higher with each cycle,
but the absorbance peaks for 0.1 M NaOH were lower than those for methanol and ethanol
when they are used for the recycles.
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mL) and a low-concentrated dye (5–30 mg·L−1). Typically, the adsorbents, including 
montmorillonite-modified hexadecyltrimethylammonium bromide and polyethylene 

Figure 13. (a–c) UV-Vis absorbance spectra regarding the reusability of NZB LTH before and after
TB adsorption (0 to 5 cycles); (d) the calculated dye removal percentage corresponds to the number
of cycles. (Dosage: 80 mg, dye concentration: 15 mg·L−1, time: 1 h, pH: Natural (~4.5–5.0), volume:
25 mL, temperature: RT, regenerating agents: methanol, ethanol, and 0.1 M NaOH).

4.6. Comparison

A comparison of the maximum adsorption capacity (qmax) of the adsorbent for dye
removal with other reported adsorbents is provided in Table 4. However, comparing the
findings of adsorbents with one another may be contrary as various pieces of research
utilized different synthesis techniques, adsorbent types, dosages, dye concentrations, pH,
volume of the dye solution, etc. In general, the qmax of the adsorbents is contingent upon
the concentration of the dye, the volume of the solution, and the dosage. A higher qmax
may result in a minimal adsorbent dosage, which is accompanied by a higher solution
volume and dye concentration. A lowered qmax may result in a maximal dosage with
a lower volume and dye concentration. The qmax of the NZB LTH (5.3 mg·g−1) was
lower than that of other adsorbents, as indicated in Table 4. The low value attained in
this investigation may be attributed to the use of a high dosage (0.08 g) in a low volume
(25 mL) and a low-concentrated dye (5–30 mg·L−1). Typically, the adsorbents, including
montmorillonite-modified hexadecyltrimethylammonium bromide and polyethylene gly-
col (MMT@HTAB@PEG), hydroxyapatite-modified reduced graphene oxide (HA@rGO),
zinc nanoparticle-modified luffa sponge (LS-Zn), and magnesium oxide nanoparticles
(MgO), were able to achieve a high qmax of 267.3, 146.5, 129.8, and 93.5 mg g−1, respectively,
as a result of the higher volume of solution (50 mL). Even so, the adsorbents exhibited
a difference in high and low qmax based on the dosage and dye concentrations. Further-
more, the pH 2 used by MMT@HTAB@PEG to remove TB may not be environmentally
friendly. Adsorbents like pyrolyzed maple bark (PMB), poly(diallyldimethylammonium
chloride)/graphene oxide hydrogel (PDDA/GO), and GO-doped nano-hydroxyapatite
(GO-nHAp) had moderate qmax values of 72.5, 50.0, and 41.0 mg g−1, which could be at-
tributed to the low solution volume or concentration of the dye used. NZB LTH has poorer
efficacy than the others; however, it has a natural pH (~4.5–5.0), is simple to synthesize,
environmentally friendly, and inexpensive. Future research might be conducted to improve
its dye removal performance or alternative effective LTHs could be synthesized for the
efficient removal of organic dyes.

130



Inorganics 2024, 12, 296

Table 4. Comparing Ni-Zn-Bi LTH (NZB LTH) to other adsorbents for the removal of Trypan
blue (TB).

Adsorbents Dye Dye Concentration pH Volume (mL) Dosage
(g)

qmax
(mg·g−1) Ref.

MMT@HTAB@PEG Trypan blue 20–120 mg·L−1 2.0 50 0.03 267.3 [91]
HA@rGO Trypan blue 50 mg·L−1 Natural 50 0.1 146.5 [92]
LS-Zn Trypan blue 10–200 mg·L−1 7.0 50 1.0 129.8 [93]
MgO Trypan blue 15–45 mg·L−1 5.4 50 0.02 93.5 [94]
PMB Trypan blue 1000 mg·L−1 7.5 10 0.1 72.5 [95]
PDDA/GO Trypan blue 0.001–1 mM 6.0 0.5 0.001 50.0 [96]
GO-nHAp Trypan blue 50–200 mg·L−1 6.7 25 0.05 41.0 [97]
NZB LTH Trypan blue 5–30 mg·L−1 ~4.5–5.0 25 0.08 5.3 This work

5. Materials and Methods

Zinc (II) nitrate hexahydrate (Zn(NO3)2·6H2O, 95.0%), sodium chloride (NaCl, 99.0%),
sodium hydroxide (NaOH, 93.0%), hydrochloric acid (HCl, 35–37%), and sodium sulfate
anhydrous (Na2SO4, 99.0%) were obtained from Duksan pure chemicals Co., Ltd., Ansan-
si, Republic of Korea. Nickel (II) nitrate hexahydrate (Ni(NO3)2·6H2O, 97.0%), Bismuth
(III) nitrate pentahydrate (Bi(NO3)3·5H2O, 98.0%), and TB dye (Figure S1) were obtained
from Daejung chemicals & metals Co., Ltd., Siheung-si, Republic of Korea. Sodium sulfite
anhydrous (Na2SO3, 95.0%) was received from DC Chemicals Co., Ltd., Shanghai, China.
The chemicals used in this study were utilized without any additional purification steps.

5.1. Synthesis of NiZnBi LTH (NZB LTH or NZB)

NZB was produced via the co-precipitation process. Initially, 0.1 M Ni(NO3)2·6H2O,
0.05 M Zn(NO3)2·6H2O, and 0.025 M Bi(NO3)3·5H2O were added to 100 mL of purified
water, which was then stirred for 30 min to ensure that all of the substances were completely
dissolved. However, due to the insoluble nature of Bi(NO3)3·5H2O in water, a series of
drops of concentrated HCl was introduced into the mixture solution to solubilize it. Then,
to achieve a precipitate, 1.0 M NaOH was added slowly to the above solutions to bring
them to a pH of 10. The solution, which had been adjusted for pH, was constantly stirred
at 60 ◦C for 12 h. Subsequently, the particulates were immersed in the solution using
purified water until the pH leveled at 7.0. This process aided in the purification of the
samples by removing any excess NaOH. Subsequently, the purified particles were dried in
an oven at 60 ◦C to acquire the NZB. Furthermore, batch adsorption and characterization
investigations were performed utilizing the acquired NZB.

5.2. Batch Adsorption Study

An experiment on batch adsorption was conducted using concentrations of Trypan
blue (TB) ranging from 5 to 30 mg·L−1. The batch adsorption at room temperature included
testing different parameters, including pH, adsorbent dosage, initial dye concentration,
and time. The pH of the dye solution was varied using 1 M NaOH and 1 M HCl to explore
the effect of pH. To study TB adsorption, 80 mg of NZB was added to 25 mL of various TB
solution concentrations in a 100 mL conical flask. The flasks were then placed in a shaking
bath and left to shake for 1 h. After that, the NZB that had adsorbed TB was isolated
from the dye solution using 10 min centrifugation at 3000 rpm. The supernatant collected
thereafter was used to assess the efficiency of NZB in removing TB by a calibration plot at
λmax 590 nm. The following Equations (1) and (2) were employed to calculate the removal
percentage (R%) and adsorption capacity (qe (mg·g−1)) of TB. The TB removal performance
was analyzed in triplicate for each parameter influence to calculate standard errors.

R% =
Ci − Cf

Ci
× 100 (1)
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where Ci and Cf are the dye concentrations before and after adsorption, respectively.

qe

(
mg·g−1

)
=

Ci − Cf
M

× V (2)

where V is the dye solution in liters (L) and M is the adsorbent mass in grams (g).

5.3. Characterization Techniques

X-ray diffraction (XRD) with an X′Pert PRO from PANalytical, Almelo, Netherlands,
was used to analyze the structural stability of the adsorbents before and after NZB dye
adsorption. The scan category applied was ‘Continuous’, with a scan rate of 5◦ min−1 and
scan range and step size of analysis of 10–80◦ and 0.026, respectively. The functional groups
of adsorbents between wavenumbers of 650 and 4000 cm−1 were analyzed by Fourier
transform-infrared spectroscopy-attenuated total reflection (FTIR-ATR) using QATR-S, Shi-
madzu, Kyoto, Japan. The adsorbent surface area was studied at 77 K using Micromeritics,
3-FLEX, Norcross, GA, USA, and porosity was measured using the Barrett–Joyner–Halenda
(BJH) method. The morphology and elemental composition and mapping of NZB were
analyzed by field-emission scanning electron microscope (FESEM, S-4800, Hitachi, Tokyo,
Japan) and energy dispersive X-ray spectrometer (EDX, Horiba EMAX, Horiba Co., Ltd.,
Kyoto, Japan), respectively. X-ray photoelectron spectroscopy (XPS, AXIS ULTRA DLD,
Kratos Analytical instrument, Manchester, UK) using a monochromatic light source (Al
K alpha) was utilized to study the oxidation states of elements in the NZB, and The XPS-
PEAK41, Version 4.1, a free software developed by Raymund W.M. Kwok at The Chinese
University of Hong Kong in Shatin, Hong Kong, was employed to conduct XPS peak fitting.
The initial and final dye concentrations were analyzed using a UV-Vis spectrophotometer
(Ubi-1800, MicroDigital Co., Ltd., Seongnam-si, Republic of Korea). This study used the
shaking bath model JSSI-070T, 63L capacity, JS Research Co., Ltd., Gongju-si, Republic of
Korea, for adsorption studies.

6. Conclusions

This study used co-precipitation to synthesize Ni-Zn-Bi LTH (NZB) for the removal of
Trypan blue (TB) from water. The physiochemical characteristics of NZB were investigated
both before and following dye adsorption using a variety of techniques. The dye solution’s
natural pH (~4.5–5.0) was used for all adsorption experiments, and the qmax of NZB was
calculated to be 5.3 mg g−1 using the Langmuir model. Regarding selectivity, NZB is very
effective at removing anionic dyes and completely removes cationic dyes when combined
with TB. Studies found that increasing the salt concentration (0.01–0.09 M) of Na2SO3
reduced TB removal compared to NaCl and Na2SO4. The removal efficiency of TB is 15.2%,
9.6%, and 25.7%, respectively, as a result of the reusability of NZB in methanol, ethanol,
and NaOH reagents for five cycles. Based on the experiments, NZB LTH may be able to
remove cationic or anionic dyes via surface modification of incompatible materials. The
findings show that NZB LTH might be a promising material for removing TB and a variety
of anionic and cationic dyes, with probable applications in the treatment of dye-based
industrial effluent.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics12110296/s1, Figure S1: Chemical structure of Trypan
blue (TB) dye; Figure S2: UV-Vis absorption spectra of the TB’s solution at different pHs and effect of
pHs such as 2, 4, natural (~4.5–5.0), 6, 8, and 10 for before and after dye adsorption by NZB LTH (Dye:
Trypan Blue (TB), Concentration: 15 mg·L−1, Dosage: 80 mg, Volume: 25 mL, Time: 1 h, Temperature:
Room temperature (RT)); Figure S3: UV-Vis absorption spectra of the adsorbent dosage (10–80 mg) for
before and after TB adsorption by NZB (Dye: TB, pH: Natural (~4.5–5.0), Concentration: 10 mg·L−1,
Volume: 25 mL, Time: 1 h, Temperature: RT); Figure S4: UV-Vis absorption spectra of the effect
of initial dye concentration (5–30 mg L−1) for before and after TB adsorption by NZB (Dye: TB,
Dosage: 80 mg, pH: Natural (~4.5–5.0), Time: 1 h, Volume: 25 mL, Temperature: RT); Figure S5:
Characterizing NZB after TB adsorption: (a) N2 adsorption–desorption isotherm and BJH pore size
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distribution; (b) XRD pattern; (c) Raman spectrum; (d) FTIR-ATR spectrum; and (e) FESEM images at
5 and 1 µm scales; Figure S6: Characterizing NZB after TB adsorption: XPS full survey spectrum and
high-resolution spectra of Bi 4f, C 1s, O 1s, Ni 2p, Zn 2p, and N 1s; Adsorption Isotherms and Kinetic
Studies; Figure S7: Chemical structure of organic dyes.
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Abstract: The development of advanced photocatalysts for air pollution removal is essential to
improve indoor air quality. TiO2/mesoporous silica SBA-15 nanocomposites were synthesized using
an organometallic decoration method, which leverages the high reactivity of Ti precursors to be
hydrolyzed on the surface water groups of silica supports. Both lab-made Ti(III) amidinate and
commercial Ti(IV) amino precursors were utilized to react with water-rich SBA-15, obtained through
a hydration process. The hydrated SBA-15 and the TiO2/SBA-15 nanocomposites were characterized
using TGA, FTIR, 1H and 29Si NMR, TEM, SEM, N2 physisorption, XRD, and WAXS. This one-step
TiO2 decoration method achieved a loading of up to 51.5 wt.% of approximately 9 nm anatase
particles on the SBA-15 surface. This structuring provided excellent accessibility of TiO2 particles
for photocatalytic applications under pollutant gas and UV-A light exposure. The combination
with the high specific surface area of SBA-15 resulted in the efficient degradation of 400 ppb of NO
pollutant gas. Due to synergistic effects, the best nanocomposite in this study demonstrated a NO
abatement performance of 4.0% per used mg of TiO2, which is 40% more efficient than the reference
photocatalytic material TiO2 P-25.

Keywords: mesoporous silica; titanium(III) amidinate precursor; TiO2 nanoparticles; photocatalysis;
NO degradation; air quality

1. Introduction

Indoor air pollution is a major societal concern in our industrial societies. Indeed, the
toxic NOx (NO + NO2) compounds present in ambient air caused by human activities (e.g.,
road traffic, industrial plants, and fossil energy combustion) [1] are an environmental threat
to human health. In particular, the WHO (World Health Organization) recently revised the
air quality guidelines of NO2 to lower thresholds (from 40 µg/m3 in 2005 to 10 µg/m3 in
2021 for long-term exposure and from 200 to 25 µg/m3 for short-term exposure) [2].

Photocatalysis driven by metal oxide semiconductors has been employed for decades
to oxidize and mineralize atmospheric pollutants and reduce the overall pollution levels
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of NOx, either in outdoor or indoor conditions [3]. This method relies on the ability
of a photocatalytic semiconducting oxide (SCO), such as zinc oxide (ZnO) or titanium
dioxide (TiO2), to promote, under ambient air and solar light exposure, electron/hole
pairs that conduce to the formation of free radicals involved in pollutant degradation
reactions [4,5]. One of the most studied materials applied in this field is TiO2, particularly
the now archetypical Evonik P-25, which contains a mixture of both anatase (around
80 wt.%) and the high-temperature rutile phase [6,7]. Although the presence of the most
photocatalytically active anatase phase is a mandatory requirement, some other physico-
chemical parameters can be tuned to enhance the photocatalytic properties of this material.
Two parameters are of particular importance to achieve improved photocatalyst properties.
First, the specific surface of the SCO has to be increased to allow higher adsorption of
pollutant species on its surface. This is generally achieved through the use of nanosized
metal oxides, where the surface-to-volume ratio is maximized [8,9]. However, downsizing
the particle size in excess can be counterproductive for catalysis if the crystalline domains
of the SCO become too small [10]. Indeed, the recombination rate of electron/hole pairs in
the SCO is largely driven by the density of point defect in the structure of the material, and
highly disordered systems, or quasi-amorphous structures, exhibit low electron/hole pair
lifetime due to fast recombination effects [11].

The optimized material for photocatalysis should, therefore, be the result of a compro-
mise between low dimensionality, associated with high specific surface levels, and large
crystalline domains where a low recombination rate of excitons is achieved. This delicate
balance is difficult to reach with the bare TiO2 compound only, but one of the possible
strategies to overcome this problem is to associate a high specific surface material directly
in strong interaction with a well-crystallized TiO2 anatase phase [12]. A close interface
between materials involved in photocatalytic nanocomposites is also a key parameter in
reducing the charge carriers’ recombination due to surface defects [13,14]. Indeed, SBA-15
is a well-known mesoporous silica material (mesopore size from 3 to 6 nm large) exhibiting
a very high specific surface (up to 1000 m2/g) due to its structuration [15]. Thanks to
its porous structure, SBA-15 has been used as an efficient NOx physisorption material in
surface photovoltage (SPV) devices for NOx gas sensing [16]. SBA-15 is also a material
of choice that has already been studied as catalyst support for selective catalytic reduc-
tion (SCR) of NOx found in oxygen-rich exhaust gases at high temperatures [17,18]. The
combination of porous SBA-15, which has efficient adsorption properties for gaseous or
liquid species, with the photocatalytically active TiO2 semiconductor has been proposed
due to the interesting expected synergism within this hybrid material [8,19–23]. Different
chemical protocols are suggested for synthesizing this composite according to the inter-
est of having or not the SCO located inside, outside (or both locations) the pores of the
silica matrix. In a one-step protocol, colloidal TiO2 nanocrystals (prepared from Ti(IV)
isopropoxide) are mixed together with the molecular precursors used to build the porous
silica matrix (tetraethyl orthosilicate and triblock copolymer Pluronic P123) and followed
by an hydrothermal annealing at around 373 K [24]. This technique leads to the efficient
incorporation of atomic titanium into the silica matrix and very small TiO2 particles (mean
size 7 nm) within the pores of the SBA-15. From the photocatalysis point of view, these
low-crystallinity TiO2 particles may not be suitable for enabling a low recombination rate
of photo-excited charge carriers. Another method that is often employed is the SBA-15,
which is a hard template that can be decorated in a second step with TiO2 prepared from
the solution impregnation of a Ti precursor. Landau [25,26] has described a method called
CSD (chemical solution decomposition) where a Ti(IV) alkoxide precursor [Ti(OnBu)4)] is
maintained inside the pores of the SAB-15 matrix in an autoclave under pressure. After
thermal decomposition, the TiO2 loading is up to 30 wt.% for one run and can be doubled
if the procedure is repeated. In that case, the TiO2 particles are exclusively located in the
mesopores of the silica matrix. Several other examples in the literature describe the use
of Ti(IV) precursor for the decoration of mesoporous silica matrixes [19,21,22,27–29]. One
important parameter for mastering the size of the TiO2 nanoparticles is the use of a high-
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reactivity precursor in order to facilitate the nucleation and growth of nanocrystals under
mild conditions [22,30]. In this study, we have prepared a rather unusual precursor based
on a Ti(III) amidinate composition [31] that should offer higher reactivity than the usual
Ti(IV) ones. This precursor has been used for the first time to decorate hydrated SBA-15
to yield TiOx nanoparticles located within and outside the mesoporous silica grains. Our
chemical process exploits the high reactivity of this type of organometallic precursor toward
hydroxyl groups and water molecules adsorbed on silica surface, to directly generate either
a crystalline or amorphous metal oxide phase [32–34]. The same procedure was used with
a less reactive Ti(IV) precursor (tetrakis(ethylmethylamido)titanium). The two different
hybrid nanocomposites have been characterized and their photocatalytic performances
were compared for 400 ppb NO abatement under UV-A exposure in humidified air. The
use of Ti(III) precursor with hydrated SBA-15 allowed to prepare a photocatalytic material
showing a 40% improvement in NO degradation compared to bare P-25 photocatalyst. This
result highlights the importance of synergetic mechanisms (specific surface of the matrix
and crystalline structure of TiO2) for photocatalysis reactions and the key role of the metal
precursor to yield nanomaterials with optimized performances.

2. Results and Discussion
2.1. SBA-15 Hydration Methods and Characterization

Our team has previously developed a technique that takes advantage of the presence
of molecular water on nanostructured supports on which metalorganic precursors react
locally to give rise to the growth of nanosized metal oxide particles [32–34]. It is, therefore,
important to master and maximize the amount of water in SBA-15 to allow the reaction
with the metalorganic precursor to occur. Two methods have been set up in order to
control the hydration of the SBA-15 surface. The first method (method A), described by Y.
Belmoujahid [35], consists of placing the silica powder in a closed glass vessel containing
water saturated with NaCl salt at room temperature (RT) and allowing a constant relative
humidity of 75% RH. The water intake saturation in SBA-15 is obtained after around 4 h.

The second method (method B) is rather straightforward and consists of dispersing
the silica powder into distilled water placed in a closed glass vessel and letting it boil under
reflux at 100 ◦C for 2 h [36].

The amount of water (wt.%) in the SBA-15 samples was measured with TGA analysis
after they were dried for 1 h under a primary vacuum at RT (Figure 1). The water present
in the “as-received” SBA-15 powder was evacuated at around 80 ◦C and corresponded to
8.5% of the total weight. The sample treated with hydration method A (saturated NaCl
solution) contained 23.8 wt.% of water, whereas the sample obtained by method B (boiling
water at reflux) contained 55 wt.% of water at the same temperature.

The FTIR analyses of the different silica powders confirm this evolution (Figure S1).
The siloxane (–Si–O–Si–) band appears as a broad strong peak centered at 1082 cm−1. The
bands at 3426 and 1610 cm−1 are attributed to the stretching and bending vibrations of the
hydroxyl groups and the adsorbed water molecules, respectively. The structural bands of
the mesoporous silica are not modified by the adsorption of water.

There are only a few differences between the FTIR spectra of the SBA-15 as-received
and that hydrated by method A. Conversely, the spectrum of the sample treated with
method B exhibits a higher intensity of the band at 1610 cm−1. The higher loading of water
in the sample treated with hydration method B should be more adapted to the next step,
where the hydrolysis of the organometallic precursor may lead to the generation of TiOx
nanoparticles on SBA-15.
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portion of physisorbed water and/or OH surface groups. The use of boiling water (method 
B) leads to the incorporation of a large quantity of free-water clusters and possibly a re-
duction in the amount of OH surface groups. 

Figure 1. TGA analysis of SBA-15 powders according to hydration methods. (a) As-received;
(b) exposed to air atmosphere with 75% RH for 4 h (method A); and (c) soaked in boiling water for
2 h (method B).

Figure 2 shows the 1H NMR MAS (magic angle spinning) spectra of mesoporous
SBA-15 silica in the solid state according to the different hydration methods. This figure
shows a predominant signal in the region around 4.8 ppm (4.92, 4.99, and 4.71 ppm for the
SBA-15 as-received, in method A, and in method B, respectively). This resonance is typical
of water molecules in weak interaction with the surface of silica. Part of this signal may
also be associated with OH surface groups where their H are rapidly exchanged with those
of water. A higher-frequency chemical shift indicates a greater proportion of physisorbed
water molecules and/or of hydroxyl OH surface groups, whereas a lower-frequency shift
indicates the formation of larger free-water clusters. Their relative populations also have an
impact on the linewidth of the resonances because the water in the clusters has greater local
mobility than physisorbed molecules and OH groups, leading to sharper resonances for
the former. The 1H spectra show that the initial silica already contains a significant amount
of water. Hydration method A leads to a slightly higher proportion of physisorbed water
and/or OH surface groups. The use of boiling water (method B) leads to the incorporation
of a large quantity of free-water clusters and possibly a reduction in the amount of OH
surface groups.
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The 29Si MAS NMR spectra (Figure S2) are characterized by three signals typical of
Q4 framework silica sites ((SiO)4Si) (at ~−111 ppm), Q3 silanol sites ((SiO)3–Si-OH) (at
~−101 ppm) and Q2 ((SiO)2–(Si-(OH)2) species (at ~−92 ppm). The relative intensity of
Q3 and Q2 resonances increases in the 29Si CPMAS NMR (Figure S3) compared to MAS
experiments as a result of the greater transfer of magnetization from neighboring H than
for Q4. As with 1H NMR, the 29Si NMR spectra of the as-received and hydrated SBA-15
are very close (Figures S2 and S3 green and blue spectra). On the other hand, the spectra
of silica hydrated in boiling water (method B) show some differences (Figures S2 and S3
red spectra), with a higher relative proportion of Q4. The population decrease of Q2 for the
sample prepared with method B is slightly lower than for Q3 (Figure S2). Low-frequency
displacement is also observed in the sample treated with method B and is greater for
Q4 (1.6 ppm in CPMAS and 1.0 ppm in MAS) than for Q3 (0.6 ppm in CPMAS) and Q2

(~0.2 ppm in CPMAS). These results indicate a slight but undoubtful modification of the
SBA-15 surface in the presence of boiling water, with a lower proportion of OH on the
surface. Therefore, the exposition of silica to boiling water leads to the formation of Si–O–Si
bonds by dehydration condensation between the hydroxyl groups themselves.

Small-angle XRD pattern and N2 sorption isotherms of the SBA-15-based materials
according to the different hydration methods are reported in Figures S4 and S5, respectively.
The corresponding textural properties are presented in Table 1.

Table 1. Textural properties of the different SBA-15 samples.

SBA-15 Sample SBET
(m2/g)

Vmicro
(cm3/g)

Vmeso
(cm3/g)

Dp
(nm)

As-received SBA-15 1041 0.16 0.99 6.2
(SBA-15)/A 721 0.08 0.77 6.2
(SBA-15)/B 470 0.04 0.81 7.2

SBET is the specific surface area obtained using the BET model, Vmicro is the microporous volume extrapolated
from the t-plots, Vmeso = Vtot − Vmicro is the mesopore volume where Vtot is the total pore volume obtained at
P/P0 = 0.9, and Dp is the mean pore diameter obtained using the BdB model on the desorption branch.

Small-angle XRD patterns of SBA-15 samples show three diffraction peaks (100), (110),
and (200) at the same position, which are characteristic of the 2D hexagonal pore (with
P6mm hexagonal symmetry typical for SBA-15 mesoporous materials) with the same unit
cell ahex of 10.6 nm. No significant evolution of the structure of the silica was noticed,
regardless of the hydration treatments used. The same observation was also confirmed by
the absence of any change in the microstructure of the different SBA-15 revealed by SEM
observations (Figure S6).

Whatever the hydration method, the SBA-15 isotherms are all of type I and IV ac-
cording to the IUPAC classification [37]. As a result, the as-received SBA-15 material has
a high specific surface area (SBET = 1041 m2/g) and large pore volume (V = 1.15 cm3/g,
V meso + V micro) of 6.2 nm diameter. The SBA-15 synthesized in these conditions simul-
taneously exhibits mesopores and connections between the main mesopores walls through
micropores [38]. It is noteworthy that the hydration method particularly influences the
microporous volume (pore size < 2 nm). Indeed, the latter decreases when the amount
of water increases, particularly with hydration method B (Table 1, Figure 1). In this case,
Vmicro has decreased by a factor of four compared to the as-received SBA-15 sample. The
other textural parameters (Vmeso and Dp) were less influenced by the hydration method
used. The results strongly suggest that hydration treatments induce a phenomenon of
silica dissolution/redeposition condensation within micropores, as reported by Galarneau
et al. [39]. For the sample hydrated with method B, Dp increased from 6.2 to 7.2 nm, which
was due to a decrease in the wall thickness because the unit cell ahex is the same, indicating
the same pore-to-pore distance. This evolution is in good agreement with 29Si NMR, which
indicates the condensation of hydroxyl groups upon hydration with method B and the
formation of more Si–O–Si bonds.
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2.2. Bare TiO2 Powder Syntheses

The synthesis of TiOx-yH2O nanopowders was obtained by the controlled hydrolysis
under an argon atmosphere of a metalorganic Ti precursor dissolved in an organic solvent
(Figure S7). In this procedure, moisture slowly diffuses from the argon gas phase into the
organic solvent containing the metalorganic precursor and induces the breaking of nitrogen
to metal bonds to eventually produce metal oxide nanoparticles [40]. For the purpose of
this study, we tested two different precursors with distinct titanium oxidation numbers.
The tetrakis(ethylmethylamido)titanium (TEMAT; see 1 in Scheme 1) is commonly used
in the atomic layer deposition (ALD) technique for TiO2 films [28,41] and demonstrates
a Ti center with an oxidation state of IV. In addition, an even more reactive metalorganic
precursor for water has been envisaged. We synthesized and studied the hydrolysis in an
organic solution of the (N-N′ diisopropylacetamidinato) Ti (III) precursor (Ti-Amd; see 2
in Scheme 1). The presence of a reduced oxidation number for the Ti center is expected to
bring a better reactivity of the compound to water. The hydrolysis process, set up under an
argon atmosphere at RT, is achieved through the slow diffusion of water from the gas phase
into the organic solvent reacting with the Ti precursor, as described in Scheme 1. According
to the reaction, 2 molar equivalents of water are necessary for a stoichiometric reaction.
In the experimental conditions, an amount of 4 molar equivalents of water is employed
in order to saturate the gas phase with water vapor and ensure the full hydrolysis of the
dissolved precursors. In these conditions, the hydrolysis reaction takes place over two days.

Scheme 1. Hydrolysis reaction of precursor 1 or 2 with a stoichiometric amount of water.

The samples are characterized by wide-angle X-ray scattering (WAXS), a very sensitive
technique to determine the local structure of materials with very small crystalline domains
(Figure 3). Whatever the precursor composition 1 or 2, after calcination at 150 ◦C, the
samples have no discernible crystalline domains and correspond to barely amorphous
structures (Figure 3a). The pair distribution function (PDF) of the sample obtained from
precursor 2 and calcined at 350 ◦C shows the very first coherence domains corresponding
to a crystalline phase (Figure 3b). The structures of TiO2 anatase (COD 7206075) and
TiO2 brookite (COD 9004140) were refined against the PDF obtained from the WAXS
measurement of this sample (Figure 3d,e). Refinement results show that the local structure
(r < 10 Å) is comparable to that of brookite (Figure 3d), while the average structure (r > 10 Å)
is close to anatase (Figure 3e). The size of the coherent crystal domains calculated for
spherical grains corresponds to a diameter of ca. 3.6 nm. Reversely, the oxide sample
obtained from 1 still remains amorphous at this temperature.
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Figure 3. Comparison of PDF obtained from WAXS measurement of TiOx powders from TEMAT (1,
red dotted line) and Ti-Amd (2, plain black line) precursors according to the calcination temperature
at: (a) 150 ◦C, (b) 350 ◦C, and (c) 500 ◦C. Refinement of the pair distribution function obtained on
TiO2-amd calcinated at 350 ◦C with (d) brookite and (e) anatase structures.

This result clearly shows the higher reactivity of 2 toward hydrolysis, giving rise to an
easier growth of crystalline domains at the moderate temperature of 350 ◦C.

As the calcination temperature increases (500 ◦C), both samples prepared with TiO2/Ti-
amd or TiO2/TEMAT unambiguously show the anatase structure of TiO2, as shown in
Figures 3c and S8. According to PDF analysis, TiO2/TEMAT exhibits coherent domains of
17.5 nm (±2.3 nm), whereas TiO2/Ti-Amd has a slightly higher crystallite size of 19.8 nm
(±2.8 nm), which is consistent with the earlier presence of the very first crystalline domains
obtained at 350 ◦C with this precursor. The presence of the anatase phase after calcination
at 500 ◦C is also confirmed by X-ray diffraction analysis of the different powders (Figure S9).
According to the Scherrer equation applied on the (101) peak measured at 2 theta 25.5◦, the
crystallite size is around 18.4 nm and 21.0 nm for 1 and 2, respectively.

Figure S10a,c shows the TEM images of the TiOx-yH2O powders obtained after hy-
drolysis of precursors 1 and 2 at RT. The powders have a rather ill-defined microstructure
that may be formed by the agglomeration of amorphous particles. Calcination of the
as-prepared samples has been performed to remove the water molecules and allow the
crystallization of the TiO2 phase. After calcination at 350 ◦C, there is no change in the struc-
ture of TiOx grains obtained from 1 (Figure S10b), whereas a nano-structuration (ca. 4 nm
grain size, determined on around 100 particles) already appears for the sample prepared
with 2 (Figure S10d). After calcination at 500 ◦C under air, the structuration of the powder
is clearly nanocrystalline for the two samples where similar nanosized grain size of ca.
13.5 nm (σ = 3.6 nm) and 13.1 nm (σ = 3.9 nm) are measured for TiO2 obtained from 1 and
2, respectively (Figure 4).
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2.3. Synthesis of TiO2/SBA-15 Nanocomposites

The decoration of SBA-15 with TiO2 is performed only on the silica samples prepared
with the hydration method B because it leads to a higher amount of water in the silica
structure. Indeed, our strategy is to maximize the loading of TiO2 on SBA-15 by using the
hydrated sample that contains a higher amount of adsorbed water.

The mass of the hydrated SBA-15 in our experimental protocol is 200 mg and, since it
contains 55 wt.% water (Figure 1), this corresponds to 110 mg of water (i.e., 6 mmol) and
90 mg of SiO2 per sample. We use an amount of 1.3 mmol of Ti precursor 1 or 2 to react
with the hydrated SBA-15, which corresponds to 4.6 molar equivalent of water relative to
titanium. Therefore there is a large excess of water compared to the employed Ti precursor
and similar to the ratio used for the synthesis of bare TiOx powders. This excess of water
(a stoichiometric amount of 2 molar equivalents according to Scheme 1) is necessary to
ensure the complete hydrolysis of the titanium precursor on the silica surface. Assuming
the hydrolysis reaction is complete, 1.3 mmol of TiO2 (62 mg of Ti, 103 mg of TiO2) will
form on the silica, which corresponds to a theoretical mass ratio of Ti equal to 32% (or a
mass ratio of 51.5% for TiO2).

The ICP-MS analyses of the two nanocomposite samples prepared with precursors 1
and 2 are presented in Table 2.

Table 2. ICP-MS analyses of Ti content present inside the TiO2/SBA-15 nanocomposites obtained
from 1 and 2 and calcined at 500 ◦C.

Precursor Theoretical
Ti Content (wt.%)

ICP Measured
Ti Content (wt.%)

TEMAT (1)
30.09

32 30.27
Mean: 30.18

Ti-Amd (2)
31.94

32 31.17
Mean: 31.55
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Interestingly, the experimental amounts of Ti in TiO2/SBA-15 samples obtained from
precursors 1 and 2 (30.2 and 31.5 wt.%, respectively) are very close to the theoretical
value previously calculated. This result indicates that, whatever the composition of the Ti
precursor, the hydrolysis process is very efficient and leads to the total transformation of
the precursor on the silica matrix surface.

Low magnification (×500) SEM images of the nanocomposites calcined at 500 ◦C are
shown in Figure S11. They reveal that the TiO2 aggregates are exclusively linked to the
silica blocks and are distributed on the silica matrix surface.

Figure 5 shows the high magnification SEM image (×5000) of the nanocomposites
acquired in the chemical contrast mode (back-scattered electrons). The images confirm
that the TiO2 nanoparticles form aggregated structures over the silica matrix. However,
although it appears homogeneous at low magnification (Figure S11), the structuration at
high magnification reveals a rather erratic dispersion of TiO2 aggregated nanoparticles
on the porous silica. Some areas of SBA-15 bundles appear to be devoid of TiO2 particles,
while in other locations, TiO2 nanoparticles are clustered together. This TiO2 dispersion
over the silica matrix is the same for the two Ti precursors studied. In addition, no free
TiO2 aggregate is located apart from the SBA-15 matrix. A SEM-EDS analysis (Figure 6) of
the different components of the nanocomposites confirms this particular repartition of TiO2
nanoparticles over the SBA-15 support.
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Figure 5. SEM images of TiO2/SBA-15 calcined at 500 ◦C and prepared with (a) TEMAT (1) and
(b) Ti-Amd (2). The images are in chemical contrast mode (back-scattered electrons). The brighter
spots on the image correspond to an element with a higher atomic number and indicate the presence
of Ti. Magnification is ×5000.

TiO2 nanoparticles are concentrated in specific zones of the silica matrix. There are
locations where the silica matrix is not decorated with TiO2 whereas the photocatalytic oxide
is concentrated into agglomerated structures. This peculiar repartition is very different
from what we have previously observed on the decoration of WO3-2H2O nanoplatelets
with ZnO nanoparticles by using a similar hydrolysis method. In the former case, ZnO
appears as a very homogeneous nanostructured layer distributed all over the surface of
the WO3-2H2O support [33]. This result was achieved thanks to the availability of one of
the structural water molecules present in the support to hydrolyze the Zn precursor. In
the case of the SBA-15 support, it seems that the water added by the boiling process is not
homogeneously distributed over the silica. Instead, water-rich areas, such as clusters or
droplets of water, could be randomly distributed over the SBA-15 surface. This assumption
is also supported by the 1H MAS NMR analyses that reveal the presence of water clusters
in the sample hydrated by method B (boiling water). The Ti precursor in contact with
these water reservoirs reacts to locally produce a high density of TiOx-yH2O structures.
The interesting point is that these water reservoirs remain tightly linked to the substrate
because all the TiOx structures are attached to the silica support in a similar way. This
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mechanism is supported by TEM imaging of the nanocomposites (Figure 7). In these
images, the TiO2 nanoparticles appear irregularly dispersed on the silica surface and do
not form a continuous layer. Similar TiO2 grapes are observed for the nanocomposites
prepared with precursor 1 or 2. This analysis confirms that despite the aggregated structure
of TiO2 nanoparticles, they are mainly present on the surface of SBA-15 grains and not
dispersed homogeneously into the pores (Figure 7c,d).
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The mean grain size of TiO2 particles formed on SBA-15 supports is close to 9 nm
whatever the employed Ti precursor (9.8 and 9.1 nm for precursor 1 and 2, respectively).
This value is clearly lower than that of bare TiO2 nanoparticles obtained by hydrolysis in
solution, which is close to 13 nm (13.5 and 13.1 nm for precursor 1 and 2, respectively). This
result underlines the important role played by the support in the hydrolysis and growth
mechanism of the oxide particles. The growth of TiO2 crystals occurs mainly at the SBA-15
surface, particularly on the micropores where water clusters are present and not inside
the mesopores. The interaction between the silica support and TiO2 induces the particles’
stabilization and their limited size. This low dimensionality of the anatase phase is also
evidenced by the XRD diffractograms of the nanocomposites, which show all the peaks
relating to the crystalline anatase structure but with rather large half-height peaks that
refl ect the limited size of the crystalline domains (Figure S12 vs. Figure S9).

The main physico-chemical characteristics of the SBA-15 as-received, TiO2 oxides, and
TiO2/SBA-15 nanocomposites are summarized in Table 3.

Table 3. Main physico-chemical characteristics of the samples tested for photocatalysis.

Sample TiO2 Content
(wt.%)

SBET
(m2/g)

TiO2 Crystal Size (nm)
TEM XRD

TiO2 P-25 100 50 21.0 31.0
TiO2 TEMAT 100 51 13.5 18.4
TiO2 Ti-Amd 100 21 13.1 21

As-received SBA-15 - 1041 - -
SBA-15 hydrated B - 470 - -

TiO2 TEMAT/SBA-15 50.4 297 9.8 11.7
TiO2 Ti-Amd/SBA-15 52.6 251 9.3 11.9

Based on the previous findings, the decoration of hydrated SB1-15 with TiOx NPs,
prepared from the hydrolysis of Ti-Amd precursor, is schematically depicted in Figure 8.

Figure 8. Schematic description of the reaction hydrolysis of Ti-Amd precursor on hydrated SBA-15.

2.4. NO Abatement Tests

NO degradation percentages were calculated from Equation (1) (see Section 3.6 Eval-
uation of the Photocatalytic Activity) for 20 mg of photocatalytic dispersion applied to
the surface of a glass substrate (length × width: 10 × 5 cm2). The photocatalytic runs
were performed on three main types of samples: nanocomposites (TiO2/SBA-15 obtained
from 1 and 2), bare TiO2 powders (P-25, TiO2 powder calcined at 500 ◦C and obtained
from 1 and 2) and physical mixtures of SBA-15 and TiO2 powders to assess the role of the
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silica matrix. However, the TiO2/SBA-15 nanocomposites and the SBA-15 mixed with TiO2
powders are not 100% TiO2 by weight, unlike the bare oxides (TiO2 synthesized from 1
and 2, and TiO2 P-25). The effective quantity of TiO2 deposited on the glass surface was
therefore considered according to ICP-MS quantification (Table 2) in order to obtain the NO
degradation results for the same surface density of TiO2, i.e., 1 mg of TiO2 per 50 cm2 of
the substrate surface (0.02 mg/cm2). The NO degradation results obtained under artificial
UV-A light for bare TiO2, TiO2/SBA-15 nanocomposites, and SBA-15 physically mixed
with bare TiO2 are shown in Figure 9. The photocatalytic activity of SBA-15 alone was also
assessed using the same protocol and found to be equal to zero.

Inorganics 2024, 12, x FOR PEER REVIEW 12 of 20 
 

 

SBA-15 hydrated B - 470 - - 
TiO2 TEMAT/SBA-15 50.4 297 9.8 11.7 
TiO2 Ti-Amd/SBA-15 52.6 251 9.3 11.9 

2.4. NO Abatement Tests 
NO degradation percentages were calculated from Equation (1) (see Section 3.6 Eval-

uation of the Photocatalytic Activity) for 20 mg of photocatalytic dispersion applied to the 
surface of a glass substrate (length × width: 10 × 5 cm2). The photocatalytic runs were per-
formed on three main types of samples: nanocomposites (TiO2/SBA-15 obtained from 1 
and 2), bare TiO2 powders (P-25, TiO2 powder calcined at 500 °C and obtained from 1 and 
2) and physical mixtures of SBA-15 and TiO2 powders to assess the role of the silica matrix. 
However, the TiO2/SBA-15 nanocomposites and the SBA-15 mixed with TiO2 powders are 
not 100% TiO2 by weight, unlike the bare oxides (TiO2 synthesized from 1 and 2, and TiO2 
P-25). The effective quantity of TiO2 deposited on the glass surface was therefore consid-
ered according to ICP-MS quantification (Table 2) in order to obtain the NO degradation 
results for the same surface density of TiO2, i.e., 1 mg of TiO2 per 50 cm2 of the substrate 
surface (0.02 mg/cm2). The NO degradation results obtained under artificial UV-A light 
for bare TiO2, TiO2/SBA-15 nanocomposites, and SBA-15 physically mixed with bare TiO2 
are shown in Figure 9. The photocatalytic activity of SBA-15 alone was also assessed using 
the same protocol and found to be equal to zero. 

 
Figure 9. Degradation of NO under UV-A artificial light for the same surface density of TiO2 (0.02 
mg of TiO2 per cm2 of glass surface) obtained with bare TiO2 (TiO2 synthesized from 1 (TEMAT) and 
2 (Ti-Amd) calcined at 500 °C, and TiO2 P-25), TiO2/SBA-15 nanocomposites (calcined at 500 °C) and 
SBA-15 physically mixed with bare TiO2 oxides (calcined at 500 °C and obtained from 1 and 2). 

For bare oxides, the highest percentage of NO degradation was obtained with TiO2 
P-25 (2.7%). The efficiency of bare oxides obtained from precursors 1 (1%) and 2 (1.3%) 
was around twice as low. The photocatalytic efficiency of TiO2 depends on several factors, 
including crystal structure, crystalline phase, crystallinity, particle size, and surface area, 
and the balance between these factors determines the overall activity of a given photocata-
lyst [42]. The air depollution performance of TiO2 P-25 has been widely reported in the 
literature and is mainly attributed to the synergistic effect between the anatase and rutile 
crystalline phases, which reduces photogenerated charge recombination [43,44]. The 
physico-chemical characterization presented above showed that crystalline anatase was 
the only phase detected for TiO2 nanoparticles obtained from 1 and 2 (after calcination at 
500 °C, Figure S9), which could explain the lowest activity compared to TiO2 P-25. 

Figure 9. Degradation of NO under UV-A artificial light for the same surface density of TiO2 (0.02 mg
of TiO2 per cm2 of glass surface) obtained with bare TiO2 (TiO2 synthesized from 1 (TEMAT) and 2
(Ti-Amd) calcined at 500 ◦C, and TiO2 P-25), TiO2/SBA-15 nanocomposites (calcined at 500 ◦C) and
SBA-15 physically mixed with bare TiO2 oxides (calcined at 500 ◦C and obtained from 1 and 2).

For bare oxides, the highest percentage of NO degradation was obtained with TiO2
P-25 (2.7%). The efficiency of bare oxides obtained from precursors 1 (1%) and 2 (1.3%)
was around twice as low. The photocatalytic efficiency of TiO2 depends on several factors,
including crystal structure, crystalline phase, crystallinity, particle size, and surface area,
and the balance between these factors determines the overall activity of a given photo-
catalyst [42]. The air depollution performance of TiO2 P-25 has been widely reported in
the literature and is mainly attributed to the synergistic effect between the anatase and
rutile crystalline phases, which reduces photogenerated charge recombination [43,44]. The
physico-chemical characterization presented above showed that crystalline anatase was
the only phase detected for TiO2 nanoparticles obtained from 1 and 2 (after calcination at
500 ◦C, Figure S9), which could explain the lowest activity compared to TiO2 P-25. More-
over, TiO2 from 1 had a mean particle size of 13.5 nm and a specific surface area of 51 m2/g
compared with values of 13.1 nm and 21 m2/g, respectively, for TiO2 nanoparticles from 2
(Table 3). The two TiO2 anatase powders prepared in this study demonstrated the same
performance for NO abatement (around 1%), which is expected for metal oxides that have
similar structural properties.

For the same TiO2 surface density (1 mg of TiO2 per 50 cm2 of substrate surface), the
TiO2/SBA-15 nanocomposites showed similar and even superior performance than TiO2
P-25. Note that photocatalytic activity is highly dependent on experimental conditions [45],
making it difficult to compare the performance of the nanocomposites tested with other
materials in the literature. For this reason, we compared the NO degradation percentages
obtained with the TiO2/SBA-15 nanocomposites with those of the reference photocatalyst
TiO2 P-25 tested under the same experimental conditions. The best NO degradation
(4.0%) was obtained with TiO2 Ti-Amd/SBA-15 (around 1.5 times higher than that of TiO2
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P-25), while TiO2 TEMAT/SBA-15 had the same NO degradation percentage than TiO2
P-25. These results clearly highlighted the following: (1) the advantage of decorating
mesoporous SBA-15 silica with TiO2 nanoparticles compared to the corresponding bare
oxides as the performance is increasing by a factor of 3 (1% vs. 2.7% and 1.3% vs. 4.0%),
and (2) the higher efficiency of TiO2 Ti-Amd/SBA-15 compared to bare TiO2 P-25. The higher
photoactivity of TiO2/SBA-15 nanocomposites compared to bare TiO2 may be related to
three synergistic factors that made NO pollutant molecules more accessible to the active
sites and thus improve the photocatalytic reaction: (1) smaller TiO2 particle size (~12 nm for
nanocomposites and ~20 nm for bare oxides, from XRD analysis; Table 3), (2) larger surface
area (around 250–300 m2/g for nanocomposites and around 20–50 m2/g for bare oxide,
Table 3), and (3) well dispersed TiO2 nanoparticles over the surface of the silica matrix.
The positive effect of these factors and the higher photocatalytic activity of mesoporous
silica–titania compared to bare TiO2 were notably highlighted by other authors [46–48].

The last series of results allows us to compare the photocatalytic activity of the physical
mixing of TiO2 powders and SBA-15 to the chemically synthesized nanocomposites (with
identical TiO2/SBA-15 mass ratio). Interestingly, the physical mixing also showed an
improvement in NO degradation compared to the corresponding bare TiO2 powders.
However, degradation percentages were lower than those of TiO2/SBA-15 nanocomposites.
A higher UV absorption intensity in the mixed oxides due to the presence of SBA-15 could
be responsible for this increase. A stronger UV absorption intensity implies that more
TiO2 particles can be activated by light and, therefore, more photogenerated charges can
be promoted, leading to enhanced photocatalytic activity. The role of the received light
irradiation on photocatalytic activity was highlighted by several authors in the literature.
Notably, Li and Kim [47] partially attributed the higher photo-oxidation of benzene of
TiO2-xSiO2 composites compared to bare titania to greater UV absorption intensity. Alonso-
Tellez et al. [49] demonstrated that the higher irradiance received by the UV100 TiO2 coating
and the deeper penetration of light within this coating than in the case of the TiO2 P-25
coating led to increased conversion and mineralization of the methylethylketone pollutant.
This effect is even more pronounced in the case of the chemically prepared nanocomposites
of this study, especially for the one prepared with the precursor Ti-Amd.

This suggests a more efficient UV-A sensitization of TiO2 particles when they are well
dispersed and closely attached to the hydrated SBA-15 support, thanks to the use of a
highly reactive Ti precursor.

3. Materials and Methods
3.1. Synthesis of SBA-15 Powder

The ordered mesoporous silica SBA-15 was prepared at IS2M (Mulhouse, France)
according to the protocol described by Zhao et al. [15]. In a 250 mL polypropylene flask, 4 g
of triblock copolymer P123 (Aldrich, Saint Louis, MO, USA) were dissolved in HCl aqueous
solution (19.5 mL of 37 wt.% HCl and 127 mL of distilled H2O). The flask was placed in
a water bath at 40 ◦C with magnetic stirring (500 rpm) for about 3 h to allow a complete
dissolution of P123. Then, 8.62 g of Tetraethylorthosilicate TEOS (Aldrich, Saint Louis, MO,
USA) were added by maintaining the stirring and the temperature conditions. The molar
composition of the gel was 1 TEOS: 0.017 P123: 5.68 HCl: 197 H2O. The solution was stirred
at 40 ◦C for 24 h and then the bottle was placed without any stirring in an oven for 24 h at
90 ◦C. The precipitated solid (as-made SBA-15) was recovered by filtration on a Büchner
funnel, washed with 200 mL of distilled water, and dried for 48 h at 70 ◦C. To eliminate
the porogen agent (P123) and thus release the porosity of the material, the as-made SBA-15
was calcined under air in a muffle furnace at 300 or 500 ◦C for 4 h (the heating time from
ambient to final temperature was 6 h). The mesoporous silica was hydrated after synthesis
in two different ways. The first method (method A) consisted of hydrating the mesoporous
silica in a controlled relative humidity atmosphere for 4 h. A 75% relative humidity is
created in a closed glass enclosure using an aqueous saturated NaCl (Aldrich) in Milli-Q
water solution. The second method (method B) consisted in boiling the mesoporous silica
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directly in Milli-Q water (purification system) for 2 h at 100 ◦C. Typically, around 500 mg of
SBA-15 mesoporous silica was brought to reflux in 100 mL of Milli-Q water [36]. Afterward,
the water was removed using centrifugation, and the silica paste was dried for 1 h under a
vacuum at RT.

3.2. Synthesis of Titanium Tris-Amidinate Precursor

The titanium amidinate (Ti-Amd) precursor was synthesized according to an adapta-
tion of the protocol described by Gordon et al. [31]. All reactions and manipulations were
conducted under a nitrogen atmosphere using either a glovebox or a standard Schlenk
line technique. The used solvents were dried and collected using a solvent purification
system. For the synthesis of the lithium amidinate, a solution of methyllithium (1.6 M in
Et2O, 40 mL, 0.063 mol) in Et2O was added dropwise using a bromine bulb to a solution
of 1,3-diisopropylcarbodiimide (6.9 g, 0.055 mol) in 80 mL of Et2O at −30 ◦C. The mixture
was warmed to RT and stirred for 4 h. The solvent was then removed under reduced
pressure. The resulting white solid was transferred to the glovebox and extracted with
pentane (washing three times with 30 mL), then dried under reduced pressure. A solu-
tion of the obtained solid in ether was added dropwise to a solution of titanium chloride
tetrahydrofuran TiCl3.(THF)3 (7.8 g, 0.054 mol) in 50 mL of Et2O. The reaction mixture was
stirred for 12 h in the glovebox. The resulting solution was filtered through a pad of Celite®

on a glass frit to give a brown solution. The concentration of the filtrate and its cooling to
−33 ◦C in the glovebox afforded a brown solid.

3.3. Synthesis of Bare TiO2 Powder

TEMAT (tetrakis(ethylmethylamido)titanium IV) was received from Sigma-Aldrich
supplier. Ti-Amd (N-N′ diisopropylacetamidinato)titanium III) precursor was prepared
in the laboratory according to the protocol described in Section 3.2. The hydrolysis of
the organometallic precursors was carried out in a proprietary designed glass reactor
(Figure S7), comprising two separated and concentric reservoirs: one containing the dis-
solved precursor in anisole, and the second placed in the center of the vessel in order to
receive the water (4 molar equivalent compared to titanium precursor) introduced from
the septum placed above and in the center of the airtight vessel lid. This reactor allowed
the slow hydrolysis of the titanium precursor in organic solvent by diffusion of the water
from the gas phase to the solvent one, the reaction occurring at the gas-solvent interface.
A white TiOx-yH2O powder was collected after 2 days, and the powder was purified by
washing it in toluene and centrifuged before drying it under a vacuum at RT. The samples
were then calcined at various temperatures from 150 to 500 ◦C for 2 h in air.

3.4. Synthesis of TiO2/SBA-15 Nanocomposites

The nanocomposites of TiO2/SBA-15 were synthesized as follows: a volume of 400 µL
of Tetrakis(ethylmethylamido)titanium (TEMAT) (99%, STREM, Newburyport, MA, USA),
or 613 mg of Ti amidinate precursor, was added to a suspension of 200 mg of hydrated
SBA-15 within 12 mL of anisole. Hence, the amount of water introduced in the reaction
medium through the hydrated silica corresponds to around 4.6 molar equivalent (i.e., very
similar to the amount used to prepare bareTiO2 by water moisture presented in Section 3.3).
The mixture was stirred for 24 h at RT. At the end of the reaction, the resulting solution was
centrifuged (15 min, 3000 rpm) and then transferred to the glovebox. The precipitate was
repeatedly washed three times with anisole and centrifuged. At the end of the washing
procedure, the TiOx/SBA-15 was dried under a vacuum for 2 h in order to fully remove the
anisole solvent. Thermal annealing was performed under air at various temperatures from
150 to 500 ◦C to achieve fully oxidized and crystallized TiO2/SBA-15 nanocomposites.
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3.5. Characterization Techniques

Thermogravimetric analysis (TGA) was performed using a Setaram thermobalance
(Setaram Engineering, Caluire-et-Cuire, France) with a ramp of 10 ◦C/min in the 30–600 ◦C
range under ambient air.

NMR experiments were recorded on a Bruker Avance 400 III HD spectrometer (Bruker
Corp., Billerica, MA, USA) operating at magnetic fields of 9.4 T. Samples were packed
into 4 mm zirconia rotors and were rotated at a frequency of 10 kHz at 295 K. 1H MAS
were performed with the DEPTH pulse sequence and a recycle delay of 5 s. 29Si MAS
were acquired with the UDEFT pulse sequence [50] with a recycle delay of 80 s. Ramped
cross-polarization (CP) 1H→ 29Si MAS spectra were recorded with a recycle delay of 2 s
and a contact time of 2 ms. Chemical shifts were referenced to TMS. Fourier transform
infra-red spectroscopy (FTIR) spectra were obtained by analyses of SBA-15 powders mixed
in a KBr pellet using a Perkin–Elmer 100 spectrometer (Perkin–Elmer, Waltham, MA, USA).
The spectra were registered between 4000 and 350 cm−1 wavenumbers.

Total scattering (WAXS) measurements were performed on a Malvern Panalytical
Empyrean III diffractometer (Malvern, Worcestershire, UK) in transmission geometry, and
equipped with a Mo anode (λ = 0.71 Å) and a Galipix3D detector. The maximum reached q
value is qmax = 16.6 Å−1, thus corresponding to a maximum angle of 2θmax = 143◦. Powder
specimens were placed in 1 mm diameter capillaries. For each specimen measurement,
an empty capillary contribution was subtracted. Pair distribution functions (PDF) were
extracted using PDFgetX3 software v2.1.2. Least square refinements of experimental PDF
were performed using WAXS_toolbox software v1.0 suite [51], based on the diffpy-cmi
package [52]. Crystalline structural models of TiO2 phases were taken from the Crystal
Open Database [53]. Powder X-ray diffraction patterns were obtained on a Seifert XRD
3000 TT X-ray diffractometer (Seifert X-ray, Deutschland, Germany), with Cu-Kα radiation,
fitted with a diffracted-beam graphite monochromator. Data were collected in the 2θ
configuration between an angle of 10 and 70◦.

Physisorption measurements were made with the Micromeritics ASAP 2020 analyzer
(Micromeritics, Norcross, GA, USA). The samples were degassed at 200 ◦C under high
vacuum for 12 h before analyses. A quantity of 200 mg of powder was used to carry out
the measurement. The specific surface area of the samples was determined using the linear
part of the Brunauer, Emmet, and Teller (BET) plot, and the pore size was estimated using
the desorption branch of the isotherms and the Broekhoff–De Boer (BdB) model. The
microporous volume was extrapolated from the linear part of the t-plots.

Transmission electron microscopy (TEM) images were obtained with a Jeol 1400
transmission electron microscope at 120 kV (Jeol Ltd., Akashima, Tokyo, Japan). Field
emission scanning electron microscopy (FESEM) images were obtained using a Jeol JSM-
6700F microscope operating at 10 kV.

3.6. Evaluation of the Photocatalytic Activity

TiO2-decorated mesoporous silica powders hydrated using method B with each pre-
cursor (1 for TEMAT and 2 for Ti-Amd at 500 ◦C) were dispersed in water (10 mg/mL)
with sonication for 30 min. Each TiO2/SBA-15 nanocomposite dispersion was then applied
to the surface of the glass substrate (10 cm × 5 cm = 50 cm2) using a glass pipette. The
quantity of the dispersion deposited on the surface was 20 mg for each sample. The same
dispersion preparation and deposit protocols were followed for bare oxides (TiO2 obtained
from 1 and 2 at 500 ◦C as described in Section 3.3, and TiO2 P-25). Dispersions of SBA-15
mixed (physical mixing) with bare oxides (TiO2 obtained from 1 and 2, and TiO2 P-25) were
also prepared and applied to the surface of the glass substrate. The weight percentage of
TiO2 added to these mixtures was chosen to be the same as the one found in TiO2/SBA-15
nanocomposites (ICP-MS results, Table 2).

Photocatalytic degradation of NO was evaluated using the experimental set-up de-
scribed by Hot et al. [54] and Castelló Lux et al. [4], to which the reader is kindly referred
for a more detailed description of the methodology. It is adapted from standard ISO 22197-
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1 [55]. The main points of the protocol to keep in mind as as follows: (1) continuous polluted
air (at a flow rate of 1.5 L/min) was injected through the by-pass to check that the desired
concentration was reached (400 ppb NO), (2) the polluted air was injected into a borosilicate
reactor containing the photocatalytic sample to be tested in the dark for 10 min, (3) the
photocatalysis was activated by switching on a UV-A light (Narva LT-T8 Blacklight blue
18 W 073 fluorescent tube) placed above the surface of the sample for 20 min (1 W/m2 on
the sample surface measured with a Gigahertz–Optik radiometer (UV-A detector: UV-3717
model, 315–400 nm; Gigahertz–Optik GmbH, Türkenfeld, Germany), and (4) before the end
of the test, the polluted air was returned through the by-pass to check the concentration.
Relative humidity and temperature were kept constant at 50% and 20 ◦C, respectively. The
reactor was placed in a light-tight box to isolate the sample from room light and to receive
only artificial illumination when the light was switched on. The NO concentration was
measured by a chemiluminescence analyzer (model AC32M, Envea SA, Poissy, France).

The photo-oxidation of NO was assessed with Equation (1):

NO degradation (%) = 100× [NO]initial − [NO]final
[NO]initial

(1)

where [NO]initial was the concentration in ppb measured by the analyzer at the exit of the
reactor before light activation once the steady state was established, and [NO]final was
the concentration in ppb measured at the exit of the reactor after the light activation and
averaged over the last 10 min.

Photocatalytic tests were conducted on glass samples coated with TiO2 P-25 oxide,
TiO2/SBA-15 nanocomposite, and SBA-15 mixed with TiO2 P-25 oxide. Each test was
repeated twice.

4. Conclusions

In this paper, we have investigated a novel metalorganic method for the preparation of
bare TiO2 and TiO2/SBA-15 nanocomposite powders aimed at the photocatalytic abatement
of NO pollutant gas (400 ppb). The photocatalytic activity of the different materials
prepared in this study is compared, at a laboratory reactor scale, with that of commercial
TiO2 P-25 powder. The mechanical combination of TiO2 powders with mesoporous SBA-15
silica results in improved photocatalytic abatement of NO compared to bare TiO2 powders.
This improvement is likely due to a more efficient UV diffusion pathway toward the
TiO2 grains. However, chemically prepared TiO2/SBA-15 nanocomposites demonstrate
even higher photocatalytic activity compared with the simple physical mixing of TiO2
powders with SBA-15 and bare TiO2 oxides. Specifically, the nanocomposite prepared
from Ti-Amd precursor, which is more reactive than TEMAT under hydrolysis conditions,
exhibits the best activity for NO abatement with a value of 4.0% (NO abatement/mg of
TiO2 deposited on the glass substrate surface), which represents a 40% increase compared
to TiO2 P-25. Thus, maximizing the interaction and relationship between porous silica and
TiO2 nanoparticles is helpful to achieve a higher synergistic effect for the photocatalytic
degradation of NO pollutants. Future work will focus on incorporating Au nanoparticles
onto chemically prepared TiO2/SBA-15 nanocomposites to further enhance the catalytic
activity thanks to the plasmonic properties of the noble metal nanoparticles in the visible
domain of the spectrum.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics12070183/s1, Figure S1: FTIR spectra for SBA-15
according to the hydration pre-treatments; Figure S2: 29Si MAS NMR spectra of SBA-15 powders
according to the hydration pre-treatments; Figure S3: 29Si CP-MAS NMR spectra of SBA-15 powders
according to the hydration pre-treatments; Figure S4: Small-angle XRD diagrams of SBA-15 powders
according to the hydration pre-treatments; Figure S5: N2 adsorption isotherms of SBA-15 powders
according to the hydration pre-treatments; Figure S6: SEM images of SBA-15 powders according
to the hydration pre-treatments; Figure S7: Scheme of the glass vessel used for the controlled
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hydrolysis of metalorganic precursor in organic solvent under argon; Figure S8: Refinement of
anatase structures against PDF obtained on (a) TiO2-amd and (b) TiO2-TEMAT after calcination at
500 ◦C; Figure S9: X-ray diffraction diagrams of TiO2 powders obtained after annealing at 500 ◦C
under air of precursor (a) Ti-Amd and (b) TEMAT; Figure S10: TEM images of TiOx powders obtained
from hydrolysis of TEMAT (a) as-prepared, (b) calcined at 350 ◦C under air, and from hydrolysis
of Ti-Amd (c) as-prepared, (d) calcined at 350 ◦C under air. Magnification is ×50,000 for (a,c), and
×100,000 for (b,d); Figure S11: SEM image of TiO2/SBA15 powders calcined at 500 ◦C showing the
homogeneous repartition of the TiO2 over the silica matrix in the sample (a,c) TiO2 obtained from
TEMAT hydrolysis (magnification ×500 and ×2000 respectively), (b,d) TiO2 obtained from Ti-Amd
hydrolysis (magnification×500 and×5000 respectively); Figure S12: XRD analyses of nanocomposites
TiO2/SBA-15 calcined at 500 ◦C and (a) prepared from precursor TEMAT, (b) prepared from precursor
Ti-Amd.
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Abstract: This study investigates the thermoelectric properties of Se-rich β-Ag2Se synthesized via
a mechanochemical method followed by spark plasma sintering (SPS) in less than 30 min of the
total reaction time. Importantly, only a short 10 min milling process followed by appropriate SPS
was enough to produce single-phase Ag2Se1+x samples with varying selenium content (where x = 0,
0.01, 0.02, 0.04). The introduction of excess selenium significantly influenced the thermoelectric
performance, optimizing the carrier concentration during synthesis and resulting in substantial
thermoelectric improvements. The sample with nominal composition Ag2Se1.01 exhibited a high
dimensionless figure-of-merit (ZT) >0.9 at 385 K, which is nearly six times higher than the reference
sample (β-Ag2Se). Our findings bring valuable insight into the technology of optimization of thermo-
electric characteristics of Se-rich β-Ag2Se, highlighting its potential for applications in thermoelectric
devices. The study demonstrates the energetically efficient and environmental advantage of our
mechanochemical route to produce Se-rich β-Ag2Se, providing a solvent-free and commercially
viable alternative synthesis for energy (thermoelectric and solar energy).

Keywords: thermoelectric properties; β-Ag2Se1+x; mechanochemistry; planetary ball milling

1. Introduction

In the quest for environmentally friendly and efficient thermoelectric (TE) materials
capable of harnessing waste heat for clean electricity generation, the attention has shifted
towards materials facilitating the direct conversion of heat to electricity and vice versa
without generating excessive noise and emissions [1].

To achieve widespread utilization of TE materials, it is crucial that they exhibit high
performance and cost-effectiveness. The energy conversion efficiency of TE materials is
quantified by the dimensionless figure-of-merit ZT:

ZT =
S2

ρλ
, (1)

where S is the Seebeck coefficient, ρ is the electrical resistivity, λ is the thermal conductivity
and T is the absolute temperature [2]. The figure-of-merit ZT directly influences the
efficiency of TE devices like thermoelectric generators (TEGs) and heat pumps [3–6]. Higher
ZT values are desired, and materials of interest for TE applications are expected to have a
figure-of-merit ZT of at least one [7].

Ag2Se exists in two main structural phases, each with distinct physical properties
that significantly influence its applicability in energy conversion technologies. At low
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temperatures (LT) below 407 K, Ag2Se crystallizes in the orthorhombic β-phase (space
group P212121), which is a semiconductor. This phase is characterized by a highly ordered
crystal lattice, exhibiting low electrical resistivity, relatively high Seebeck coefficients, and
low lattice thermal conductivity. These attributes make the β-phase highly suitable for
thermoelectric applications, particularly in the conversion of waste heat into [8,9]. Above
407 K, Ag2Se undergoes a first-order phase transition to the cubic α-phase (space group
Im3m) [10,11]. The α-phase is characterized as a superionic conductor, where silver ions
exhibit high mobility within the lattice, leading to significantly increased ionic conduc-
tivity. While this property is advantageous for certain applications, such as solid-state
electrolytes, it results in reduced thermoelectric performance due to higher electrical re-
sistivity and altered thermal conductivity in the α-phase. Consequently, the β-phase of
Ag2Se is the primary focus for thermoelectric applications because its semiconducting
behavior and stable structure support the optimized interplay of electrical and thermal
properties necessary for achieving high ZT values [12,13]. The dominance of the β-phase at
low temperatures aligns with the overarching goal of thermoelectric materials to efficiently
convert waste heat into electricity in operational environments typically below the α-to-β
phase transition temperature.

Noteworthy advancements in this domain include the work of Mi et al., which
achieved the highest figure-of-merit ZT of 0.96 at T = 401 K through the implementa-
tion of excess selenium in Ag2Se [14]. Mi et al. achieved this by preparing Se-rich β-Ag2Se
using high-temperature annealing followed by controlled cooling, emphasizing composi-
tional tuning and phase stability to enhance thermoelectric properties. Chen et al. further
contributed by preparing the LT orthorhombic phase β-Ag2Se, characterized by high poros-
ity and attained a maximum ZT of 0.9 at T = 390 K [15]. Their unique approach involved
the fabrication of porous β-Ag2Se through a melting and sintering process, leveraging en-
hanced phonon scattering properties of the porous structure to reduce thermal conductivity.
Building on this, Jood et al. successfully suppressed the metastable structure of Ag2Se
using a slight excess of selenium, resulting in the highest ZT of 1.0 at T = 375 K [16]. This
underscores the potential of selenium excess as a strategy for enhancing TE properties,
warranting further in-depth studies for the development of an economical and effective
preparation method.

Furthermore, the combination of silver (Ag) and selenium (Se) presents significant
advantages regarding lower toxicity. This differs from the combinations of silver with
tellurium (Te) or bismuth (Bi). Additionally, Ag2Se is a promising and stable thermoelec-
tric (TE) material, maintaining its stability even at 300 K [15]. Additionally, this material
is cheaper to produce by omitting rare and expensive Te and replacing it with Se [17].
Ferhat et al. recently identified Ag2Se as a promising candidate for TE applications in
TE coolers and sensor devices [18]. This is attributed to the unique characteristics of the
low-temperature modification of Ag2Se, which exhibits unusually low lattice thermal con-
ductivity (λL~0.5 W·m−1·K−1), coupled with low electrical resistivity (ρ~5.10−6 Ω·m) and a
relatively high Seebeck coefficient (S~−150 µV·K−1 at 300 K) [19]. Given recent discoveries
of significant positive volume magnetoresistance [20] and thin-film behavior [21] in Ag2Se,
it becomes imperative to undertake a detailed exploration of this system for TE applications
at LTs as well [18].

In the broader context of the preparation of Ag2Se-based compounds, the pursuit of
enhanced performance and efficient synthesis methods remains a driving force. Conven-
tional approaches to synthesizing Ag2Se have drawbacks such as low yield, multiple steps,
and long processing periods, contributing to elevated production costs and environmental
impact [22]. Additionally, traditional melting–annealing–sintering processes for Ag2Se
are time-consuming and energy-intensive [23]. These limitations highlight the need for
more efficient and environmentally friendly synthesis approaches for Ag2Se and related
materials. The present research challenges these conventional methods by introducing a
novel approach to the preparation of Ag2Se-based compounds. The data from various
studies emphasize the importance of developing rapid, cost-effective, and less toxic syn-
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thesis methods to overcome the cons associated with the conventional synthesis routes of
Ag2Se [24].

A novel approach to the preparation of Ag2Se-based compounds involves utilizing
single-source molecular precursors for the synthesis of Ag2Se nanocrystals, as demonstrated
in one study [25]. Another study highlighted the successful synthesis of binary Ag2Se
and composite Ag0:Ag2Se through an ambient aqueous-solution-based approach without
high-temperature heating or the use of organic solvents [26]. Additionally, a unique method
involving the nanostructuring of g-Se with silver nanoparticles led to the formation of
fine nanowires of trigonal selenium within the glass matrix, enhancing various physical
properties effectively [27].

Drawing upon prior research, the transport properties of Ag2Se demonstrate a signifi-
cant sensitivity to synthetic methods, composition variations, and resulting defects [16].
For example, Huang et al. [28] employed multiple methods (melting, melting with spark
plasma sintering (SPS), and mechanical alloying with SPS) to prepare Ag2Se bulk materials,
resulting in imperfections such as nanosized Ag- or Se-rich precipitates, micropores with
Se-aggregated interfaces, and large voids. These imperfections have the potential to impact
thermoelectric performance, uniformity, and reproducibility.

The thermoelectric performance of β-Ag2Se prepared by conventional methods has
been widely studied, with ZT values ranging from 0.8 to 1.0 in the 300–400 K range. For
instance, Huang et al. reported ZT values of up to 0.9 using melting and spark plasma
sintering [28], while Jood et al. achieved a ZT of 1.0 at 375 K by introducing selenium excess
to stabilize the matrix [16].Other studies highlight how crystallographic orientation [13]
and porosity control [29] significantly influence performance.

However, traditional synthesis methods face challenges such as high energy con-
sumption, long processing times, and defect formation, which can degrade transport
properties [18,28]. Newer approaches, such as nanostructuring and solution-based tech-
niques, have shown promise in improving Seebeck coefficients and reducing thermal
conductivity [26]. The rapid mechanochemical synthesis employed in this study stands
out by enabling the precise control of selenium excess, resulting in a high ZT of 0.94 at
385 K. While the direct comparison with the conventional methods is difficult due to the
novelty of this approach, our results align with general trends observed in the literature,
demonstrating its potential for superior thermoelectric performance.

Jood et al.’s identification of a metastable phase in nominally stoichiometric Ag2Se,
which is believed to negatively impact transport properties, prompted successful interven-
tions [16]. They prevented the formation of this metastable phase and stabilized the matrix
by introducing a slight excess of anions (Se and S). This intervention resulted in achieving
high mobility (2510 cm2·V−1·s−1 at 300 K, low lattice thermal conductivity (0.2 W·m−1·K−1

at RT), and a high ZT (≈1.0 over 300–375 K) in anion-rich compositions. These findings
underscore the complexity of Ag2Se in comparison to previously described aspects and
emphasize the need for a detailed exploration of this system for TE applications at LTs [18].

In this study, Se-doped polycrystalline Ag2Se featuring fine grains was synthesized
using mechanochemical synthesis followed by the SPS treatment under relatively mild
conditions. This research focuses on an in-depth exploration of the thermoelectric prop-
erties, with particular attention given to elucidating the impact of the Se substitution on
the enhancement of thermoelectric characteristics. The initial results of measuring the
thermoelectric properties of the β-Ag2Se material were recently published, and this ex-
tended study builds upon them by focusing on the preparation of Se-rich β-Ag2Se [30].
The results from this study presented herein not only showcase the efficiency of the rapid
synthesis approach but also underscore the superior thermoelectric properties exhibited by
the Se-rich β-Ag2Se, positioning it as a noteworthy candidate for applications in waste heat
recovery and energy harvesting [31].

The purpose of this work is to develop and evaluate the aforementioned scalable,
solvent-free, and energy-efficient approach for producing selenium-rich β-Ag2Se by fine-
tuning selenium content. Then, we analyze its effects on microstructure and carrier concen-
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tration. Overall, this study aims to optimize the material’s thermoelectric properties and
demonstrate its potential for achieving high ZT values.

2. Results and Discussion
2.1. Phase Composition and Microstructure Analysis

The structural aspects of milled samples and samples after SPS treatment with the
chemical composition of Ag2Se1+x (x = 0, 0.01, 0.02, 0.04) were characterized using pow-
der pXRD analysis. The pXRD analysis of milled samples confirmed the presence of the
orthorhombic phase of β-Ag2Se after 10 min of milling. In Figure 1a, the pXRD patterns
of the powder samples after mechanochemical synthesis are depicted. The quantitative
phase analysis confirmed that all milled Ag2Se1+x samples exhibited varying phase com-
positions, with the main phase being the orthorhombic β-Ag2Se (space group P212121,
a = 4.333 Å, b = 7.062 Å, c = 7.761 Å), (see Table 1). The pXRD analysis of milled mixtures
indicates that the slight excess of Se provides a material with a composition close to that of
stoichiometric β-Ag2Se. By altering the composition through milling, i.e., adding Se, the
chemical composition improved, and in the Ag2Se1.01 sample, the β-Ag2Se phase is the
most dominant, approaching the stoichiometric composition of the pure β-Ag2Se phase.
This might be explained by the lower purity of the used Se compared to Ag or the volatility
of some selenium chemical species. An additional amount of Se, however, hinders the
formation of β-Ag2Se during the 10 min milling period as more elemental Ag is found
in the mixtures. Achieving proximity to the stoichiometric composition by adding Se to
the matrix is therefore essential to optimize the final chemical composition, which leads to
enhanced thermoelectric properties as discussed further.

The phase composition of the investigated Ag2Se1+x series after SPS was modified in
favor of the pure orthorhombic β-Ag2Se phase as confirmed by the Rietveld refinement
(see the results for the selected sample with x = 0.01 in Figure 1b). This finding further
supports the short milling time required to homogenize the input mixture, even if no
full conversion is observed in all cases after the milling process. The total reaction time
needed to obtain a phase of pure material was less than 30 min. After SPS treatment, the
amount of elemental Ag in the stoichiometric mixture Ag2Se1+x (x = 0) was so small that it
could not be practically quantified. As there were no visible reflections of Se after the SPS
process (x = 0.02, 0.04), it was assumed all Se atoms had been incorporated into the crystal
structure of the compound. All Se-rich samples comply with the phase pure orthorhombic
phase β-Ag2Se. This is in accordance with previously observed results of Mi et al. [14]
and the phase diagram of the Ag-Se system [32]. HT-pXRD patterns were measured to
detect a phase transition to the cubic phase α-Ag2Se, which took place at 400 K (Figure 1c).
A transitional state was captured at 403 K where both phases were present, suggesting
that the phase transformation was not as fast and needed more energy. The results of the
HT-pXRD measurement correspond well with the measured TE data.

This investigation, emphasizing the chemical composition and structure of the Ag2Se1+x
series, harmonizes with and reinforces prior research delving into analogous materials. Sev-
eral seminal studies [14,22,33,34] have investigated the crystal structures of Ag2Se and its
derivatives with varying selenium concentrations, shedding light on the intricate interplay
between composition, structure, and TE properties. In line with these investigations, Mi
et al. focused on the thermoelectric properties of the Ag2Se1+x series prepared via anneal-
ing at high temperatures, particularly highlighting the crystallographic characterization
of the samples. Mi et al. observed that all Ag2Se1+x series samples crystallize with the
orthorhombic structure further corroborating our findings from the pXRD analysis of the
mechanochemically synthesized Ag2Se1+x series [14].
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Table 1. Representation of individual phases and lattice parameters in the Ag2Se1+x series before and
after SPS as calculated from quantitative Rietveld analysis.

Sample
Individual Phases

(mol.%)
Lattice Parameters for Ag2Se1+x Phase

(Å)

Ag2Se Ag Se a b c

Ag2Se1.00 93.0 7.0 0.0 4.3352 ± 0.0002 7.0675 ± 0.0003 7.7723 ± 0.0003
Ag2Se1.01 99.1 0.6 0.3 4.3347 ± 0.0001 7.0673 ± 0.0002 7.7725 ± 0.0002
Ag2Se1.02 73.5 13.0 13.4 4.3350 ± 0.0001 7.0675 ± 0.0002 7.7726 ± 0.0002
Ag2Se1.04 73.2 10.4 16.4 4.3350 ± 0.0001 7.0674 ± 0.0002 7.7723 ± 0.0002

Ag2Se1.00 SPS 100 0.0 0.0 4.3367 ± 0.0003 7.0695 ± 0.0004 7.7742 ± 0.0004
Ag2Se1.01 SPS 100 0.0 0.0 4.3356 ± 0.0002 7.0676 ± 0.0003 7.7697 ± 0.0003
Ag2Se1.02 SPS 100 0.0 0.0 4.3356 ± 0.0002 7.0678 ± 0.0003 7.7704 ± 0.0003
Ag2Se1.04 SPS 100 0.0 0.0 4.3346 ± 0.0002 7.0663 ± 0.0003 7.7680 ± 0.0003
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Figure 2 illustrates the microstructural evolution of β-Ag2Se1+x (x = 0, 0.01, 0.02,
0.04) captured via SEM. SEM images (a)–(d) show the samples after mechanochemical
synthesis, highlighting the initial morphology. After mechanochemical synthesis, the
samples exhibited similar morphologies, with the exception of x = 0, where two distinct
morphologies were observed: rod-like and spherical, consistent with the prior findings
detailed in previous study [30]. The morphologies of samples with x = 0.01, 0.02, and 0.04
are similar, characterized by the absence of rod-like particles.
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able changes include variations in grain boundaries and the appearance of porosity, which 

Figure 2. SEM images of β-Ag2Se1+x (x = 0, 0.01, 0.02, 0.04 from left to right) (a–d) after mechanochem-
ical synthesis and (e–h) after sintering including EDX with elemental mapping.

Subsequently, SEM images (e)–(h) show the samples after SPS with EDX values in-
cluded. The sintering process induced significant changes in the microstructure. Observable
changes include variations in grain boundaries and the appearance of porosity, which is
indicative of structural reorganization during the sintering process. While the crystal
structure remained unchanged, the process led to a tighter arrangement of individual pow-
der particles, facilitating the formation of well-defined crystal grains. These observations
align with the literature, which highlights that reorganization is inherent to the sintering
process [35]. Additionally, the observed porosity and fracture surfaces were evident in
the sample’s morphology, and they are of critical importance for the thermoelectric (TE)
properties of β-Ag2Se. These features can significantly affect electrical transport properties
by potentially suppressing activated charge carriers.

Furthermore, the EDX analysis after SPS confirms a close 2:1 ratio of Ag to Se, which is
consistent with the expected stoichiometry of the main β-Ag2Se phase in the system. EDX
analysis reveals that elements Ag and Se are homogeneously distributed in all samples,
further confirming findings from pXRD analysis for β-Ag2Se preparation through the
combined mechano-thermal method.
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2.2. Thermoelectric Properties

The temperature dependence of electrical resistivity (ρ), Seebeck coefficient (S), thermal
conductivity (λ), and the figure-of-merit ZT is illustrated for the Ag2Se1+x series in the
temperature range of 5–440 K in Figure 3. All four parameters clearly indicate a distinct
phase transition from the orthorhombic to the cubic phase at around 400 K, which is
consistent with the literature [36,37]. Discrepancies in the curves measuring thermoelectric
properties at low and high temperatures can be attributed to the use of different instruments.
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conductivity, λ; and (d) figure-of-merit ZT.

Electrical resistivity as a function of temperature is shown in Figure 3a. The Ag2Se1.00
sample consistently exhibits lower resistivity values compared to the other samples (x = 0.01,
0.02, 0.04). At low temperatures, the resistivity of all samples shows an initial increase as
temperature decreases, reaching a maximum at 55–73 K. This behavior corresponds to the
semiconductor nature of the materials, where carrier mobility decreases with decreasing
temperature. Samples undergo a transition to a metallic character below this maximum
with resistivity decreasing and eventually saturating at temperatures below 10 K. This
temperature-dependent trend is characteristic of the Ag2Se system and aligns with the
previous study [38].

In the temperature range of 150–375 K, electrical resistivity (ρ) decreases with in-
creasing temperature, which is typical for semiconductors, as the thermal excitation of
carriers dominates over scattering effects [14,16,39]. The higher resistivity of samples
observed is attributed to a lower concentration of free electrons caused by the changing
Se content [40,41]. For example, Jood et al. reported that the electron concentration for
stoichiometric Ag2Se was approximately 6 × 1018 cm−3 [16], decreasing to 4 × 1018 cm−3

in Ag2Se1.01 and remaining stable for higher excess Se contents.
The temperature dependence of the Seebeck coefficient (S) is shown in Figure 3b.

Negative values across the entire temperature range confirm the n-type semiconductor
nature of all samples. The absolute values of S are higher for samples (x = 0.01, 0.02,
0.04) between 20 K and 300 K. The observed increase in the Seebeck coefficient for the
selected samples correlates with the reduced carrier concentration due to selenium content
variation. Concurrently, the reduction in thermal conductivity is attributed to enhanced
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phonon scattering caused by the changing selenium content. These effects synergistically
contribute to the improved ZT value observed in the Ag2Se1.01 sample with peak ZT of 0.94
at 385 K.

The thermal conductivity (λ) data are presented in Figure 3c. Thermal conductivity is
generally low across the whole temperature range, which is a key feature for thermoelectric
materials. For stoichiometric Ag2Se1.00, λ is higher due to a significant electronic contri-
bution to heat transport. At LTs, the lattice contribution dominates, and a pronounced
phononic peak at around 10 K is observed, which is typical for crystalline materials. This
peak correlates with the Se content, where a lower carrier concentration in Se- modified
samples reduces phonon scattering and results in higher lattice thermal conductivity.

At HTs, thermal conductivity becomes weakly temperature-dependent, with the
electronic contribution playing a more prominent role. In the range of 300–450 K, the
λ values exhibit only minor variations around the phase transition. However, the slight
increase in λ near 380–400 K should be regarded with caution, as it is challenging to measure
thermal conductivity precisely in the vicinity of a phase transition.

The temperature dependence of the figure-of-merit (ZT) is shown in Figure 3d. For all
samples, ZT increases with temperature, reaching a maximum just before the phase transi-
tion at approximately 385 K. Beyond this transition, ZT values drop sharply, decreasing
by a factor of ~2. The maximum ZT of 0.94 is achieved for the Ag2Se1.01 sample at 385 K,
highlighting its optimized balance of thermoelectric properties. Se-modified samples show
consistent trends, with their ZT values peaking at the same temperature, further empha-
sizing the influence of phase transitions on thermoelectric performance. This behavior
underscores the significance of fine-tuning the composition of Ag2Se1+x to optimize the
thermoelectric properties, particularly around the phase transition temperature.

The observed ZT peak near 385 K in the samples can be attributed to a combination of
factors that influence the material’s thermal and electrical properties. As the temperature
approaches the orthorhombic-to-cubic phase transition, several phenomena occur that
enhance the thermoelectric performance. Firstly, the reduction in thermal conductivity is
a critical factor contributing to enhanced ZT. As the temperature nears the phase transi-
tion, the lattice thermal conductivity continues to drop while the electronic contribution
remains stable, thus reducing the total thermal conductivity [42]. Secondly, the optimized
carrier concentration and mobility in the Ag2Se1+x system are pivotal in achieving high
thermoelectric performance. Tuning the selenium amount in the Ag2Se1+x system leads
to a reduction in the concentration of free electrons, which optimizes carrier mobility.
This balance between carrier concentration and mobility results in an increased Seebeck
coefficient, particularly near the phase transition, without a significant rise in electrical
resistivity [43,44].

Furthermore, the temperature-induced enhancements associated with the orthorhom-
bic phase contribute to improved thermoelectric performance. The orthorhombic phase
has more inherent semiconducting properties than the cubic phase, making it better suited
for thermoelectric applications. As the material approaches the phase transition, it exhibits
enhanced electronic properties, including a higher Seebeck coefficient and more stable
electrical resistivity [45,46]. This transition not only influences the electronic structure but
also affects the overall thermoelectric efficiency, as the material’s response to temperature
changes becomes more favorable for thermoelectric generation.

These factors together contribute to the observed ZT peak near 385 K just before
the phase transition to the cubic phase. Once the phase transition occurs, the material
undergoes structural changes that disrupt the favorable balance of thermal and electrical
properties, leading to a sharp decrease in ZT. This behavior underscores the importance of
optimizing the composition of Ag2Se1+x around the phase transition to achieve the best
thermoelectric performance.

The observed trends are consistent with previous research, confirming the potential of
this system for thermoelectric applications [7,9,31,33].
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3. Materials and Methods
3.1. Mechanochemical Synthesis

Se-rich samples of β-Ag2Se1+x (x = 0, 0.01, 0.02, 0.04) were prepared from the following
elements: Ag (99.9%, 125 µm, Thermo Fisher Scientific Chemicals, Waltham, MA, USA) and
Se (99.5%, 74 µm, Aldrich, Darmstadt, Germany). The simple mechanochemical synthesis
of β-Ag2Se1+x was carried out by milling in a laboratory planetary mill PULVERISETTE
6 classic line (Fritsch, Idar-Oberstein, Germany), following Equations (2)–(5):

2 Ag (s) + 1.00 Se (s) → Ag2Se1.00 (s) (2)

2 Ag (s) + 1.01 Se (s) → Ag2Se1.01 (s) (3)

2 Ag (s) + 1.02 Se (s) → Ag2Se1.02 (s) (4)

2 Ag (s) + 1.04 Se (s) → Ag2Se1.04 (s) (5)

and under the milling conditions specified in Table 2.

Table 2. Conditions for the mechanochemical synthesis of β-Ag2Se.

Volume of the Milling Chamber: 250 mL
Material of Milling Chamber and Medium: WC
Loading of Milling Chamber: 50 balls (Ø10 mm)
Ball-to-Powder Ratio (BPR): 73:1
Total Mass of Input Reactants: 5 g
Milling Atmosphere: Ar
Addition: Methanol (<1 mL)
Rotation Speed: 550 rpm
Milling Time: 10 min

3.2. Pellets for the Measurements of Thermoelectric Properties

Ultimately, the powders from mechanochemical synthesis were subjected to the spark
plasma sintering (SPS) process within a graphite die, with a sintering temperature of 723 K,
a holding time of 15 min, and an applied pressure of 80 MPa, resulting in the formation
of pellets (Ø 10 mm). To remove the excess graphite layer remaining on the surface after
SPS, the pellets were polished. To facilitate further measurements, the polished pellet
was divided into smaller geometrically appropriate parts using a diamond wire saw. All
analyses were performed on the parts originating from a single pellet. The sample’s mass
was determined using analytical balances, and dimensions were obtained through multi-
ple measurements using a calibrated digital caliper. The theoretical density, determined
based on lattice parameters obtained from the ICSD database (Inorganic Crystal Structure
Database), was calculated to be 8.23 g·cm−3. The density of the prepared tablets was calcu-
lated from geometric dimensions and sample mass. However, the experimental density
values of all samples were approximately 15% lower than the theoretical density. This
discrepancy arose due to several factors, including residual porosity within the pellets
caused by the SPS process, microstructural inhomogeneity, and surface effects or residual
impurities. Despite this discrepancy, the experimental densities are sufficient to support the
high thermoelectric performance demonstrated by the samples, indicating that the remain-
ing porosity or inhomogeneity does not negatively impact the key transport properties.
The studied series with the chemical composition Ag2Se1+x and calculated pellet densities
are given in Table 3.

3.3. Characterization Techniques

The phase purity of β-Ag2Se1+x was checked by powder X-ray diffraction acquired on
powder Bruker D8 Advance diffractometer with CuKα radiation equipped with a Lynxeye
XE-T detector. Phase transition occurring around 404 K was further studied using powder
X-ray diffraction (pXRD) measurements performed in Bragg–Brentano geometry using a
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Cu lamp and strip D/teX detector by Rigaku Ultima IV type II (Tokyo, Japan). The sample
was placed in a standard holder in the high-temperature chamber HTK 1200N (Anton Paar,
Graz, Austria) in an oxygen atmosphere. The chamber was heated to 423 K and then cooled
back to room temperature. During this process, the temperature change was controlled
at a constant rate, and the goniometer was rotated at a speed of 0.02 degrees per minute
(θ/min).

Table 3. Calculated densities of the pellets with the mixture composition β-Ag2Se1+x.

Sample Composition
Experimental Density of

Pellet
(g·cm−3)

Experimental Density of
Pellet

(%)

Ag2Se1.00 7.07 86.1
Ag2Se1.01 6.94 84.4
Ag2Se1.02 6.71 81.6
Ag2Se1.04 6.95 84.6

A scanning electron microscopy (SEM) investigation was conducted employing the
MIRA3 FE-SEM microscope (TESCAN, Brno, Czech Republic), which was fitted with an
energy-dispersive X-ray (EDX) detector (Oxford Instruments, Abingdon, UK) for EDX
analysis.

To measure the TE properties below 300 K, a commercial apparatus called the Physical
Property Measurement System (PPMS) from Quantum Design (San Diego, CA, USA) was
utilized. For concurrent measurements of electrical resistivity, ρ, Seebeck coefficient, S, and
thermal conductivity, λ, the Thermal Transport Option (TTO) sample holder was employed.

The electrical resistivity was measured simultaneously with the Seebeck coefficient
via the four-terminal and static direct-current method using custom equipment. The
sample together with the holder, was placed in a furnace controlled by the Lakeshore
331S temperature controller. A Keithley 2401 source meter served as the source for a
gradient heater and a current source for measuring electrical resistivity. Meanwhile, an
Agilent 34970A data acquisition unit equipped with a multiplexing card was responsible
for scanning the voltages and temperatures across the sample. The thermal conductivity
was measured by a laser flash method in a flowing N2 atmosphere (LFA 467, Netsch,
Selb, Germany) in the temperature range of 300–440 K and was obtained as a product
of measured thermal diffusivity, heat capacity (using Pyroceram 9606 as a standard) and
experimental density.

Low-temperature (LT) and high-temperature (HT) measurements allowed us to ob-
serve the temperature dependence of the thermoelectric properties and identify the maxi-
mum ZT values at required temperatures.

4. Conclusions

Mechanochemistry, a field gaining increasing prominence in materials science, in-
volves chemical transformations induced by mechanical force. The planetary ball mill
employed in this study served as a powerful tool to harness mechanochemical reactions,
allowing for the expedited synthesis of Ag2Se1+x compounds. The distinctive advantage of
this approach lies in its ability to achieve a high degree of mixing and reactivity over a short
duration. This led to the formation of finely tuned thermoelectric materials with enhanced
properties. It is noteworthy that the accelerated synthesis of Ag2Se1+x in a remarkably brief
10 min milling process sets a new benchmark for the synthesis of Ag2Se-based compounds.
The implications of this rapid mechanochemical synthesis are far-reaching, promising to
streamline production processes, reduce energy consumption, and open new avenues for
the exploration of thermoelectric materials.

This study successfully demonstrated the enhanced thermoelectric properties of β-
Ag2Se synthesized via a rapid mechanochemical approach followed by spark plasma
sintering (SPS). The varying amounts of selenium (x = 0, 0.01, 0.02, 0.04) significantly
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affect the thermoelectric performance by optimizing carrier concentration and reducing the
thermal conductivity of the material. The best-performing sample, with the composition
of Ag2Se1.01, achieved a dimensionless figure-of-merit (ZT) of 0.94 at 385 K. While the ZT
value of 0.94 for the Ag2Se1.01 sample is high, it does not surpass the best-known values
in the literature, such as the ZT of 1.0 achieved by Jood et al. [16] or 0.96 reported by Mi
et al. [14]. These higher values were achieved using more time-intensive or complex syn-
thesis techniques, such as the annealing or suppression of metastable phases. Nonetheless,
our rapid mechanochemical method combined with SPS demonstrates a competitive ZT
value, offering a practical and scalable alternative for the synthesis of this thermoelectric
material. The modification of selenium amount has been demonstrated as an effective
strategy for tuning the thermoelectric performance of Ag2Se, consistent with previous
research findings.

Phase composition analysis confirms the predominance of the orthorhombic β-Ag2Se
phase, which highlights the effectiveness of the mechanochemical synthesis and subse-
quent SPS method. The SPS process plays a crucial role in achieving phase purity and
transforming the sample into a phase-pure material despite the presence of significant
amounts of unreacted precursors in the milled sample. This finding underscores the im-
portance of SPS as a critical technological step in the preparation of high-purity β-Ag2Se.
Microstructural observations through SEM and EDX analyses reveal significant changes in
grain boundaries and porosity post-sintering. This contributes to the material’s enhanced
thermoelectric characteristics.

The results indicate that the β-Ag2Se place with the composition closest to the stoichio-
metric, and only minimal change in the Se content, leads to the best results mainly because
of reduced lattice thermal conductivity and improvements in electrical conductivity, thereby
achieving a high ZT, which is crucial for the efficient use of thermoelectric materials.

Overall, the results of this work not only confirm the effectiveness of mechanochemical
and SPS methods for preparing high-performance β-Ag2Se materials but also provide a
foundation for future research aimed at further improving and applying these materials
in the field of thermoelectrics. By demonstrating the benefits of selenium doping and the
viability of the synthesis methods used, this study advances our understanding of how to
enhance thermoelectric materials for practical and sustainable energy solutions.
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Abstract: Cu-doped TiO2 films were synthesized directly on FTO glass with a spin coating method.
With a variation in copper amount, samples were prepared with 0%, 1%, 2%, 4% and 8% of dopant
concentrations. Morphological and structural characterization of undoped and Cu-doped TiO2

samples were investigated and the obtained results showed the small, spherical shapes of the
nanoparticles forming a thin film on top of FTO glass and their preferred orientation of TiO2 anatase
(101), which is the same for each sample. However, this peak exhibited a slight shift for the 2% sample,
related to the inflation of the microstrain compared to the other samples. For the optical properties,
the 4% sample displayed the highest transmittance whereas the 2% sample exhibited the lowest band
gap energy of 2.96 eV. Moreover, the PL intensity seems to be at its highest for the 2% sample due to
the present peaking defects in the structure, whereas the 8% sample shows a whole new signal that is
related to copper oxide. These properties make this material a potential candidate to perform as an
electron transport layer (ETL) in solar cells and enhance their power conversion efficiency.

Keywords: titanium dioxide TiO2 nanoparticles; copper Cu doping; perovskite solar cells PSCs;
electron transport layer ETL

1. Introduction

Renewable energy sources are witnessing an immense growth in industrial develop-
ments and technologies, as they started with conventional solar cells and biomass combus-
tion and progressed to innovative hydrogen production systems that are still to this day
under assessment [1]. Solar cells have their share in spreading and reinforcing renewable
energy technologies into industry and their flourishing success [2]. Moreover, solar panels
have been expanding and diverting over the years; they were pioneered with different
materials and different systems, as you can find monocrystalline and polycrystalline as
well as amorphous silicon solar cells, plasmonic, multi-junction, thin films, quantum dots,
dye-sensitized, perovskite and organic–inorganic hybrid solar cells [3–5]. All of these types
of solar panels have received great feedback on their efficiency and yielding [6]. Among the
third generation, perovskite solar cells (PSCs) have gained a lot of recognition due to their
high power conversion efficiency (PCE), which was recently reported to have increased
from 3.8% in 2009 to 25.2% in 2020 [7], which is very close to the notional Shockley–Queisser
efficiency limit (~33%), and also, perovskite materials possess a narrow direct band gap,
leading to a high optical absorption coefficient and broadband absorption and thus a long
charge carrier lifetime and high mobility, and they also offer a simple, low-cost and effective
synthesis methods [8]; several types of perovskite have been developed to create a better
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absorber with excellent optoelectronic properties, like a slow recombination rate of e−/h+

pairs [9], and the ABX3 formula is the most used one, where A is an organic (CH3NH3
+ or

MA and FA) or alkali metal, B is a bivalent metal (Pb, Sn and Ge) and X is a halide anion,
and this formula is called organic–inorganic metal halide perovskite [10], and we can also
find other types like RP phase layered perovskite and ACI-type perovskite. From all of
these types, it seems that the Pb2+-based perovskite is needed for exhibiting excellent pho-
toelectric properties [11]. After all of these successful achievements of perovskite solar cells,
they are still deteriorated by the issue of charge carrier recombination [12]. So, engineering
the lane of carriers between the perovskite active layer and the electron transport layer
(ETL) is vital to enhance the PCE [13]. However, many factors affect the power conversion
efficiency (PCE) of PSCs with an n-i-p structure or inverted p-i-n structure, and it seems
that the most crucial is the charge carrier transfer procedure at the interfaces [14], such
as the interface between electron transport layer (ETL) and perovskite and hole transport
layer (HTL); it is better to construct a contact interface that reduces charge carrier trapping
at the interface, which leads to their recombination. Some researchers have focused on
engineering the ETL and HTL separately to optimize their electrical and optical properties,
since the chemical stability of these layers as well as the thickness, absorption spectrum,
doping and interfacial defects can badly effect the extraction and transportation of the
photogenerated charge carriers from the perovskite absorber layer, leading to a reduction
in the PCE [15–17]. The most commonly used metal oxides for an ETL are TiO2, ZnO, SnO2
and ZrO2. But TiO2 is frequently selected due to its low cost, great chemical stability, suit-
able conduction band and high electric conductivity [18]; even a solar cell with a TiO2 ETL
reported a 24.66% PCE. But the drawbacks presented by TiO2 mainly consist of the large
energy barrier at the perovskite/TiO2 interface and its limited UV light absorption which
hinders efficient charge transfer, causing researchers to turn to other metal oxides [19,20].
To overcome these drawbacks, tuning the energy levels is the optimal choice either via
doping or/and inserting an interlayer between the ETL and perovskite layer to achieve
a prime energy alignment. To create a smooth contact interface, some researchers have
resorted to adding Cl ions to expand the electron diffusion length; S. D. Stranks et al.
reported the aftermath of adding Cl ions to the perovskite solar cells, as the PCE went from
4.2% to 12.2% [21]. As for the alteration of TiO2 ETL properties, for instance the Fermi level,
band gap and electrical conductivity, the doping process has been highly suggested [22];
furthermore, many metals have been proposed as a supreme dopant candidate for a TiO2
ETL in PSCs, namely Sn, Zn, Ag, Nb and W [23]. Shih-Husan Chen et al. reported that for
PSCs with a meso-Sn-doped TiO2 ETL, the PEC was improved from 16.86% to 20.55% due
to the decrease in defect states and a slight upward shifting of the conduction band and
valence, leading to improved carrier extraction and transport [24]. Also, Sadiq Shahriyar
Nishat et al. reported a 16.44% PEC for a 4.17 mol% Zn-doped TiO2 ETL in a PSC, which
is considered slightly lower compared to the same amount of 4.17 mol% Sn-doped TiO2
that showed a 0.63% higher PCE [22]. Chen et al. reported that a mesoporous Ag-doped
TiO2 ETL in PSCs exhibits a great PEC of 17.7% [25]. Among the transition metals, Cu has
never been used in any research report for doping a TiO2 ETL in a perovskite solar cell,
even considering its high conductivity and abundance, but it has been widely studied in
dye-sensitized solar cells (DSSCs) [26] and it shows great yielding in different doping con-
centrations of TiO2 photoanodes and photocatalysis applications [27–30]. T. Raguram et al.
revealed a maximum efficiency of 3.90% for 0.1 M Cu-TiO2 for DSSC application and
97.12% for Rhodamine B photocatalytic degradation; the 0.1 M Cu-TiO2 synthesized with
the sol–gel method showed a great impact on the structural, optical, morphological and
electrical properties of TiO2, as if the incorporation of Cu concentrations perfectly tailored
the optical band gap and crystallinity of TiO2 nanoparticles, as it shifted from 3.2 eV to
2.3 eV with the addition of copper concentration [31]. A lot of methods exist for Cu-TiO2
synthetization and deposition on FTO glass substrate that have accrued throughout the
years, as each process gives the material a specific size, morphology and other typical
properties. The electrodeposition [32], sol–gel [33], spin coating [34], hydrothermal [35]
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and spray pyrolysis [36] methods are the most commonly used, especially the spin coating
process since it is a very simple, cost effective and easy to manipulate method without
any dissipations of energy and resources [37]; its consistency of a homogeneous dispersion
of nanoparticles on the surface of FTO glass is the main cause of its vast utilization in
wide range of research reports [38]. Ying-Han Liao et al. fabricated a perovskite solar cell
CH3NH3PbI3−xClx/(Sn/TiO2)/FTO with the spin coating method with a variation in the
concentration of dopant Sn, with a PCE of 14.4% for the 1.0 mol% Sn/TiO2 sample; all
the samples showed a successful decrease in band gap and an increase in charge carrier
mobility [39].

Herein, we will prepare an electron transport layer (ETL) that consists of Cu-doped
TiO2 for a perovskite solar cell with the spin coating method, while varying the dopant
concentration; we will study the effect on the morphology, crystallinity and the optical
properties of TiO2, and thus the effect on e−/h+ mobility and recombination. To observe
the power conversion efficiency of the PSCs and the impact of the copper concentration
after the characterization, the samples will be integrated as an ETL in an efficient and
famous perovskite solar cell, as is shown in Figure 1, where a SCAPS simulation will be
used in future work to foretell the PCE of each sample.
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Figure 1. Schematic of perovskite solar cell.

2. Results and Discussion
2.1. Morphological Properties

Figure 2 shows the SEM images of pure and doped TiO2. The TiO2 thin films demon-
strate small spherical nanoparticles at a range of 200–500 nm that are orderly dispersed
on the surface of the FTO glass to form a homogenous film. It seems that the addition
of copper dopant to the TiO2 nanoparticles has no effect on the morphology of the TiO2
nanoparticles; all films depict a granular nanostructure, and with the increase in dopant
concentration percentage, some regions show a microstructural defect with the presence of
bumps and holes.

Figure 3 shows the cross-sectional SEM image of the TiO2 thin films with a thickness
of 350 nm deposited on FTO glass. The thickness of the sample remains the same since
the deposition parameters of the spin coating were sustained with same speed, solution
quantity and duration. Moreover, the thickness seems to range between 340 and 380 nm for
the different dopant concentrations.
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2.2. Structural Properties 
The X-ray diffraction can provide information about the structural properties of the 
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2.2. Structural Properties

The X-ray diffraction can provide information about the structural properties of the
as-prepared samples. Figure 4a depicts a diffractogram with the visible crystalline patterns
of undoped and Cu-doped TiO2 nanoparticles deposited on FTO glass with a preferred
orientation at 2θ = 25.389◦ that correspond to anatase TiO2 (101), according to the ref-
erence card (JCPDS Card 21-1272) [40], and a small peak, with the other intense peaks
corresponding to FTO glass (110), (101), (200) and (211); however, no Cu-related peaks
were observable, which could mean the substitution with the Cu ion was successfully
carried out without interstitial growth [41]. Moreover, the intensity of the anatase (101)
peak increases with the increase in the dopant percentages. This could be due to the high
incorporation of copper into the TiO2 structure, which in turn induces physical stressing on
the lattice. From the used precursors, we can confirm the formation of Cu2+ in the solution
and according to the literature the ionic radius of Cu2+ is (86 pm) and Ti4+ is (74.5 pm) [42].
According to Figure 4b, it seems that as we increase the percentage of the dopant the TiO2
(101) peak vaguely shifts to lower angles, especially for 8% sample. This could be better
interpreted by the calculation of the crystallite size, lattice strain and microstrain, which
are presented below.
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The Scherrer equation for crystallite size and lattice strain determination is [43]

D =
Kλ

βcos θ
(1)

1
D

(2)

The Wilson equation for microstrain determination is [43]

ε =
β

4tan(θ)
(3)

According to Figure 5 and the calculation in Table 1, it seems that the crystallite size
is at its lowest values for the 2% and 4% samples and according to proportionality these
samples also exhibits a high lattice strain and microstrain, which provides information on
the degree of distortion, dislocations and defects present in the crystalline lattice; this could
affect the photosensitivity of TiO2 nanoparticle thin films by inducing the density of charge
carriers [44].
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Figure 5. Variation in (a) FWHM and (b) crystallite size and microstrain of the undoped and 1%, 2%,
4% and 8% Cu-doped TiO2 nanoparticle thin films.
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Table 1. Crystallite size, lattice strain and microstrain calculations of the undoped and 1%, 2%, 4%
and 8% Cu-doped TiO2 at the preferred orientation (101).

Cu-Doped TiO2 (101) 2θ (deg) d(101) (Å) FWHM (rad) D (nm) 1/D (nm−1) E(%) × 10−3

0% Cu 25.389 3.506934 0.002962 47.16 0.0212 3.289

1% Cu 25.388 3.515507 0.003223 43.33 0.023 3.579

2% Cu 25.397 3.472665 0.003748 36.9 0.0271 4.16

4% Cu 25.40 3.513734 0.003749 37.2 0.0268 4.161

8% Cu 25.32 3.508971 0.002896 48.23 0.0207 3.22

2.3. Optical Properties

To acknowledge the effect of Cu doping on the optical properties of the TiO2 nanopar-
ticle thin film, we used UV–Vis spectroscopy and obtained transmittance and absorbance
spectra (Figure 6). Figure 6a depicts the transmittance of each sample, and it seems that the
4% copper dopant TiO2 presents more light transmission than the other samples, followed
by the 2% copper dopant TiO2; this could positively affect the charge mobility and the
performance of TiO2 as an electron transport layer [45]. Figure 6b shows the absorption
spectra of the samples, and it seems that at the range 300–400 nm, the sample with 8%
copper dopant has a high absorbance value compared to the other samples; as for the 2%
and 4% samples, they have a low absorbance value, even lower than the undoped TiO2,
but unexpectedly the 1% sample presents a higher light absorption than the undoped and
2% and 4% Cu-doped TiO2.
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Figure 6. (a) Transmittance and (b) absorbance spectra of the undoped and 1%, 2%, 4% and 8%
Cu-doped TiO2 nanoparticle thin films.

To better understand the effect of doping with copper on the optical band gap of the
samples, we used the Tauc formula below [46]

(Ahυ)1/n = C(hυ − Eg) (4)

where A is the absorption coefficient, C is a constant, Eg is the average band gap of the
material and n depends on the type of the transition. After examination of the obtained
Tauc plots (Ahυ)2 vs. hυ (Figure 7), the difference in the optical band gap is clear. If we
exclude the 2% sample, it is noticeable that by increasing the copper doping percentage
(the concentration of dopant) the optical band gap increases from 3.01 eV for undoped
TiO2 to 3.1 eV for 8% copper-doped TiO2. But it is obvious to state that the optical band
gap for the sample of 2% Cu-doped TiO2 decreases in comparison with undoped and the
other doped samples to a value of 2.96 eV. This is in accordance with Nair et al., who
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studied the effect of doping and crystalline properties on the band gap of nanoparticles
and concluded that clearly there is a correlation between the particle size, strain and band
gap [47]. Considering the calculated values in Table 1 and the obtained results from the
Figure 5, the 2% Cu-doped TiO2 nanoparticle sample presents the lowest crystallite size,
the highest microstrain and the lowest bang gap. So, in short, and as they reported, when
the particle is extremely small, pressure surface increases, meaning lattice strain increases
and thus the band gap decreases [48]. So, as reported, Red shift or a decrease in optical
band gap with a decrease in particle size arises due to the surface and interface effect and
Blue shift or an increase in energy is due to the quantum size effect, which is the case for
1%, 4% and 8% copper-doped TiO2.
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2.4. Photoluminescence

We investigated the recombination of charge carriers for undoped and Cu-doped
TiO2 nanoparticles. All samples were optically characterized with photoluminescence
spectroscopy. As Figure 8 depicts, TiO2 nanoparticles are not photoluminescent, since the
PL spectra did not show any peak around the absorption wavelength that corresponds to the
calculated band gap ranging from 2.96 to 3.1 eV (420–401 nm). The observed peak collection
between 450 and 700 nm is related to the oxygen vacancies in the TiO2 structure [49]. The
peak appears to be decreasing with the increase in dopant concentration, which means a
decrease in the recombination rate of charge carriers e−/h+, hence fast electronic transport
and better photoactivity, except for the 8% and 2% samples, which give a higher PL intensity
which could be due the high formation of defects, while the 4% sample presents the lowest
PL intensity; also, it is clear that the doped samples present the same spectra shape as the
undoped one, which means that Cu doping does not induce any PL signals. The significant
peak of the 8% Cu-doped TiO2 nanoparticles at 780 nm corresponds to the band gap of
CuO (1.6 eV) according to the literature. But this hypothesis cannot be right since the XRD
analysis did not show any peaks related to copper oxide structure, unless it also means that
the formed copper oxide nanoparticles are extremely well dispersed on TiO2 nanoparticles
and that is why they are undetectable by the X-ray diffractometer.
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Figure 8. (a) Photoluminescence and (b) normalized PL spectra of the undoped and 1%, 2%, 4% and
8% Cu-doped TiO2 nanoparticle thin films.

3. Experimental Details Materials and Methods
3.1. Materials

All chemicals and reagents were used directly without further purification as re-
ceived. Absolute ethanol, isopropyl alcohol, acetone, FTO, Titanium diisopropoxide
bis(acetylacetonante) 75 wt.% in isopropanol (C16H32O6Ti) and Cupric Acetate Mono-
hydrate (Copper (II) Acetate Monohydrate) pure, 98% (C4H8CuO5). All the products were
bought from Sigma-Aldrich (St. Louis, MO, USA).

3.2. Pure and Cu-Doped TiO2 Film Elaboration

Firstly, the FTO glass was cleaned with acetone, ethanol and distilled water. Then, to
deposit the TiO2 nanoparticles on the surface of the FTO glass, a simple cost-free method
was used: spin coating, which consists of coating the FTO glass surface with a solution of
titanium precursor. To study the effect of doping, we added a portion of copper precursor,
while varying the amount of copper from 0%, 1%, 2%, 4% to 8%. After the deposition of
the Cu dopant TiO2 thin film with spin coating, the as-prepared samples were annealed at
450 ◦C for 1 h and then naturally cooled down for morphological, structural and optical
characterization. All of the steps are illustrated in Figure 9.
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Figure 9. Illustration of the steps for sample preparation of 0%, 1%, 2%, 4% and 8% Cu-doped TiO2

nanoparticle thin films.
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3.3. Characterization Techniques

The samples were morphologically characterized using scanning electron microscopy
(SEM, FEI XL30 ESEM Company, Hillsboro, OR, USA). As for the structural stability and
crystallographic formation of the phase, X-ray diffraction (XRD) was performed using a
Philips X’PERT-MPD diffractometer equipped with CuKα radiation (λ = 1.5406 Å), with
the diffraction patterns in the range of 20–80◦. To determine the gap energy of each sample
and its transmittance and absorbance properties, we used a UV–Vis spectrophotometer
and photoluminescence (PL) spectroscopy in the range of 200 and 1200 nm by equipping a
PerkinElmer Lambda 950.

4. Conclusions

TiO2 nanoparticles doped with copper were synthesized with a simple method of
spin coating, which consists of dispersing the prepared solution on FTO glass at high
speed, and these samples of Cu-doped TiO2 at 0%, 1%, 2%, 4% and 8% were characterized
morphologically, structurally and optically and the acquired results reveal that the 4%
sample has the highest transmittance, while the 2% is the second highest; these samples
could be perfect candidates for electron transport. The 2% sample exhibited the lowest
band gap energy of 2.96 eV, whereas the 8% samples exhibit the highest at 3.05 eV; the 8%
sample also showed a new PL peak compared to the other samples, which could be related
to the copper oxide.
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Abstract: Volumetric ceramic receivers can be regarded as a promising technology to heat air above
1000 ◦C for solar thermal electricity production. In this study, the thermal shock behavior of commer-
cial 10 ppi (A) and 20 ppi (B) oxide-bonded silicon carbide (ob-SiC) reticulated porous ceramic (RPC)
foams was evaluated using the SF60 solar furnace at Plataforma Solar de Almería. The foams were
subjected to well-controlled temperature cycles ranging from 800 to 1000, 1200, 1300 or 1400 ◦C, for 25,
100, and 150 cycles. The extent of the damage after thermal shock was determined by crushing tests.
The damage was found to be critically dependent on both the bulk density and cell size. Decreasing
both the bulk density and cell size resulted in better thermal shock resistance. The B foam exhibited
approximately half the stress degradation compared to the A foam when exposed to a temperature
difference of 600 K (in the range of 800 to 1400 ◦C) and subjected to 150 cycles.

Keywords: silicon carbide foams; solar furnace; concentrated solar radiation; thermal shock; crushing
strength; open volumetric receivers

1. Introduction

The usage of solar energy is one way to increase the sustainability of production pro-
cesses using a renewable and carbon free heating source [1–3]. Among the solar approaches
available, concentrated solar power (CSP) tower technology is well established [4]. It relies
on concentrating light through mirrors onto a receiver (also called an absorber) [5,6]. Many
studies were conducted on suitable materials for solar receivers, including SiC fiber mesh
Ceramat® FN, supplied by Schott Glass (Mainz, Germany), SiC monoliths manufactured by
HelioTech (Svenstrup, Denmark), and SiC foams [7,8]. Wang et al. [9] performed thermal
analysis of the porous media receiver by combining the Monte Carlo Ray Tracing method
with FLUENT software but did not mention the morphology of the SiC foam tested on
a solar dish collector. A similar approach has been employed by Kribus et al. [10] for an
open receiver made of SiC foam, suggesting that the available commercial materials offered
a limited range of features that are still not optimal for the application. Optimization of
geometry (porosity and pore size) appears to be insufficient to reach a high efficiency, whilst
a double layer SiC foam holds great potential to enhance efficiency. This is attributed to the
fact that the thickness of the first porous layer has a significant effect on the temperature
distribution and pressure drop.

On the other hand, Lidor et al. [11] showed that there is a significant temperature
gradient across large scale porous absorbers. Development of new thick, porous materials
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for volumetric air receivers is therefore important. In this respect, one must bear in mind
that the extinction coefficient is another key parameter for estimating radiation properties
in porous media, as it enables the determination of the radiative thermal conductivity [12].
It has been shown that the extinction coefficient increases with both decreasing porosity
and pore size [13]. Furthermore, high optical thicknesses (larger pore sizes) favor more
homogenous temperature gradients across thicker ceramic foams, as the concentrated solar
beam can penetrate deep inside the porous structure [14].

A 5-kW solar receiver prototype proved to deliver a high-temperature air flow
(>1000 ◦C) with a reasonably high thermal efficiency (>0.65) using 10 ppi (pores per inch)
SiSiC foams [15]. Thence, there is plenty of room for improvement on both the geometry
and the material properties for large scale absorbers. Indeed, challenges associated with
durability, receiver efficiency, and the specific cost remain to be sorted out. The inherent
advantages of air receivers, such as availability of the fluid, no trace heating necessary, non-
toxic, and 3–5 h of thermal storage, allow higher-efficiency thermodynamic cycles, and the
high receiver thermal efficiency (>75% due to the volumetric effect which reduces thermal
radiation losses) makes this technology simpler, cheaper, and more efficient than other cur-
rently available technologies [16]. However, the material’s suitability and its durability still
need to be addressed in a suitable fashion. Among the current solar receivers, three major
types exist, namely: (a) Surface receivers (tubular, external, cavity), (b) Porous receivers
(wire mesh, ceramic/metallic foams, honeycombs), and (c) Particle receivers (falling curtain,
entrained particles), according to Mey-Coltier et al. [17]. Exploiting the 3D structure and
properties of ceramic foams in this kind of application can open new routes for producing
heat from solar irradiation. First used in liquid metal filtration, reticulated porous ceramic
(RPC) foams are currently being used as gas (particulate) filters, kiln furniture, catalyst
substrates, porous burner substrates, scaffolds for bone regeneration, advanced thermal
management, heat exchangers, and bacteria/cell immobilization, among others [18,19].

The present study aimed at evaluating the damage imposed on two commercial oxide-
bonded silicon carbide reticulated porous ceramic foams, hereafter referred to as ob-SiC
RPC foams, having pore densities of 10 and 20 ppi (pores per inch), through exposure to
concentrated solar radiation, under drastic thermal shock conditions, replicating those
experienced by real solar open volumetric air receivers. The development of solar thermal
energy conversion processes faces challenges related to receiver/reactor materials and
radiative energy distribution technology. Recently, innovative approaches to efficient solar
energy conversion have been developed using complex coupled numerical models applied
to a high-flux solar reactor and a simulator [20]. Before widespread use, the suitability
and cyclic stability of the materials must be demonstrated. To the best of the author’s
knowledge, such data has not yet been reported in the open literature for commercial
ob-SiC RPC foams, which would be useful for modelling purposes.

The simplest way to assess thermal shock resistance is by rapidly transferring the
heated samples from a resistance furnace to a quenching bath containing distilled wa-
ter at room temperature. Thus, for comparison purposes, the ob-SiC RPC foams under
investigation were kept at a soaking temperature (namely 420 and 620 ◦C) for 1 h prior
to quenching. The damage was assessed by measuring the retained crushing strength
after water quenching tests at various temperature differences, ∆T, which are defined as
the pre-set temperature of the samples minus the temperature of the bath, typically at
20 ◦C. The resistance to thermal shock of the dense ceramics is found to fall in an abrupt
fashion, whereas in the case of RPC foams it was found that the crushing strength retained
undergoes a gradual decrease with increasing quench temperature because of an increase
in mechanical damage throughout the material. A similar trend was observed for thermal
shock tests carried out on cordierite foams [21].

Regarding the current state of the art, thermal shock was assessed by means of an
innovative experimental setup, developed at PSA, including a guillotine system, a sec-
ondary concentrator, and a temperature control system, which allowed the performance of
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thermal shock cycles under conditions that cannot be realized in conventional electrical or
gas furnaces [22].

Thermal cycling of the ob-SiC RPC foams under direct solar irradiation is regarded
as an interesting alternative to the current honeycombs based on siliconized
silicon carbide commonly used in pilot power plants, not only in terms of cost, but also
performance [23–25]. After cycling, the retained crushing strength was measured, and the
results are quite promising.

2. Results
2.1. Materials Characterization

Table 1 summarizes the bulk densities (ρb) and porosities of the tested materials under
investigation. The true density of the ob-SiC RPC strut material (ρr) was determined by
He pycnometry to be 3.01 ± 0.01 Mg m−3. Therefore, the maximum porosity was of about
87%, bearing in mind that P = 1 − (ρb/ρr) = 1 − (0.38/3.01).

Table 1. Samples characteristics.

Pore Size (ppi) Bulk Density 1 (Mg m−3) Relative Density Porosity (%)

10 0.46 ± 0.01 0.15 85
20 0.38 ± 0.01 0.13 87

1 mean ± SD of 10 samples.

The macrostructure of the as-received foams is shown in Figure 1. Typically, the mean
thickness of the struts ranged from 0.75 ± 0.20 mm and 0.45 ± 0.15 mm, for the 10 ppi and
20 ppi foams, respectively. The linear intercept method was used to determine the cell size
and the values obtained match the specification.
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Figure 1. Top view of as-received 10 ppi (a) and 20 ppi (b) ob-SiC RPC foams.

The X-ray diffraction (XRD) profiles of the as-received and exposed ob-SiC RPC
foams, after grinding into powder form using an agate mortar, are shown in Figure 2.
The diffraction patterns, in the range of 20◦ < 2θ < 75◦, show peaks corresponding to the
planes, which match with the pattern of the ICDD data base, having the card no. 01-072-
0018 (corresponding to the phase Moissanite-6H-SiC/•/) and traces of Moissanite-4H-
SiC/�/(ICDD card no. 029-1127), SiO2/♦/(ICDD card no. 039-1425) and Al2O3/#/(ICDD
card no. 01-070-7346).
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Figure 2. Typical XRD patterns of ob-SiC RPC foam before (a) and after exposure at 1400 ◦C for
150 cycles (b).

After exposure to 1400 ◦C for 150 cycles, oxidation of the ob-SiC RPC foams took place
as indicated by the increase in the intensity of the peaks matching the SiO2 phase and the
formation of minor amounts of mullite (Al6Si2O13)/�/(ICDD card no. 015-0776).

2.2. Thermal Shock

To evaluate the damage imposed on reticulated porous ceramic (RPC) materials,
namely commercial silicon carbide foams having pore densities of 10 and 20 ppi, thermal
shock cycling was performed under conditions replicating those experienced by real solar
open volumetric air receivers through direct exposure to concentrated solar radiation.

Most thermal performance data available refer to tests performed using xenon lamps
simulators, so information regarding the effect of the entire wavelengths spectrum of
solar radiation reaching the materials surface on their degradation is not known with
certainty. Five new porous morphologies suitable for volumetric solar receivers have been
analyzed experimentally in a laboratory-scale solar simulator in terms of the efficiency of
the absorber’s thermal performance, but no data have been provided on their mechanical
performance [26]. It is therefore pertinent to address this issue, particularly resistance to
thermal shock. In this study, ten thermal shock tests were undertaken in the SF60 solar
furnace of PSA under well-controlled conditions listed in Table 4.
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Figure 3 shows the temperature distribution over the top surface exposed area of
the foams. The maximum deviation observed between the target value (point 1) and the
temperature measured at the middle of each of the four exposed samples was around
30 ◦C. The temperature measured by the IR camera was similar to that measured by the B1
thermocouple.
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Figure 3. Temperature distribution over the exposed top surface area showing typical temperatures
measured using the IR camera when the maximum temperature was set at 1400 ◦C.

The temperature measured by the thermocouple B1 was therefore used to control the
shutter opening/closing for performing the thermal cycles shown in Figure 4.
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Figure 4. Temperature versus time graphs at ∆T = 600 K after 25 cycles (a) and 150 cycles (b) for
10 ppi ob-SiC RPC foam showing profiles measured by thermocouples B1 (black), K2 (red) and
K3 (green).

2.3. Oxidation Data

Table 2 lists the mass changes recorded before and after the thermal shock tests.
Oxidation is more evident on the top surface than on the bottom one, as denoted by the
darker surface appearance (Figure 6d), particularly at temperature above 1200 ◦C. At
∆T = 200 K, no mass change was observed after 25 cycles.
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Table 2. Mass changes (in %) of the exposed 10 ppi (A) and 20 ppi (B) ob-SiC RPC foams.

(A)

Nº. Cycles ∆T (K)

200 400 500 600
25 0 0.04 ± 0.01 0.36 ± 0.17 1.77 ± 0.65

100 0.28 ± 0.03 1.37 ± 0.32 2.68 ± 0.39
150 0.99 ± 0.20 1.47 ± 0.06 3.30 ± 0.67

(B)

Nº. Cycles ∆T (K)

200 400 500 600
25 0 0.25 ± 0.03 0.61 ± 0.08 1.23 ± 0.49

100 0.38 ± 0.03 1.69 ± 0.51 2.26 ± 0.08
150 0.89 ± 0.05 1.72 ± 0.52 2.99 ± 0.81

2.4. Crushing Data

Subjecting the top surface of the ob-SiC RPC foams to rapid change in temperature
produces a thermal stress distribution, the magnitude of which depends on the heat transfer
coefficient at the surface relative to the rate at which heat can be conducted to or from the
surface through the bulk.

Representative curves of crushing strength versus strain are shown in Figure 5. It was
observed that a macrocrack propagated through the compressed foam when the slope of
the curve changed. For this reason, the value corresponding to such change was considered
as the rupture stress.
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Figure 5. Typical crushing strength curves for foams A and B tested at ∆T = 600 K for 150 cycles.

The mean values of crushing strength are listed in Table 3 highlighting the effect of
both oxidation and thermal stresses on their retained structural integrity.

Table 3. Crushing strength data obtained for the different testing conditions.

Foam Number of Cycles

A (10 ppi) ∆T (K) 0 1 25 100 150

200 0.70 ± 0.01
400 0.59 ± 0.04 0.56 ± 0.02 0.58 ± 0.01
500 0.60 ± 0.02 0.55 ± 0.01 0.52 ± 0.01
600 0.57 ± 0.02 0.56 ± 0.02 0.53 ± 0.02

As-received 0.70 ± 0.01
400 (H2O) 0.52 ± 0.02
600 (H2O) 0.50 ± 0.02
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Table 3. Cont.

Number of Cycles

B (20 ppi) ∆T (K) 0 1 25 100 150

200 0.67 ± 0.01
400 0.65 ± 0.01 0.59 ± 0.07 0.60 ± 0.01
500 0.64 ± 0.01 0.59 ± 0.04 0.60 ± 0.04
600 0.61 ± 0.02 0.58 ± 0.01 0.59 ± 0.01

As-received 0.67 ± 0.01
400 (H2O) 0.62 ± 0.01
600 (H2O) 0.56 ± 0.02

3. Discussion

The damage associated with oxidation was determined by the mass change upon
exposure to the concentrated solar beam, owing to the oxidation of silicon carbide into
silica, according to the reaction:

SiC (s) + 3/2 O2 (g)→ SiO2 (s) + CO (g) (1)

as confirmed by XRD analysis (Figure 2). This results in the formation of a surface SiO2
(cristobalite) layer, which protects the substrate and alters the surface condition [27]. In
addition, SiO2 reacts with Al2O3 leading to the formation of mullite (3Al2O3·2SiO2) [28].
The mass change increased with increasing either ∆T or the number of cycles, as expected,
mainly due to the oxidation of the SiC. In the same way as silicon nitride, it is expected
that thermal cycling will have a minimal effect on the rate of oxidation. However, it could
affect the characteristics of the oxidation products on the surface, depending on how often
the cycling occurs. Whilst the oxide layers develop cracks upon cooling, they quickly
heal when exposed to high temperatures again. There was no observable change in the
mechanism controlling the rate of oxidation during the investigated exposure time [29].

Beside degradation caused by oxidation, the thermal stresses imposed on the foams
upon thermal cycling are expected to damage the structural integrity of the materials.

The current setup permitted to accomplish a more or less homogenous temperature
distribution (±30 ◦C) over the irradiated surface (Figure 3). However, when the control
temperature (B1) varied from 800 to 1000 ◦C, the thermocouples placed underneath K2
and K3 (Figure 6e) fell in the range of 880 ± 5 ◦C to 920 ± 10 ◦C (difference of about 80 ◦C
compared to B1) and 800 ± 5 ◦C to 850 ± 10 ◦C, respectively, as can be seen in Figure 4.
The maximum temperature difference between the top and bottom surfaces’ temperatures
set and those actually measured was about 150 ◦C.

In the case of the temperature (B1) ranged from 800 to 1400 ◦C, the thermocouples
K2 and K3 ranged from 870 ± 5 ◦C to 1300 ± 20 ◦C (difference of about 100 ◦C compared
to B1) and 785 ± 5 ◦C to 1175 ± 15 ◦C (indicating that the difference from the top surface
temperature was around 200 ◦C), respectively. This shows that the actual temperature
gradients across each sample varied from 600 K (on the radiated surface) to about 400 K
(non-radiated one). As expected, the samples were subjected to several temperature
gradients, namely across their thickness and their width, resulting in unknown thermal
stress fields.

The crushing strength of the RPC foams is known to depend on their relative poros-
ity [30]. In the present case, the difference in porosity is small (85 and 87%), so its effect is
low: the as-received crushing strength decreased from 0.70± 0.01 to 0.67± 0.01 MPa, going
from 10 ppi to 20 ppi ob-SiC RPC foams, respectively. Using the bending micromechanical
model developed by Gibson and Ashby [31], one can estimate the compressive strength of
an open-cell ceramic foam, σcf, through the relationship:

σcf = C1σfs

(
ρcf
ρs

) 3
2

(2)
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where σfs is the flexural strength of the strut material (assumed to be 40 MPa [32]), ρcf is
the bulk density of the ceramic foam, ρs is the density of the solid struts (3.01 Mg m−3,
measured by pycnometry), and C1 is a geometric constant characteristic of the unit cell
shape. The value of C1 was found to be equal to 0.16, by Zhang and Ashby, for brittle
open-cell foams assuming tetrakaidecahedral unit cell geometry [33]. For the 10 ppi foam,
the ρcf = 0.46 Mg m−3 and the calculated σcf is 0.38 MPa (i.e., about 50% lower than
that measured experimentally). This discrepancy is attributed to the fact that the tested
foams contained four external solid walls (Figure 6d). For A foams (10 ppi), increasing
the ∆T from 200 to 600 K resulted in a crushing strength decrease of 18.6% after 25 cycles
and 24.3% after 150 cycles. In contrast, the decrease in crushing strength for B foams
(20 ppi) was around 9% and ≈12% after 150 cycles under the same conditions (Table 3). At
∆T = 600 K, for A foams the decrease in strength was around 7% when increasing the
number of cycles from 25 to 150. In the case of the B-type foams, under the same conditions,
the decrease was roughly half (3.3%).

The thermal shock stresses imposed on the foams when testing them in water baths
is more severe than that experienced upon solar exposure. For ∆T = 400 K, the retained
crushing strength dropped ≈26% and ≈8% for type A and B foams, respectively. In the
case of ∆T = 600 K, the decrease was respectively ≈29% and ≈16% for type A and B foams.
One can therefore assume that ∆Tc for the A foams is 600 K. The results obtained showed
that the thermal shock resistance of the B foam is better than their A foam counterparts
(both in air and water media). Experiments using ceramic foams showed that very high
porosities (>70%) result in thermal shock resistance improvements, which is attributed
to penetration of the foam structure by the cooling medium [34]. Indeed, such open-cell
foams are characterized by a very high permeability, with larger cell sizes facilitating
the infiltration of the structure by the quenching media. At least two sources of thermal
stress can thus be considered: one associated with the heating of the quenching medium
as it infiltrates the cellular structure; and the other the temperature gradient across the
microscopic struts [35]. The former temperature gradient seems to be more pronounced
than the latter one in the present work, as the thermal shock resistance was found to
increase with decreasing in cell size, which was also observed for cordierite foams [21].

The experimental data obtained are in good agreement with those published for
similar SiC foams, where foams having high ppi resulted in the best solar-to-thermal
performances [17,36].

4. Materials and Methods
4.1. Materials

The two commercial ob-SiC RPC foams manufactured by Vesuvius GmbH (Borken,
Germany) were SEDEX 65 × 65 × 18 mm, 20 ppi (pores per inch) and SEDEX
60 × 60 × 18, 10 ppi, respectively. Their crystal structure was analyzed by XRD on a
PANalytical’s X’Pert PRO MPD diffractometer with a step size of 0.02◦ and the accelerating
voltage of 40 kV. Phase identification was carried out with the DIFFRAC.EVA V7 software
and the ICDD (International Centre for Diffraction Data). The measured density of the
foams was determined using their mass and geometrical dimensions. The true density
of the foams was measured by Helium pycnometry (Accupyc 1330, Micromeritics Inc.,
Norcross, GA, USA).

4.2. Thermal Cycling

Experiments were carried out at the renewed SF60 solar furnace of PSA described by
Rodríguez et al. [37] shown in Figure 6.
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Figure 6. Experimental system showing the uncut (a) and in cut (b) guillotine positions; ob-SiC RPC
samples being exposed (c); samples after the test at ∆T = 500 K for 100 cycles (d); scheme of the B-
and K-type thermocouples positions (e); actual (nine) thermocouples positioning (f).

Briefly, this facility reaches a peak flux of 6722 kW m−2 in a focus diameter of 22 cm.
The optical axis of the furnace is horizontal, so that the HT130 heliostat, and the parabolic
concentrator, allow the solar beam to be aligned on the optical axis of the parabola. The
amount of incident sunlight was controlled through the angular motion of attenuator slats.
Furthermore, a mirror placed at 45◦ was used to carry out the tests in the horizontal plane.

Owing to the Gaussian energy distribution of the concentrated solar beam, a secondary
concentrator of octagonal shape, hereafter referred to as homogenizer, was placed in line to
obtain a more homogeneous temperature distribution over the horizontal plane.

Ten thermal shock tests were carried out during the 10-working day campaign (from
the 5th to the 16th of September 2022), according to the conditions listed in Table 4. In order
to control the guillotine’s on/off cycle, and consequently, the heating and cooling times,
a specially designed LabView program was implemented. Cooling was achieved under
natural conditions.
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Table 4. Thermal cycling test conditions.

∆T (◦C) Heating Time (s) Cooling Time (s) Number of Cycles

25 100 150
800–1000 15 15 x - -
800–1200 35 45 x x x
800–1300 40 45 x x x
800–1400 45 50 x x x

For every test condition, two samples of each type of foam were exposed to the direct
concentrated solar beam. The temperature recorded for the B-type thermocouple was used
as the control reference for performing the thermal cycles. Underneath each exposed foam,
two K-type thermocouples were placed as shown in Figure 6f. The measurements of the
temperature distribution across the surface of the exposed foams were also carried out
using an infra-red (IR) camera (model Equus 327k SM PRO), manufactured by IRCam
GmbH, Erlangen, Germany. A flat piece of silicon carbide wall circa 1 mm thick was placed
above the B-type thermocouple to measure the samples’ surface temperature and compare
it with both the solar-blind pyrometer (Infratherm IGA 5LO, IMPAC Electronic GmbH,
Frankfurt, Germany) and the IR camera measurements (Figure 6d).

For comparison, water quenching tests were performed by rapid heat transfer of a test
sample at an elevated temperature in a distilled water bath at room temperature according
to the ASTM C1525-04 standard [38]. Two temperature differences were set: 400 and 600 K.
The thermal shock resistance is defined as a critical temperature interval (∆Tc), which
corresponds to at least 30% reduction in the mean retained strength.

To assess oxidation damage, prior and after each test the samples were weighed for
mass change measurements.

4.3. Crushing Testing

After cycling, the retained crushing strength was determined at room temperature
using an Instron Corp., Norwood, MA, USA (model 4302) testing machine with the com-
pressive plates closing at a crosshead speed of 0.5 mm min-1 with a load cell of 10 kN. Since
the foams have four external walls, the procedure used to calculate the “crushing strength”
was the same as described elsewhere [39]. Briefly, a compliant 1 mm thick rubber spacer
was inserted between the loading plates and the foams to ensure uniform loading. On
the other hand, the nominal load value required to calculate the “crushing strength” was
determined as the point in the chart curve were the slope changed.

5. Conclusions

The purpose of the present study was to evaluate the ability of commercial ob-SiC RPC
foams as solar receivers for new CSP plants. For this purpose, a dedicated experimental
setup was developed allowing a ±30 ◦C temperature distribution over the entire irradiated
surface plane to be achieved. The following conclusions could be drawn:

- The ob-SiC RPC foams showed good performance to thermal shock under the condi-
tions investigated;

- The B foam having both lower bulk density and cell size showed better thermal
shock behavior;

- Under the most extreme conditions (∆T = 600 K, 150 cycles), the B foam
(20 ppi) showed a crushing strength degradation of nearly half of the A foam
(10 ppi) counterparts;

- Exposure of the foams to the thermal cycling resulted in the formation of a SiO2-rich
surface layer containing traces of mullite;

- The cooling medium effect on the retained crushing strength was found to be
∆Tc = 600 K for A foam;
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- The experimental crushing strengths were found to be about double of the predicted
by the Gibson-Ashby model, which can be attributed to the fact that outer solid walls
are present.

- Future work should focus on evaluating long-term durability, conducting a higher
number of thermal cycles, and introducing an air stream during cooling to simulate
real appliance conditions.
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