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A B S T R A C T

This study focuses on the synthesis of low-cost platinum group metal-free (PGM-free) electrocatalysts for the 
oxygen reduction reaction (ORR) in alkaline media. With that purpose, hemp stem derived products referred to 
as fibers (HF) and shives (HS), commonly waste by-products of the textile industry, are used as readily available 
carbon sources that are transformed into conductive char through pyrolysis. Three pyrolysis temperatures are 
investigated (400, 600 and 800 ◦C). Subsequently, the char is chemically activated and functionalized with iron 
azamacrocyles to obtain Fe-Nx-C defect-rich porous structures with the desired distribution of active moieties in 
a porous architecture. The influence of the raw material on the physicochemical properties and electrochemical 
performance of the electrocatalysts is thoroughly examined. 129Xe NMR indicates carbonaceous porous structures 
in the mesoporous range, mainly created in the activation process. XRD reveals amorphous carbon signals and 
iron oxide-related peaks in the synthesized materials, while Raman spectroscopy shows defect-rich architectures 
that favor ORR. Additionally, XPS confirms the coexistence of various nitrogen and iron-containing active 
moieties and SEM-EDX images show homogeneously distributed iron particles with little formation of clusters. 
All electrocatalysts demonstrate significant ORR activity under alkaline conditions; the highest performance is 
achieved by the sample HF600 in terms of Eon and E1/2, with values of 0.97 and 0.92 V vs RHE, respectively. This 
research presents a promising route towards a cost-effective production of PGM-free ORR electrocatalysts with an 
upgrading of waste biomass for environmentally friendly energy applications.

1. Introduction

Sustainability and technological rationality are the two core de
terminants to mitigate the surging crises of the 21st century, at the 
foremost are dramatic population growth, severe energy shortfall, 
alarming extinction of fossil fuels and unprecedented environmental 
degradation. Combining the themes of ‘Circular Economy’ and 
‘Hydrogen Economy’, the aforementioned objectives can be aimed at 
effectively. Circular Economy fosters re-employment and re/upcycling 

of the phased-out products that could also help in minimizing waste 
generation and convincingly depressing the financial deficit. On the 
other hand, the Hydrogen Economy presents green hydrogen as a novel 
energy vector ensuring the curtailment of carbon footprints along with 
negligible greenhouse gas emissions. Hydrogen as a green and sustain
able fuel can be used in low-temperature fuel cells (FCs), i.e. proton 
exchange membrane fuel cells (PEMFCs) and anion exchange membrane 
fuel cells (AEMFCs), for the continuous and efficient translation of 
chemical energy into electrical energy for mobile, domestic and 
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industrial applications [1].
Despite unparalleled advantages, their broad-reach deployment is 

still restricted due to the utilization of scarce and overpriced platinum 
group metals (PGMs) for electrocatalyst fabrication. Compared to the 
anode-side hydrogen oxidation reaction (HOR), the complex kinetics of 
oxygen reduction reaction (ORR) occurring at the cathode are slower 
with several orders of magnitude, and relies on much higher Pt loading 
[2,3] that contributes up to ca. 56 % of the total cost of the membrane 
electrode assembly [4]. Therefore, the ORR constitutes the core bottle
neck in the commercial realization of FC technology by challenging its 
economic feasibility. In the pursuit of PGM-free ORR electrocatalysts, 
carbon-based nanomaterials, importantly transition 
metal-nitrogen-carbons (M-Nx-Cs), are evolving as promising candidates 
in which carbon acts as a robust matrix and provides the conducting 
platform for the ORR [5–7].

The development of carbon-based M-Nx-Cs utilizing agricultural and 
industrial biomass waste is a hot research topic, closely aligned with the 
principles of circular economy [8]. Besides, scalable industrial produc
tion of state-of-the-art carbon-based nanomaterials like graphene and 
nanotubes is also limited by the cost spikes. On the flip side, the annual 
global production of biomass waste is surpassing 140 billion metric tons 
[9]. The transformation of waste biomass into carbonaceous nano
materials for energy conversion and storage applications not only pro
vides an alternative and cost-effective pathway, but also promotes 
eco-friendly solutions over traditional waste management methods 
like incineration and landfilling that typically raise ecological concerns 
[10]. Therefore, in recent times many endeavors have been made to 
valorize waste biomasses and plastics into carbon-based M-N-Cs [11,
12], such as pistachio shells [13], lignin [14], fruit peels [15,16] or 
cigarettes [17,18] which are usually outside the conventional recycling 
routes.

Among various biomasses, hemp is a spring-flowering and wind- 
pollinated plant with a high annual yield [19] and can be harvested in 
most regions due to its weather-resistant nature [20]. As per a recent 
report by the European Commission, in 2022 the agronomic output of 
hemp within the EU had increased by 84.3 % (reaching 179,020 tons) 
over the last seven years and, in the same year, it was cultivated on >33, 
020 hectares with a 60 % increment from 2015 to 2022 [21]. Moreover, 
acknowledging the economic worth and suitability of hemp for diverse 
applications, including the textile industry, the US and EU have with
drawn the restrictions on hemp cultivation and thereby this sector is 
expected to expand progressively [22]. Nevertheless, it is important to 
highlight that, owing to complex physiochemical properties and struc
ture, hemp cannot undergo an easy decomposition and therefore it al
ways requires definitive pre-treatments [23,24]. However, the hemp 
components i.e. fibers and shives are mainly composed of lignocellulosic 
constituents [23], which can produce good quality porous biochar that 
can be used as a cost-effective precursor for electrocatalyst development 
[25].

Lately, scientific interest has been witnessed in hemp-derived 
nanomaterials for green energy applications and, particularly, the 
ORR electrocatalysts. Not long ago, Marrot et al. reported the thermal 
transformation of hemp into highly electroconductive biochar at 
800–1000 ◦C [26]. Similarly, Antorán et al. valorized waste hemp into 
porous carbon through pyrolysis and chemical activation that exhibited 
encouraging performance after being applied as an anode in sodium-ion 
batteries [27]. In the same vein, Tekin and Topcu synthesized 
hemp-derived activated carbon for cathode applications in an aqueous 
zinc-ion hybrid supercapacitor that delivered notable cycling stability 
up to 2000 cycles [28]. Recently, Zhang and coworkers prepared Co/N 
doped porous nanostructured carbon after NaHCO3 activation for ORR 
electrocatalysis that exhibited appreciable half-wave potential (E1/2) of 
0.82 V (vs RHE) in the alkaline media, along with satisfactory methanol 
tolerance [29]. It is noteworthy that Co has been listed as a critical raw 
material (CRM) [30] and may also induce toxic or carcinogenic effects 
[31]. On the other hand, Fe is always considered the metal of choice 

while fabricating M-N-Cs for ORR due to its suitable electronic structure 
of iron that allows favorable thermodynamic interaction with oxygen [7,
32,33]. Moreover, when Fe is present in coordination with nitrogen, it 
biomimics natural enzymes to carry out ORR in a four-electron fashion 
[7].

In this study, hemp-derived Fe-N-C-type electrocatalysts were 
developed for ORR applications in the alkaline media. Specifically, Fe- 
based PGM-free ORR electrocatalysts were synthesized for the first 
time from hemp shives (HS) and fibers (HF) as separate substrates. 
Pursuing different pyrolysis temperatures, all electrocatalysts have been 
characterized with multiple physicochemical and electrochemical 
techniques, specifically for the reduction of oxygen.

2. Material and methods

2.1. Synthesis of electrocatalysts

The hemp stem is composed of bast fibers encircling the woody hemp 
core, also referred to as hemp shives. These two parts, having different 
morphology and composition, were first separated manually. Raw ma
terials can be seen in Fig. 1, where the synthesis process of electro
catalysts is also summarized: 1) pyrolysis, 2) chemical activation and 3) 
functionalization.

Both substrates (HS and HF) were dried at 80 ◦C overnight and then 
ground to a fine powder using a common coffee grinder. Afterward, the 
three powder samples from each category were separately pyrolyzed for 
1 h at three different temperatures, 400, 600 and 800 ◦C (Nabertherm 
furnace), at a heating and cooling ramps of 5 ◦C min− 1 and a controlled 
N2 atmosphere, with a feeding rate of 100 cm3 min− 1.

The produced chars were activated following the method reported by 
Lv et al. [34] Each pyrolyzed product was ground and poured inside a 
round bottom flask containing solid KOH diluted in 30–40 mL of 
ethanol, maintaining a weight basis proportion of 4:1 between the KOH 
and carbon, respectively. It was stirred overnight at 250 rpm, keeping 
the flask closed to avoid ethanol evaporation. The day after, the liquid 
was evaporated with a heating plate at 80 ◦C under nitrogen flux, and 
the dried powder was placed in ceramic boats for further heat treatment. 
To avoid a chemical reaction between the KOH and the silica boats, the 
latter ones were covered with nickel stripes. The activation process of 
the carbon powder to enhance porosity was then performed at 700 ◦C for 
1 h, at heating and cooling ramps of 5 ◦C min− 1 and a controlled N2 
atmosphere (100 cm3 min− 1). Thereafter, acid washing was performed 
with a 1 M HCl solution to remove KOH from the activated carbon, 
which was then repeatedly rinsed with milli-Q water under vacuum 
filtration until neutral pH was achieved. The obtained powders were 
dried overnight in an oven.

To functionalize all six samples, each activated powder was carefully 
mixed with iron phthalocyanine (FePc) in a weight basis proportion of 
80–20 %, respectively, and then heat treated at 600 ◦C for 1 h, with 
heating and cooling ramps of 5 ◦C min− 1 and a controlled N2 flux of 100 
cm3 min− 1. The resulting electrocatalysts are named HS400, HS600 and 
HS800 for hemp shives and HF400, HF600 and HF800 for hemp fibers, 
with numbers referring to the related pyrolysis temperatures.

2.2. Physicochemical characterization of the electrocatalysts

2.2.1. Structural and morphological characterization
To assess the crystal structure of the synthesized electrocatalysts in 

carbon powder form, X-ray diffraction (XRD) was conducted over a 2θ 
range of 10 to 80◦ using a Rigaku Miniflex 600 instrument with a copper 
source.

Similarly, to analyze the carbonaceous structure of samples, Raman 
spectroscopy was employed using a LabRam system (Jobin Yvon, 
France). The system utilized a helium-neon laser (λ = 632.8 nm) as the 
excitation source, focused on the sample with the aid of an Olympus 
BX40 microscope (Japan) and a silicon-based CCD detector (Sincerity, 
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Jobin Yvon, France) to collect the signals. The two main Raman peaks 
remained the D and G bands: the G-band (ca. 1575 cm⁻¹) relates to 
graphitic (sp²) carbon, while the d-band (ca. 1320 cm⁻¹) emerges due to 
discontinuities, disorder, and sp³ hybridizatized carbon species. To 
determine the ID/IG ratio, as a matrix to estimate defect density, the 
normalized intensities of the D and G bands were estimated, typically as 
the height from the baseline to the peak maxima. The ID/IG ratios were 
then calculated by dividing the intensity of the d-peak by that of the G- 
peak.

For morphological examination, scanning electron microscopy 
(SEM) images of the synthesized carbonaceous electrocatalysts were 
captured using a FEI Helios Nanolab 650 instrument (Hillsboro, OR, 
USA).

The porosity of the samples was assessed with 129Xe NMR, following 
a previously reported procedure [35]. About 0.1–0.15 g of carbon 
powder was inserted in NMR glass tubes (10 and 8 mm of outer and 
inner diameter, respectively). The tubes were degassed by a dynamic 
vacuum with a Schlenk line. Then, tubes were filled with enriched xenon 
gas (isotopic enrichment of 86.6 % in the 129Xe isotope). The gas was 
trapped inside the tubes by freezing with liquid nitrogen, and the tubes 
were flame sealed. The final nominal xenon pressure inside the tubes 
was in the range of 2.5–3 bar. 129Xe NMR spectra were acquired on a 
Bruker Avance 500 spectrometer operating at a Larmor frequency of 
500.13 MHz for 1H (corresponding to 139.09 MHz for 129Xe), equipped 
with a 10 mm direct broadband observe (BBO) probe. The free xenon gas 
peak was set at 0 ppm and used as an internal chemical shift reference. 
Spectra were acquired with a relaxation delay of 15 s and several scans 
in the range of 1024–4096 to ensure a good signal-to-noise ratio. Mea
surements were performed at different temperatures (298, 278, 258 and 
238 K) by connecting a liquid nitrogen evaporator to the NMR probe. 
The evaporator and the temperature were controlled with a Bruker 
BVT3000 variable temperature unit with an uncertainty of 0.1 K.

The porosity of the samples was additionally evaluated by nitrogen 
adsorption porosimetry measurements that were carried out at 77 K with 
a TriStar II PLUS system (Micromeritics) after a drying step for 24 h at 
413 K under N2. The N2 adsorption isotherms were analyzed by the 
Brunauer-Emmett-Teller (BET) and density functional (DFT) theories to 
obtain the specific surface area (SBET) and pores size distribution (PSD), 
respectively.

Transmission Electron Microscopy (TEM) and Scanning Trans
mission Electron Microscopy (STEM) was adopted to define the presence 
and the nature of nanoparticles at the various explored temperatures. A 
Talos F200X G2 TEM microscope was used for such characterization, 
using a beam energy of 200 keV.

2.2.2. Chemical characterization
A first attempt to qualitatively determine the elemental composition 

of the synthesized electrocatalysts was performed with Energy- 
dispersive X-ray fluorescence (XRF), which had an X-ray tube with a 
molybdenum anode (Bruker Artax 200 spectrometer). Elemental 
composition was further investigated with the FEI-SEM microscope 
(Helios Nanolab 650) equipped with an energy-dispersive X-ray spec
trometer (EDX, X-Max Oxford).

The surface chemistry of all samples was quantitatively analyzed 
using X-ray photoelectron spectroscopy (XPS) with a Nexsa spectrom
eter (England), which was equipped with a monochromatic, micro- 
focused Al Kα X-ray source (photon energy 1486.6 eV). Survey and 
high-resolution spectra were collected at pass energies of 200 eV and 50 
eV, respectively, with the source operating at a typical power of 72 W. 
The binding energies of all elements were recalibrated by setting the 
C–C/C–H component of the adventitious carbon first peak at 285 eV. 
Measurements were performed under ultra-high vacuum (UHV) condi
tions, with a base pressure of 5 × 10⁻¹⁰ torr, not exceeding 3 × 10⁻⁹ torr.

2.3. Electrochemical characterization of the electrocatalysts

For the electrochemical analysis, the ink was prepared by suspending 
5 mg of the synthesized electrocatalyst in a solution consisting of 985 µL 
isopropanol (Alfa Aesar) and 15 µL of 5 wt % Nafion®d-520 (Alfa Aesar). 
This mixture was then subjected to probe sonication for 10 min followed 
by bath sonication for 30 min, both at room temperature. After 
achieving a homogeneous ink, two different electrocatalyst loadings 
(0.2 mg cm⁻² and 0.6 mg cm⁻²) were used to fabricate the working 
electrode on an E6R2 series rotating ring disk electrode (RRDE) [36].

Experiments were conducted in a three-electrode configuration, with 
a graphite rod as the counter electrode, RRDE as the working electrode 
and a saturated calomel electrode (SCE) as the reference electrode, with 
the electrolyte being O2-saturated 0.1 M KOH solution. To record the 
electrochemical response, Pine Wave Vortex RDE setup connected to a 
Pine bipotentiostat was used, while 85 % IR compensations were applied 
with an SP-100 Biologic®. All potentials in this study were referenced to 
the reversible hydrogen electrode (RHE) by adding a factor of ’0.241 +
[pH] x 0.0591’ to the measured potentials (referenced to SCE).

Linear sweep voltammetry (LSV) was performed to obtain polariza
tion curves at a scan rate of 5 mV s⁻¹ between 1200 and 0 mV vs. RHE, 
with the ring potential held at ~1200 mV vs. RHE and the RRDE rotating 
at 1600 rpm. Prior to recording the actual LSV curves, the electrocatalyst 
was conditioned through multiple cyclic voltammograms until a stable 
current was achieved. Both the disk current (Idisk) and ring current (Iring) 
of the RRDE were recorded over the whole potential window. The onset 
potential (Eonset) and half-wave potential (E1/2) were derived from the 

Fig. 1. Hemp stem-derived substrates, shives and fibers, were used to synthesize electrocatalysts for oxygen reduction reaction (ORR) through three main processes: 
1) pyrolysis at three different temperatures (400, 600 and 800 ◦C); 2) chemical activation with KOH as reagent; and 3) functionalization, with iron phthalocyanine 
(FePc) as a precursor.
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Idisk, serving as kinetic indicators to compare the electroactivity of the 
different synthesized electrocatalysts. Eonset, which indicates the 
threshold potential to initiate the ORR, was determined at − 0.1 mA 
cm− ². E1/2 was identified at the peak of the first derivative of the LSV, 
following established ORR protocols. Additionally, the peroxide anion 
yield (%) and the number of transferred electrons (n) during the ORR 
were estimated using Eq. (1) and Eq. (2), respectively. These parameters 
are required to assess the reaction’s selectivity towards the 4-electron 
pathway, minimizing the production of peroxide anions in the alkaline 
media. 

Peroxide anion yield
(
HO−

2 , %
)
=

200 ×
Iring
N

Idisk +
Iring
N

(Eq. 1) 

n =
4 × Idisk

Idisk +
Iring
N

(Eq. 2) 

The electrochemical stability of one of the electrocatalysts derived 
from hemp fibers (HF 600) was also assessed by applying 2000 cycles at 
a scan rate of 50 mV s⁻¹ in the O₂-saturated 1 M KOH electrolyte, with the 
rotating disk electrode (RDE) at a speed of 1600 rpm and an electro
catalyst loading of 0.6 mg cm⁻². For comparison, ORR polarization 
curves were obtained again at a scan rate of 5 mV s⁻¹ after the 2000 
cycles. The stability test was carried out in the potential window of 
1.1–0.3 V vs RHE.

3. Results and discussion

3.1. Synthesis of the electrocatalysts

The synthesis process of the electrocatalysts was successfully done 
for three different pyrolysis temperatures (400, 600 and 800 ◦C) and two 
different substrates (hemp shives and hemp fibers). For hemp shives 
(HS), the pyrolysis yields were 33.5, 27.7 and 26.0 % at each temper
ature, respectively, while for hemp fibers (HF) yields were slightly 
lower, i.e. 29.7, 22.6 and 23.2 %, respectively. The chemical activation 
rates mainly varied depending on the type of substrate, being 47.2, 54.7 
and 57.5 % for HSs pyrolyzed at 400, 600 and 800 ◦C, respectively, and 
20.1, 29.4 and 20.5 % for HFs undergoing the same heat treatment, 
respectively. The sample yield during the activation process could also 
be affected by the handling and washing during the activation 
procedure.

3.2. Structural properties of the electrocatalysts

XRD patterns for hemp shives (HS) and fibers (HF) derived electro
catalysts are displayed in Fig. 2a and Fig. 2b, respectively. Every sample 

shows two broad peaks at around 24◦ and 42◦, which are attributed to 
the crystallographic planes (002) and (101) of graphite (ICDD: 
01–089–7213), respectively, indicating the defective nature of the 
graphitic matrix. A few tiny peaks are identified at ca. 35.7◦, 57◦ and 
62◦, which can associated with iron oxide in the form of magnetite 
(ICDD: 01–075–0449). This goes in accordance with the presence of iron 
in the amorphous carbon matrix, as determined by a wide variety of 
semi-quantitative and quantitative characterization techniques (see 
Section 3.4). A minor peak at ca. 27◦ can be attributed to SiO2 (ICDD: 
01–089–8941) and may originate from the XRD sample holder.

To study the carbon structure of the electrocatalysts, Raman spec
troscopy was employed; see recorded spectra in Fig. 3a and Fig. 3b for 
HS and HF derived electrocatalysts, respectively. The spectra are mainly 
composed of two broader peaks in the vicinities of 1575 cm− 1 and 1320 
cm− 1 that can be attributed to the G and D bands, respectively. The G 
band is the characteristic band of the graphitic material and is linked 
with the bond stretching of all pairs of sp2 carbon atoms in both rings 
and chains, whereas the D band appears due to the breathing of sp2 

atoms in rings and indicates the presence of structural defects and dis
continuities in the carbon. The intensity ratio of the D to G band (ID/IG) 
is a typical parameter to estimate the defect density, see Fig. 3a and 
Fig. 3b Quite interestingly, the overall defect densities in the hemp fibers 
derived electrocatalysts are higher compared to the ones derived from 
shives. Samples HS400 and HF400, acquired at the lowest first pyrolysis 
temperature (400 ◦C), have comparable intensities of D and G bands 
and, therefore, the ID/IG ratios are relatively lower (ca. 1.1) compared to 
the other counterparts. However, the corresponding values increase as 
the temperature increases. HS600 and HF600 exhibit ID/IG ratios of ca. 
1.5, meaning a highly defect-rich structure that could favor ORR due to 
structural discontinuities like broken edges and defective graphitic do
mains, which help in the binding of oxygen.

3.3. Morphology of the electrocatalysts

SEM images are used to analyze the morphological characteristics of 
the electrocatalysts, including particle size, distribution, shape, surface 
roughness, and porosity. Fig. 4 displays backscatter images of all six 
synthesized electrocatalysts at a magnification of 2500x with a 20 µm 
scale bar (see Figure S1 for similar images at 1000x magnification). Each 
sample exhibits particles ranging in size from approximately 5 to 50 µm, 
indicating minimal mechanical disruption of the particles. Notably, 
electrocatalysts derived from hemp fibers tend to have slightly larger 
particles compared to those from hemp shives.

Regarding particle shape, those pyrolyzed at 400 ◦C exhibit a more 
rounded morphology, forming rough spheres. In contrast, those pyro
lyzed at 600 and 800 ◦C for both substrate types display a more 

Fig. 2. XRD patterns of (a) HS and (b) HF derived electrocatalysts.
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elongated polyhedral shape. SEM images reveal visible surface irregu
larity and porosity in every carbonaceous electrocatalyst, suggesting 
increased roughness and additional pore formation after activation. 
Rounded particles show multiple cavities and large surface pores, 
whereas elongated particles exhibit polygonal faces, straight edges, 
sharp vertices, and elongated pores visible in cross-sections. SEM images 
from previous work [37] have shown that hemp shives have a unique 
connected and hierarchical pore geometry already visible in the raw 
material.

To further investigate the variation of the porosity of the samples 
along with the different treatment, 129Xe NMR measurements were 
conducted [38,39]. To recollect, the different steps of the electrocatalyst 
preparation were: i) first pyrolysis (transformation of HS or HF into 
conductive char), ii) activation process that include treatment with KOH 
and pyrolytic process, iii) functionalization of the conductive activated 
char with FePc.

129Xe NMR spectra of hemp shives (HS) and hemps fibers (HF) sub
jected to first pyrolysis at 400 ◦C show the intense and sharp free xenon 
gas peak, set to 0 ppm and used as an internal chemical shift reference, 

along with a broad and very weak resonance centered roughly in the 
range between 170 ppm and 180 ppm (Figure S2). This peak derives 
from xenon sorbed into the porous structure of the pyrolyzed materials 
[39]. Its low relative intensity indicates that the porosity of these ma
terials is overall very low. For the HF pyrolyzed at 600 ◦C, the spectra 
show that these materials do not have any significant porous structure in 
the dimensional range probed by xenon NMR, similarly to the fibers 
pyrolyzed at 400 ◦C (Figure S3). On the other hand, HS have a different 
morphology compared to those pyrolyzed at 400 ◦C. In the room tem
perature spectrum (278 K), the intense peak centered at roughly 175 
ppm reveals the presence of a porous structure generated by the thermal 
treatment. By lowering the temperature to 258 K, and especially 238 K, 
the peak splits into two broad resonances. This indicates that the sample 
has two different populations of pores which become distinguishable 
only when the xenon dynamics is slowed down by the low temperature. 
At 278 K and higher, xenon atoms exchange rapidly between the two 
different populations, and this results in a single average NMR signal. 
Based on the chemical shifts of the peaks, which are 170 ppm and 221 
ppm, respectively, these signals can be qualitatively attributed to 

Fig. 3. Raman Spectra of (a) HS and (b) HF derived electrocatalysts.

Fig. 4. Backscattered SEM images at a magnification of 2500x for (a-c) HS and (d-e) HF derived electrocatalysts. Dwell time: 30 µs.
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micropores with different sizes [40]. In addition to that, the free gas 
peaks in the spectra of hemp shives have shoulder peaks similar to those 
visible in Figure S2. This indicates that the large macroporous spaces are 
retained even when the first pyrolysis is performed at 600 ◦C. Interest
ingly, the morphology of the HS and HF is completely changed when the 
pyrolysis is performed at 800 ◦C (Figure S4). In fact, 129Xe NMR spec
trum of pyrolyzed HF acquired at 298 K displays two partially super
imposed peaks that suggest the presence of two different populations of 
pores. The presence of a bimodal porous structure is confirmed by 
low-temperature measurements in which the separation between the 
peaks is increased along with their intensities relative to the free gas 
peak. On the other hand, the HS subject to the first pyrolysis at 800 ◦C do 
not show any significant micro- and mesopores (dimensions between 2 
nm and 50 nm), similar to the HF pyrolyzed at 400 ◦C and 600 ◦C. Only 
large macroporous indentations are visible at 258 K and 238 K, analo
gous to the lower pyrolysis temperatures. These results indicate that 
either the high processing temperature breaks down the pores, 
increasing their sizes to the point where xenon in the middle of the pores 
cannot be distinguished from the free xenon gas (i.e. big macropores 
such as those visible in the SEM images in Fig. 4), or that the small pores 
are obstructed by ashes or other residues formed during the first 
pyrolysis.

The effect of the activation with KOH on the carbon morphology was 
studied by analyzing some of the activated samples with 129Xe NMR and 
comparing the spectra with those of the corresponding materials after 
first pyrolysis. In the case of the HF treated at 400 ◦C, the activation 
procedure generates a bimodal porous structure in the pyrolyzed HF 
(Figure S5). Variable temperature spectra demonstrate that there is a 
significant segregation between the two different populations of pores, 
as even at room temperature xenon gas is not able to exchange rapidly 
between them on the NMR time scale. The activation with KOH gener
ates a different porous structure in the HF treated at 600 ◦C (Figure S6). 
Here, the spectrum at 298 K shows a single resonance with a chemical 
shift of 97 ppm, thus, the activation process generates a rather homo
geneous porous structure with a monomodal distribution of pores esti
mated to be roughly in the mesopore range based on the chemical shift 
[39]. Interestingly, a similar morphology is obtained after the activation 
of HSs pyrolyzed at 600 ◦C (Figure S7), even though the porous structure 
of the starting material is completely different from that of the HFs (see 
Figure S3). The activation with KOH breaks down the bimodal porous 
structure of the HS, generating a single population of mesopores with 

rather homogeneous sizes.
129Xe NMR spectra recorded at 278 K are presented in Fig. 5 for all 

electrocatalysts prepared by functionalizing the activated materials with 
FePc, which represent the last step of the synthetic process. Single 
downfield peaks are evident in each spectrum, indicating that all the 
electrocatalysts possess a notable porous structure in the dimensional 
range detectable by xenon. For all samples, the pore sizes can be qual
itatively estimated to fall within the mesopore range, based on the 
chemical shifts of the peaks, between 100–150 ppm [39]. The broadness 
of the peaks in Fig. 5a, d and Fig. 5c, f reveals that the electrocatalysts 
obtained when the starting materials are pyrolyzed at 400 ◦C, and 
especially at 800 ◦C, have a heterogeneous morphology characterized by 
interconnected pores with different dimensions. Additionally, the 
downfield peaks in the spectra of samples pyrolyzed at 400 ◦C are 
asymmetric and skewed toward higher chemical shifts, denoting that, 
among the heterogenous pore structure, there is a significant number of 
small pores that fall into the small meso‑ or micropore range (Fig. 5a, d).

In contrast, the peaks from the electrocatalysts obtained after the 
pyrolysis at 600 ◦C are sharper and only slightly asymmetric at the base 
(Fig. 5b, e), suggesting that they have the most uniform porous struc
tures along the series, similar to what was observed for the activation 
process. Interestingly, these materials also showed the best electro
catalytic performance for the oxygen reduction reaction (see below) 
[41]. However, the relatively narrow linewidth of the xenon resonances 
indicates the presence of isolated iron atoms and non-metallic nano
particles, since for this last case, xenon linewidth would be hundreds of 
ppm [41]. The relatively narrow linewidth of the xenon resonances 
suggests that iron is present as isolated atoms rather than in the form of 
metallic nanoparticles. Iron-based nanoparticles typically create signif
icant inhomogeneities in the local magnetic field, which dramatically 
shorten the T2 relaxation time—this property is the reason why such 
particles can be used as MRI contrast agents [42]. Low relaxation times 
would produce linewidths of tens or hundreds of ppm, as seen for 
example in rocks containing magnetite [43].

Anyways, these results indicate that a homogeneous porous structure 
is a favorable factor for the performance of the hemp-derived electro
catalysts. The morphological uniformity likely enhances the mass 
transport and the accessibility of the electrocatalytic sites to the re
actants and guarantees that the active sites are well distributed inside 
the electrocatalyst, leading to improved efficiency. By contrast, the 
heterogeneous porous structures of the other materials may hinder the 
ORR, resulting in worse electrocatalytic activities, especially in terms of 
peroxide production and number of transferred electrons. For all the 
samples, no significant variations of the peak shapes and no additional 
peaks are observed upon lowering the temperature (Figure S7).

The evolution of the morphology of the material is exemplified in 
Fig. 6 for the fibers treated at 400 ◦C. If the pyrolyzed fibers present just 
a broad and very weak peak centered at 170 ppm, the spectrum of the 
activated material shows an intense peak at 127 ppm and a smaller 
downfield peak at 150 ppm which are related to a bimodal porous 
structure with significant segregation between the two pore populations. 
In the spectrum of the electrocatalyst, the width of the peaks is signifi
cantly higher, and the smaller downfield peak is partially superimposed 
to the more intense central peak. This indicates that functionalization 
increases the pore heterogeneity and decreases the segregation between 
the two pore populations. This effectively transforms the bimodal 
porous structure of the activated material into a heterogeneous distri
bution of mesopores in the electrocatalyst in which xenon atoms are able 
to exchange through all the different spaces during the NMR experiment.

The evaluation of the textural properties was carried out by 
analyzing the N2 adsorption/desorption isotherms at 77 K that are re
ported in Fig. 7. At low pressures, the isotherm branches of all the 
analyzed samples illustrated sharp adsorption inflections which are 
indicative of materials containing micropores. In the case of carbons 
derived from HS, adsorption at the lowest relative pressure decreases in 
the order 600 ◦C > 400 ◦C > 800 ◦C, suggesting a parallel decrease of 

Fig. 5. 129Xe NMR spectra acquired at 278 K (5 ◦C) of HS (a, b, c) and HF (d, e, 
f) derived electrocatalysts pyrolyzed at 400, 600 and 800 ◦C, respectively.
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microporosity (Fig. 7a). In the case of carbons derived from HF, the 
adsorption at the lowest relative pressure decreases with the decrease of 
the pyrolysis temperature in the order 800 ◦C > 600 ◦C > 400 ◦C. Thus, 
an increase in microporosity is observed with the increase in the treat
ment temperature. In addition, at higher relative pressures (P/P0> 0.4), 
the carbon derived from the treatment of HF at 800 ◦C (Fig. 7b) dis
played type IV isotherm adsorption-desorption branches showing the 
existence of mesopores. On the other hand, all the other samples 
featured a type I isotherm that describes microporous materials [44].

These observations are confirmed by the DFT pore size distribution 
that is reported in terms of incremental pore volume in Fig. 7c-d. In the 
case of carbons derived from hemp shives (Fig. 7c), the majority of the 
pore volume is given by micropores < 2 nm. Notably, the pore volume 
given by micropores decreases in the order 600 ◦C (0.574 cm3 g− 1) >
400 ◦C (0.534 cm3 g− 1) > 800 ◦C (0.391 cm3 g− 1). In addition, all three 
samples derived from hemp shives feature a small quantity of mesopores 
at > 10 nm. For the samples treated at 600 ◦C and 800 ◦C, there is a small 
increase in the pore volume given by mesopores (0.020 cm3 g− 1 vs. 
0.011 cm3 g− 1).

A similar behavior was observed for the carbons derived from hemp 
fibers (Fig. 7d), in which the majority of the pore volume is given by 
micropores < 2 nm. In particular, the microporosity of the carbons in
creases as the temperature increases, with pore volumes given by mi
cropores of 0.470 cm3 g− 1, 0.618 cm3 g− 1, and 0.647 cm3 g− 1 for HF 
400, HF 600, and HF 800, respectively. For the carbon obtained with the 
pyrolysis at 800 ◦C, there are more mesopores (especially between 2 and 
4 nm) with respect to the other two samples, with an almost double Vmeso 
(0.060 cm3 g− 1).

The micropore volume (Vmicro), mesopore volume (Vmeso) and total 
pore volume (Vtotal) of the different samples are summarized in Table 1
along with the BET surface area (SBET).

The SBET decrease is consistent with the decrease of the micropore 
and mesopore volume. Indeed, for the HS derived electrolcatalysts, the 
BET surface area decreases in the order 600 ◦C (1494.5 m2 g− 1) > 400 ◦C 
(1436.4 m2 g− 1) > 800 ◦C (1074.7 m2 g− 1). In the case of HF derived 
electrocatalysts, the BET surface area decreases in the order 800 ◦C 

(1735.6 m2 g− 1) > 600 ◦C (1637.7 m2 g− 1) > 400 ◦C (1228.8 m2 g− 1).
In summary, in the case of carbons derived from HF, microporosity, 

mesoporosity, and BET surface area increase with the increase of the 
pyrolysis temperature. On the other hand, in the case of carbons derived 
from HS, microporosity and BET surface area increase in the order 800 
◦C then 400 ◦C and finally 600 ◦C; while mesoporosity increases from ≥
600 ◦C as pyrolysis temperature.

3.4. Surface chemistry of the electrocatalysts

The first approach to evaluate the elemental composition of the 
synthesized electrocatalysts was done with XRF, showing that iron is the 
only metal present in all the samples (see Figure S8). This iron content is 
related to the FePc precursor used to functionalize samples. As a 
confirmation, SEM energy dispersive X-Ray (EDX) maps were acquired 
to determine the distribution of iron compounds. Figure S9 shows that 
samples consisted of C, O and Fe homogeneously distributed throughout 
the whole carbonaceous structure, with little formation of iron clusters. 
Overall, it appears that iron content is larger in HF than in HS derived 
samples. Nitrogen could be detected as a minor constituent. This proves 
that the mixing of the FePc precursor with the activated carbon powder, 
as well as the further heat treatment, properly functionalizes the 
electrocatalysts.

Bright Field (BF) STEM images highlight the presence of nano
particles in all electrocatalysts, despite the heat treatment. Fig. 8 collects 
STEM images taken at a magnification of 750 kX, while in Figure S10 
and Figure S11 STEM BF and TEM images can be seen at lower magni
fications, 135 kX and 56 kX, respectively. An increase in particle size can 
be noticed inside the single series (HS or HF), which starts with a 
dispersion of particles of approximately 5–10 nm at 400 ◦C, ending with 
a bigger dimensional dispersion at 800 ◦C, with fewer small particles and 
the appearance of fewer big particles. Fast Fourier Transform on the HR- 
TEM images shows the presence of Fe3O4 (magnetite) main d-spacings 
for all the samples. No metallic Fe is visible (Si information and 
Figure S12).

The surface chemistry of all electrocatalysts was thoroughly 
analyzed using XPS. The acquired survey scans are demonstrated in 
Figure S12, which confirm the presence of the elements of interest, i.e. C, 
N and Fe, whereas their relative proportions are summarized in 
Table S1. Overall, HF derived electrocatalysts demonstrate relatively 
higher amounts of nitrogen and iron than HS derived ones, as deduced 
from EDX spectra. Interestingly, as the pyrolysis temperature increases, 
the relative nitrogen and iron content tends to slightly decrease. The Fe 
2p high-resolution spectra provided in Figure S13 indicate the occur
rence of both Fe+2 and Fe+3 type species in the samples.

It is important to underline that nitrogen is the key ingredient of the 
M-N-C structures, since it breaks the carbon’s electroneutrality and gives 
rise to various active moieties that uniquely take part in the ORR [45,
46]. By deconvoluting the N 1 s spectra, various nitrogen-based moieties 
such as pyridinic, metal coordinated with nitrogen (Nx-Me), pyrrolic, 
graphitic and quaternary nitrogen can be detected, as shown in Fig. 9. 
They are identified through deconvoluted peaks assigned to specific 
binding energies, as extensively discussed in the literature [46–48].

Each active moiety plays a particular role in ORR, and the overall 
ORR is the collective response of all the present moieties. For instance, 
the key active sites for ORR are the atomically dispersed and easily 
accessible Nx-Me, since they carry out ORR in the four-electron fashion 
with complete reduction of oxygen into water or OH– in the acidic or 
alkaline media, respectively [48,49]. On the other hand, pyrrolic ni
trogen is known for the two-electron ORR, giving undesired peroxide as 
the final product. Meanwhile, pyridinic nitrogen is capable of stepwise 
completing the ORR by further reducing the produced peroxide and is, 
therefore, regarded as the second most important active site [47].

As for graphitic nitrogen, it not only increases the peroxide yield but 
also affects the Eonset and E1/2 potentials [50]. Quaternary-N has a 
similar structure as the graphitic-N; however, the nitrogen contains a +

Fig. 6. 129Xe NMR spectra of hemp fibers (a) after pyrolysis at 400 ◦C, (b) after 
activation with KOH, and (c) after functionalization with FePc. The spectra 
were acquired at 278 K.
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1 charge [47]. It should be noted that the Nx-Me, specifically Fe-Nx in 
the case of Fe-N-C, are the key active sites that are not only important in 
carrying out a complete ORR but also help in reducing the peroxide 
anions in OH– in the stepwise reaction pathway. The influence of the 
iron oxide i.e. Fe3O4 nanoparticles towards the ORR capability of Fe-N-C 
has also been reported in the literature [51,52]. Tylus et al. confirmed 
the active role of Fe-Nx type species in the alkaline ORR while they 
observed that iron-based nanoparticles can act as secondary sites 2e− ×

2e− mechanism, particularly in acidic media [52]. On the other hand, 

Hu and coworkers witnessed the synergistic effect of Fe3O4 supported on 
Fe-N-C towards ORR in the alkaline media [51].

The relative distributions of different nitrogen-based moieties are 
presented in Fig. 10. The low-temperature pyrolyzed electrocatalysts, i. 
e. HS400 and HF400, have the maximum pyridinic nitrogen content, 
which gradually decreases with the increase in temperature. A similar 
trend is observed for the pyrrolic-N. On the contrary, electrocatalysts 
pyrolyzed at the highest temperature, i.e. 800 ◦C, have the highest 
graphitic nitrogen content. It should be noted that HF600 shows the 
maximum Nx-Me content together with the lowest graphitic-nitrogen 
level compared to other HF derived samples of the study. Moreover, 
the overall nitrogen and iron content of the HF derived samples is higher 
than the HS derived samples, as already shown in Table S1.

3.5. Electrochemical activity of the electrocatalysts

ORR measurements were carried out with the RRDE method in 
alkaline media with the aim of determining the electrocatalytic activity 
of the synthesized electrocatalysts in AEMFCs. Ink preparation resulted 
in a homogeneous mixture for every sample. All discussed data are 
supported by Table S2, which summarizes the main parameters, i.e. 
Eonset and E1/2, describing the ORR performance of the synthesized 
electrocatalysts at loadings of 0.6 and 0.2 mg cm− 2.

Fig. 11 shows the electrochemical activity of HS derived electro
catalysts at a loading of 0.6 mg cm− 2, pyrolyzed at three different 
temperatures. The highest Eonset and E1/2 values are achieved by HS600 
with values of 0.96 and 0.92 V vs RHE, respectively. Although the Jlmit is 
maximum for HS800 (> 4.5 mA cm− 2), this sample has the highest 

Fig. 7. N2 adsorption/desorption isotherms of the produced carbon materials from a) electrocatalysts from hemp shives, HS, and b) electrocatalysts from hemp 
fibers, HF. Pore size distribution of c) electrocatalyst from HS, and d) electrocatalyst from HF.

Table 1 
DFT micropore volume (Vmicro), mesopore volume (Vmeso) and total pore volume 
(Vtotal) and BET-specific surface area (SBET), of the different samples.

Samples Vmicro (< 2 
nm) 
cm3 g− 1

Vmeso (2 − 50 
nm) 
cm3 g− 1

Vtotal cm3 g− 1 SBET 

m2 g− 1

HS 400 0.534 0.011 0.547 (< 99.9 
nm)

1436.4 ± 1.7

HS 600 0.574 0.022 0.599 (< 99.9 
nm)

1494.5 ±
13.4

HS 800 0.391 0.020 0.415 (< 99.9 
nm)

1074.7 ± 2.4

HF 400 0.470 0.032 0.506 (< 99.9 
nm)

1228.8 ± 9

HF 600 0.618 0.024 0.646 (< 99.9 
nm)

1637.7 ±
11.7

HF 800 0.647 0.060 0.712 (< 99.9 
nm)

1735.6 ±
10.2
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production of peroxide anion up to 17.5 % and the lowest electron 
transfer, which could relate to the higher content of graphitic and 
quaternary nitrogen as previously discussed. Interestingly, HS600 ach
ieves the lowest peroxide anion yield (< 8 %) and the highest transferred 
number of electrons (n = 3.83). The observed Jlmit is slightly less than 
the theoretical value at 1600 rpm [53], apparently giving the impression 
that direct four-electron transfer which is preferable for fuel cells, may 
not be fully achieved [54]. This signifies the occurrence of diverse active 
sites, including those facilitating direct 4e⁻ transfer, those enabling 2e⁻ 
transfer, and others capable of further reducing intermediates to the 
final product and eventually creating a favorable situation[46].

Fig. 12 shows similar results for HF-derived electrocatalysts. In this 
case, again the highest Eonset and E1/2 values are achieved by HF600, 
0.97 and 0.92 V vs RHE, respectively. Looking at other parameters, this 
sample also obtains the highest Ilimit (> 4 mA cm− 2) and the lowest 
peroxide anion production (< 7 %), with an electron transfer number of 
ca. 3.86. Figures S14 and Figure S15 illustrate the same performance 
parameters for the HS and HF-derived electrocatalysts, respectively, 
with a loading of 0.2 mg cm− 2 in the RRDE. With a lower loading, the 
Eonset and E1/2 values remain similar (see Table S2), but peroxide anion 
production is increased while the 4-electron pathway is less likely to 
occur, with a reduced limiting current too. The fact that higher loadings 

Fig. 8. STEM images at 750 kX of (a-c) HS and (d-f) HF derived electrocatalysts.

Fig. 9. High-resolution N 1 s XPS spectra of (a-c) HS and (d-f) HF derived electrocatalysts.
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can scavenge peroxide production due to the denser electrocatalyst layer 
has already been reported in the literature [55,56] thereby these results 
fall within expectations.

The fact that both HS600 and HF600 achieved the highest Eonset and 

E1/2, coupled with the lowest peroxide production among all the sam
ples, seem to be closely related to the porous structure. In fact, these 
results indicate that a homogeneous porous structure is a favorable 
factor for the performance of hemp-derived electrocatalysts. The 

Fig. 10. Relative distribution of nitrogen content and different nitrogen-based moieties in the (a) HS and (b) HF derived electrocatalysts, estimated through the 
corresponding XPS N 1 s spectra.

Fig. 11. RRDE measurements of the synthesized HS derived electrocatalysts in O2-saturated 0.1 M KOH at 1600 rpm, with an electrocatalyst loading of 0.6 mg cm− 2. 
(a) LSV disk current densities at a scan rate of 5 mV s− 1, (b) ring current densities, (c) peroxide anion yield, and (d) the number of electrons transferred during ORR.
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morphological uniformity likely enhances the mass transport and the 
accessibility of the catalytic sites to the reactants and guarantees that the 
active sites are well distributed inside the electrocatalyst, leading to 
improved efficiency. By contrast, the heterogeneous porous structures of 
the other electrocatalysts may hinder the ORR, resulting in worse elec
trocatalytic activities, especially in terms of peroxide production and 
number of transferred electrons (see Table S2).

Owing to optimum ORR performance, the sample HF600 was further 

tested for its stability over 2000 cycles by configuring the working 
electrode consisting of 0.6 mg cm− 2 loading of sample on the glassy 
carbon of RDE (Figure S16). Remarkably, HF600 demonstrates adequate 
stability where the Eonset and E1/2 remained almost comparable with a 
slight change in the Jlim, which could be due to the detachment of the 
sample of the continuous cycling.

Fig. 12. RRDE measurements of the synthesized HF derived electrocatalysts in O2-saturated 0.1 M KOH at 1600 rpm, with an electrocatalyst loading of 0.6 mg cm− 2. 
(a) LSV disk current densities at a scan rate of 5 mV s− 1, (b) ring current densities, (c) peroxide anion yield, and (d) the number of electrons transferred during ORR.

Table 2 
Performance of biomass-derived electrocatalysts for ORR in alkaline media.

Sample Biomass Eon 

(V vs RHE)
E1/2 

(V vs RHE)
Peroxide Anion 
(%)

Electron 
Transfer No (n)

Electrolyte Ref.

HS600 Hemp Shives 0.96 0.92 < 8 % 3.8 0.1 M KOH This work
HF600 Hemp Fibers 0.97 0.92 < 7 % 3.9 0.1 M KOH This work
FeNC(Mg) Lignin 0.95 0.83 - ca. 4 0.1 M KOH [14]
Co/NHPC-90 Hemp - 0.82 - - 0.1 M KOH [29]
NSPC-800 Shrimp’s 

Chitosan
0.95 0.85 5.9 % 3.69 0.1 M KOH [58]

Fe2O3/N-PCs-850 Mulberry leaf 0.93 0.77 5 % 3.9 0.1 M KOH [59]
Fe–N–PC Soybean Straw 0.98 0.85 < 1 % 3.97 0.1 M KOH [63]
RN350-Z(1–2)-1000 Legume Root Nodules 0.97 0.87 < 18.74 % 3.63> 0.1 M KOH [64]
FeCo/N-C-Pistachio Pistachio Shells 0.93 0.83 - 3.8 0.1 M KOH [60]
D-MNS-A Macadamia Nut Shell 0.87 0.75 < 13 % 3.6 0.1 M KOH [61]
Fe-NLC-1 Lignin 1.02 0.90 2 % ca. 4 0.1 M KOH [65]
Fe2O3-CW1000 Balsa Wood 0.98 0.78 < 5 % 3.8 0.1 M KOH [66]
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3.5.1. Comparison with literature
To showcase the significance and the novelty of the work, it is 

important to compare the electrochemical characteristics of the hemp 
derived electrocatalysts of this study with those recently reported in the 
literature. Therefore, Table 2 presents an overview of electrocatalytic 
activities of the best-performing electrocatalysts i.e. HS600 and HF600 
in a comparison with the state-of-the-art biomass-derived electro
catalysts under similar experimental settings and, importantly, in alka
line media. In terms of the kinetic parameters, the present work stands 
out with higher Eonset (0.96–0.97 V vs RHE) and E1/2 (0.92 V vs RHE) 
values which are closely comparable and even higher than the various 
biomass-derived electrocatalysts [25,57–62]. In fact, the values of Eonset 
and E1/2 are more positive with respect to the commercial benchmark 
Pt/C (20 wt. % Pt) electrocatalysts reported in other studies [61,63]. 
Similarly, peroxide production is lower typically <10 %, which is pos
itive to preserve membrane integrity inside the fuel cells during opera
tions. This goes in accordance with the high number of electrons 
transferred (n = 3.8–3.9).

4. Conclusion

Hemp fibers and shives separately, as low-value waste biomass, were 
first utilized to produce activated char with interconnected porosity. 
Subsequently, the char samples acquired at different temperatures were 
functionalized with FePc to create monometallic electrocatalysts. These 
electrocatalysts exhibited defect-rich porous structures (in the meso
porous range) without any agglomeration of metallic nanoparticles as 
highlighted by 129Xe NMR spectra. XPS analysis confirmed the presence 
of various nitrogen-containing active moieties and the presence of the 
desired Nx-Me active sites, with generally higher iron and nitrogen 
content in hemp fibers-derived electrocatalysts.

RRDE measurements in alkaline media, conducted with loadings of 
0.2 mg cm− 2 and 0.6 mg cm⁻², validated the active nature of the 
resulting electrocatalysts. In alkaline media, HS600 and HF600 elec
trocatalysts had an overall higher performance than the rest in terms of 
Eon, with values of 0.96 and 0.97 V vs RHE, respectively, and E1/2, with 
value of 0.92 V vs RHE. Interestingly both HS600 and HF600 electro
catalysts achieved the lowest peroxide production yield and the highest 
transferred number of electrons. These results could be related to 
favorable morphological attributes and the coexistence of desired ni
trogen moieties and the distribution of Fe-Nx active sites.

This work explores new biomass raw material, derived from indus
trial waste, for cost-effective development of M-N-C electrocatalysts 
with excellent physicochemical and electrochemical properties for ORR 
in AEMFC.
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