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ABSTRACT: Single-site catalysis plays a central role in electro-
chemical applications, where the activity critically depends on the OER \ - ’ ORR
local coordination and dynamic evolution of the active sites under

operating conditions. Using the FeCo—N;O,@C dual-atom catalyst

(DAC) as a model system, we combined density functional theory

calculations and microkinetic modeling to investigate its perfor- y JANUS h
mance in the oxygen evolution (OER) and oxygen reduction

(ORR) reactions and to demonstrate the importance of the evolu-

tion of the structure of the catalyst under working conditions.

Our results reveal that while OER proceeds on the Co site of the

as-prepared catalyst, the ORR occurs on a different, dynamically

formed active site. Under reaction conditions, water dissociates to

yield a stable Co—OH adduct that blocks the Co site for ORR, thereby shifting activity to the Fe center. This restructuring reconciles
theory with experiment and explains the high bifunctional performance of FeCo—N,O,@C. The computed polarization curves accu-
rately reproduce the experimental OER and ORR behavior, demonstrating the necessity of explicitly simulating electrochemical con-
ditions rather than relying solely on static Gibbs free energy diagrams. Analysis of Co and Fe K-edge XANES spectra and Bader charge
variations further supports the proposed mechanism. Overall, this study highlights the importance of considering the evolution of sin-
gle- and dual-site catalysts under working conditions and the synergistic interaction between neighboring Fe and Co atoms. Such

insights advance our understanding of dynamic catalytic behavior and provide guidance for the rational design of efficient SAC and
DAC systems.

KEYWORDS: single-atom catalyst, dual-atom catalyst, oxygen evolution reaction, oxygen reduction reaction, janus dual-atom catalyst

1. INTRODUCTION complementary spectroscopic approaches, including X-ray
Absorption  Spectroscopy (XAS),'*'* X-ray Photoelectron
Spectroscopy (XPS), Electron Paramagnetic Resonance
(EPR)," Infrared (IR) spectroscopy using probe molecules,'®
and solid-state Nuclear Magnetic Resonance (NMR) spectros-
copy'” enables the precise identification and characterization
of such active sites.

Moreover, the interpretation of these experimental findings is
often reinforced through first-principles calculations, which pro-
vide theoretical models that reproduce and rationalize the
observed structural and electronic features.”'®'” The synergy
between advanced characterization and computational model-
ing thus represents a powerful strategy for establishing a

Determining the mechanism of a catalytic reaction remains a
fundamental yet challenging task, as it provides the key to ratio-
nally improving the performance, selectivity, and stability of a
given catalyst. Achieving this goal requires precise and compre-
hensive knowledge of the active site and its dynamic role during
the reaction."™* Over the past decades, substantial progress has
been made in developing advanced experimental and computa-
tional techniques to characterize the structure, composition,
and electronic properties of active sites in heterogeneous
catalysts.

A particularly significant advancement in this field has
emerged with the development of single-atom catalysts
(SACs),>® in which isolated transition-metal (TM) atoms are
stabilized within a solid matrix.” These systems offer an ideal
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detailed and reliable description of active sites,”%?! an essential

step toward elucidating catalytic mechanisms and guiding the
design of more efficient catalysts.

Dual-atom catalysts (DACs) represent an emerging class of
catalytic materials in which two metal atoms, either identical
or different, are stabilized in close proximity on a support.”>>*
These paired metal centers can cooperate synergistically, enabling
reaction pathways that are inaccessible to isolated SACs. The
unique electronic and geometric interactions between the two
atoms can modulate adsorption energies, facilitate multi-
electron transfer processes, and enhance both activity and selec-
tivity. Depending on their composition and configuration,
DACs can bridge the gap between single-atom and nanoparticle
catalysts, offering a versatile platform for tuning catalytic perfor-
mance at the atomic scale.”*>%

Even subtle modifications in the local structure and coordina-
tion environment of a SAC or a DAC can lead to profound
changes in their catalytic behavior. The electronic structure
and reactivity of SACs and DACs are extremely sensitive to var-
iations in coordination number, oxidation state, nature of the
surrounding atoms or functional groups.””** Small perturba-
tions, such as the removal or addition of a neighboring atom,
slight distortions in bond geometry, or changes in the metal—
support interaction can alter the distribution of the metal’s
d-electron density, thereby modifying adsorption energies and
reaction barriers.>"*> Consequently, even nominally identical
catalysts may exhibit markedly different activity or selectivity
under different preparation methods or reaction conditions.
This pronounced structure—reactivity sensitivity motivates the
importance of precisely controlling the atomic environment in
SACs and DACs.****

However, characterization of the active site in the as-prepared
catalyst, while essential, often provides an incomplete picture of
the catalytic process, as the catalyst structure can undergo sig-
nificant modifications under reaction conditions. Variations in
temperature, pressure, external potential and chemical environ-
ment can induce surface reconstruction, changes in oxidation
state, poisoning by adsorbed species or the formation of new
active phases.'® Consequently, the nature, geometry, and elec-
tronic properties of the active sites present during catalysis
may differ, sometimes substantially, from those observed in
the pristine material.*> These dynamic transformations imply
that a comprehensive understanding of the reaction mechanism
requires in situ or operando investigations capable of capturing
the catalyst in its true working state.>*>’

In general, dual-atom catalysts embedded in carbonaceous
matrices exhibit synergistic interactions between neighboring
metal centers, which modulate the electronic structure and
charge distribution, thereby enhancing catalytic activity.*® In
the specific case of Fe—Co dual-atom catalysts, outstanding
bifunctional activity toward both the oxygen reduction reaction
(ORR) and oxygen evolution reaction (OER) in alkaline media
has been reported, together with stability comparable to that of
noble-metal catalysts.>” Moreover, Fe-N_ and Co—N, coordina-
tion motifs strongly interact with oxygenated intermediates
(0,*, OH*, and OOH*), effectively optimizing intermediate
adsorption and reaction kinetics, which leads to significantly
improved ORR performance.***!

Recently, Tang et al. reported a synthetic strategy for con-
structing a carbon-based catalyst featuring diatomic Fe—Co sites,
in which Fe and Co atoms are coordinated to N and O atoms,

respectively, and interconnected through bridging N and O
atoms (FeCo-N;0,@C).*” The resulting FeCo-N,0,@C
DAC exhibits remarkable stability and bifunctional catalytic activ-
ity toward both the oxygen reduction reaction (ORR) and the
oxygen evolution reaction (OER). The work provided a compre-
hensive ex situ and in situ characterization, showing that the supe-
rior activity arises from the strong electronic coupling between
the Fe-N; and Co—O; moieties. In particular, this interaction
modulates the d-orbital energy levels of the metal centers,
thereby optimizing the adsorption—desorption behavior of oxy-
genated intermediates and accelerating the reaction kinetics of
both ORR and OER.

The proposed mechanism, which is predominantly based on
X-ray Absorption Near Edge Structure (XANES) Spectroscopy,
implies that the two atoms, Fe and Co, act separately, with Co
promoting the OER, and Fe the ORR.** In addition density
functional theory (DFT) calculations were performed based
on the working hypothesis that the structural and electronic fea-
tures of the active site in the as-prepared catalyst are preserved
under reaction conditions. Although this assumption appears to
be valid at first glance, certain aspects are incompatible with the
thermodynamics of the process unless factors not accounted for
in the original mechanism are involved. In particular, the origin
of the preferential occurrence of the direct reaction (OER) and
its reverse counterpart (ORR), which share the same reaction
intermediates but take place on different sites, remains elusive,
unless, for some reason, the nature of one of the two sites
changes during the process. From a thermodynamic point of
view, the reaction will always take place on the most active site
available, both for the forward and the reverse reaction.

In this work, we have revisited the reaction mechanisms of the
OER and ORR over the FeCo-N;0,@C DAC, incorporating
new relevant terms and aspects in the mechanistic descrip-
tion,”>* such as the formation of all possible reaction intermedi-
ates™ and the role of water as a coordinating ligand that in the
course of the reaction forms reactive species that modify the
nature of the active site.*"~*” By integrating these considerations,
we unravel the origin of the reaction mechanism, that under-
scores a fundamental aspect of single-atom and dual-atom cataly-
sis: the evolution of the active site under reaction conditions,
leading to the formation of new species that significantly influ-
ence the reaction pathway. The provided mechanistic explanation
in this work is compatible with the bifunctional activity of the cat-
alyst, where the two OER and ORR reactions occur on two dif-
ferent sites, available and generated in reaction conditions.

Moreover, we demonstrate that conventional analyses based
solely on the thermodynamic barriers for intermediate forma-
tion can be insufficient to predict catalytic performance. To reli-
ably connect theoretical predictions with experimental
observations, the calculation of polarization curves through
microkinetic modeling must be integrated with the classical
determination of the reaction profile.

These findings carry broader implications beyond the FeCo—
N,O,@C system, which is considered here just as an exemplifi-
cative test system, providing general insights for the accurate
description of activity in SACs, DACs, and heterogeneous cata-
lysts more broadly. While our work is motivated by the compel-
ling experimental evidence of the structure and activity of the
DAC proposed by Tang et al, the conclusions extend beyond
this specific system, offering guidelines for the rational evalua-
tion and design of advanced catalysts.

https://doi.org/10.1021/acscatal.5c08565
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2. MODELING ASPECTS
2.1. DFT Approach

We performed spin-polarized density functional theory (DFT)
calculations as implemented in the Vienna Ab-initio Simulation
package (VASP).*° The Perdew-Burke-Ernzherof (PBE)
exchange and correlation functional was adopted.®" The follow-
ing valence electrons were treated explicitly: H (1s), C (2s,2p),
N (2s, 2p), O (2s, 2p), Fe (4s, 3d), Co (4s, 3d). They have
been expanded on a set of plane waves with a kinetic energy
cutoff of 400 eV, while the core electrons were treated with
the projector augmented wave approach (PAW).”>*3 The
threshold criteria for electronic and geometry loops were set
to 10™° eV and 107> eV/A, respectively. A 2 X 2 X 1
Monkhorst—Pack k-point grid®* was used to sample the recip-
rocal space. The Grimme’s D3 parametrization scheme was
adopted to account for dispersion interactions.”> Geometry
optimizations were performed by means of the conjugate gradi-
ent algorithm. To accurately capture the magnetic character of
Fe and Co centers, single-point PBE0*®*” energy calculations
were performed on PBE-optimized geometries to refine the
electronic structure. This step is essential, as the adsorption
energies of species interacting with transition-metal atoms hav-
ing unpaired electrons in the ground state are particularly sensi-
tive to the self-interaction error inherent in conventional DFT
formulations.”*™*° We report a comparison of PBE and PBEO
energies in the ESI Section S1, showing that in some cases sub-
stantial differences exist between the two treatments. On the
other hand, the general conclusions of this study are indepen-
dent of the exchange-correlation functional used.

2.2. Structural Model

As mentioned earlier, the local coordination of the active phase
plays a crucial role, as it is essential to accurately determine the
nature and geometry of the ligands surrounding the metal
atoms.”’ = In the selected DAC model system, the active phase
consists of an Fe atom located in close proximity to a Co atom,
both embedded within a carbon matrix (Figure S1). This model
was employed to investigate the OER and ORR. The starting
point was a fully optimized graphene nanosheet, from which a
p(8 X 8) supercell containing 128 atoms was constructed (lattice
parameters: a = b = 19.74 A and y = 120°) to ensure sufficient
separation between active sites. A defect was then introduced into
the host matrix to accommodate the metal atoms, with the
nearest-neighbour carbon atoms substituted by nitrogen and oxy-
gen atoms, following the structural details reported in Ref. 42
(see Figure S1 and Table S1 for the calculated interatomic dis-
tances and Section SS for Cartesian coordinates). Then, coordi-
nates of the atoms have been re-optimized.

OER and ORR intermediates were modelled by using the
Computational Hydrogen Electrode (CHE) approach.®®> In a
series of pioneering works, it was demonstrated that a complex
process such as an electrochemical reaction can be effectively
modeled using quantum chemical calculations of reaction inter-
mediates, through the construction of Gibbs free energy dia-
grams. Despite its inherent approximations, the CHE method
has proven extremely successful and, most importantly, has pro-
vided valuable atomistic insights into a wide range of electro-
chemical reactions.*”' The Gibbs free energy of a species x
can be calculated by adding to the DFT energies (AE,) the
entropic (TAS,) and zero-point energy (AE, ) contributions.

9812

AGx ZAEx - TASx +AEZPE,x

AE,pg . can be estimated within the harmonic approximation.
Here we allowed to vibrate the TM atoms of the active site and
those of the intermediates. Entropies of gas-phase species can be
taken from International Tables or calculated ab-initio with the
formalism of the partition function. In this work, the vibrational
entropy of adsorbates was explicitly calculated, Table S2.”> The
interaction of a water molecule with the active Fe and Co sites
was explicitly considered. Solvent effects were evaluated for
selected cases using an implicit solvent model (see Table S7 for
details), which resulted in small free energy corrections of
approximately 0.2 eV, Table S7. As these corrections do not sig-
nificantly affect the conclusions of this study, the results pre-
sented below correspond to calculations performed without
including solvent effects.

2.3. Reaction Intermediates

Within the CHE framework, valuable information about the
reactivity and activity of a catalyst can be obtained from the
analysis of free energy diagrams. A key approximation in this
approach is the identification of the most favorable reaction
mechanism. For the OER and ORR on heterogeneous catalysts
and in particular on metal electrodes, it is generally assumed
that the reactions typically proceed via a four-proton—electron
transfer pathway involving three main intermediates: OH¥,
0%, and OOH*. However, alternative mechanisms are also pos-
sible, including bi-electronic processes and pathways that
involve other chemical species.”>™"*

As mentioned earlier, SACs and DACs share many features
with coordination compounds commonly employed in homo-
geneous catalysis.”® Coordination chemistry demonstrates that
a wide variety of molecular fragments can coordinate to TMs,
some of which are uncommon or even impossible on extended
surfaces. Recent studies have revealed that such novel reaction
intermediates, also referred to as unconventional intermediates,
can bind strongly to the active sites, forming new, stable com-
plexes that must be considered in the analysis of the reaction
profile 207778

In the case of alkaline OER, the conventional reaction path-
way is outlined in eqs. 1—4:

OH +*=O0H + e (1)
OH +OH = 0" +H,0+e" (2)
O +OH = OOH" +e" (3)
OOH +OH =0, + H,0+e" (4)

This sequence of steps must be broadened to account for
alternative mechanistic possibilities. In particular, once the
OH* intermediate is formed (eq. 1), the reaction can proceed
via the formation of an OH*OH* species (eq. S), which com-
petes with the formation of the O* intermediate (eq. 2).
Similarly, an OH*O* complex may form (eq. 6), competing
with the conventional OOH* intermediate (eq. 3).
Furthermore, prior to the release of molecular oxygen (O,),
an oxygen complex bound to the TM (O,*) can be generated
(egs. 7 and 8). Depending on the O—O bond distance (d,,),
these complexes can be classified as superoxo (n'-0,*, 1.25 A

https://doi.org/10.1021/acscatal.5c08565
ACS Catal. 2026, 16, 9810-9822
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< dy, < 135 A), peroxo (n-0,*, 1.35 A < d,, < 1.45 A), or
dioxo (O*0*, d,, > 1.45 A) species.””*® Finally, the oxygen
complex evolves into gas-phase molecular oxygen through a
chemical desorption step (eq. 9).

OH +OH = OH'OH +e" ()
OH'OH +OH = OH 'O +H,0+e" (6)
OOH +OH = 0, +H,0 +e" (7)
O'OH +OH =0, +H,0+e" (8)
0,2 0, +% (9)

It is common practice to assess the activity of an electrocata-
lyst by analyzing the reaction free energy profile. The free
energy barrier of the rate-determining step (AG,,,), defined as
the largest positive free energy change along a given reaction
pathway, is typically used as a thermodynamic descriptor of cat-
alytic activity. Lower AG4, values generally indicate more
promising catalysts. This approach is adopted in practically
every computational study of electrocatalytic reactions.
However, evaluating only the free energy barrier of the rate-
determining step provides an incomplete picture and does not
enable direct comparison between theory and experiment.
A more rigorous approach involves using the information con-
tained in the free energy profile to compute an observable quan-
tity, namely the polarization curve, which allows a direct and
quantitative comparison with experimental data.

2.4. Microkinetic Model and Polarization Curves

The polarization curves can be obtained using microkinetic
modelling in the framework of transition state theory.®' At each
step is assigned a forward and backward kinetic constant. In the
direction reported in eqs. 1—9, forward kinetic constants are
linked to OER and backward kinetic constants to ORR.**
Their expressions are, respectively:

K, T 8¢ a-pm
= ST S (10)
h
k = I—<ZTe‘%e‘%" (11)

where K, is the Boltzmann constant, T is temperature,  is the
Planck constant, R is the gas constant, /3 is the charge transfer
coefficient (0 < § < 1), F is the Faraday constant and 7 is the
overpotential. Full details of eqs. 10 and 11 can be found in
the original work.*> AG* is the activation Gibbs free energy,
which is approximated to the thermodynamic barrier, ie. the
difference between adsorption Gibbs free energies between
two consecutive intermediates:

AGrRAG,, — AGy (12)

This approximation is generally sufficient if the activation

barrier is negligible compared to the thermodynamic driving
force 545

9813

The rate of each step is:

r=k;' [OHT N6, — k] NOoy- (13)
r =k [OH™ [NOou: — k; NOo- (14)
rs=k; [OH™ N6 — k; NOoon- (15)
rs=k; [OH™ |NOoon: — k; Nbo: (16)
rs =k NOo: — k5 [02]NO, (17)

where N are the moles of active site per cm? [OH™] and [O,]
are the concentrations of hydroxonium and molecular oxygen
respectively, and O represents the intermediate coverages. Our
model has a loading of 3% of both Fe and Co, which is suffi-
ciently close to the value reported experimentally, about 1%.**
For the analysis, we used the number of active sites reported
experimentally, 5-10"* per cm?, working quantities are reported
in Table S3.

The main assumption of the steady-state approximation is
that the rate of formation of intermediates is equal to their rate
of consumption:

dOon-

T =n—n=0 (18)
% =0 (19)
de(;?H* =r3—r3=0 (20)
d(@i(t); =ry—r5=0 (1)

The expressions of intermediate coverages can be found by
solving the system made by eqs. 18—21, considering the conser-
vation of active sites:

0, + Oon+ + 00+ +Ooon= + eo; =1 (22)
Then, the current density of OER is given by:
j=F(r1+r2+r3 +1’4) (23)

Here F is the Faraday constant. A similar treatment can be
made for ORR microkinetic model, see section S4.

It must be mentioned that the symmetry of the barrier of
electrochemical step can affect the overall rates calculated. Its
explicitly evaluation requires to adopt potential-dependent
methods such as grand canonical density functional theory
approaches.®”*® An alternative strategy is to work under the
assumption of B = 0.5, which is a common approxima-
tion.5*%%°% Furthermore, our microkinetic models consider
only successive reaction steps, rather than explicitly accounting
for all steps simultaneously. While this latter strategy is crucial
when addressing industrially relevant chemical reactions, where
multiple competing reaction pathways may be accessible under

https://doi.org/10.1021/acscatal.5c08565
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operating conditions, it is beyond the scope of the present
work.”’?* In this work, we intentionally kept the complexity
of this aspect to a minimum in order to obtain easily interpret-
able results, while acknowledging the presence of unavoidable
approximations.

3. RESULTS AND DISCUSSION
3.1. Stability of Intermediates

To deal with OER or ORR processes we have considered all
possible intermediates (see eqs. 1—9) on both Fe and Co sites
of the FeCo—N;0,@C DAC. Compared to SACs, where the
active center typically coincides with the TM atom, DACs
require consideration of adsorption not only on each TM site
but also at positions between the two metals, the bridge sites.

After completing the screening, we found that only one addi-
tional complex with respect to the standard OH*, O*, OOH*
ones, enters the game, the formation of an O,* adduct before
the release of gas-phase O, (last step of OER). This is also
the result of interaction of O, with the catalyst if one looks at
the process from the other direction (first step of ORR).
Notably, the O,* species exhibits an O—O bond length of
1.40 A, with a bridge configuration between the two metal sites,
Fe—O—-0O—Co. All other non-classical intermediates are found to
be non-competitive with the standard ones (see Table 1 and
Figures $2-S4). Consequently, the preferred reaction pathway
for both OER and ORR involves the sequential formation of
OH*, O*, OOH* and O,* intermediates (or vice versa).
Notice that oxygenated species consistently prefer to bind
either on top of Co atoms or at bridge sites spanning the two
metal atoms, rather than directly on top of Fe (Figure 1).

Coming to the intermediates of the OER on FeCo—
N,0;@C, the OH* complex preferentially forms on Co with
AG = —1.19 eV, indicating the formation of a strong Co—OH
chemical bond, Table 1. In contrast, the adsorption of OH*
on the Fe site of the DAC is much weaker (AG = —0.25 eV).
Therefore, there is no competition between the two metal sites,
OH* preferentially binds to Co.

The same is true also for OOH*, Table 1. The only excep-
tion to the preferred adsorption on Co is the O* species, which
adopts a bridging configuration between Fe and Co. It is worth
noting that upon adsorption of an O* species, a substantial
structural rearrangement occurs around the TM atom, with
one of the lattice oxygen atoms moving downward, in the direc-
tion opposite to that of the adsorbed O*, Figure la.

This indicates that Co is significantly more active toward
O-containing species than Fe, with the latter TM playing at
most an indirect role in the process. This holds true for both
the OER and ORR processes, as the thermodynamics is always gov-
erned by the most stable species. These findings stand in sharp
contrast to the results reported by Tang et al., whose model
proposes that OER and ORR occur on separate sites, OER on
Co and ORR on Fe.”> Note that the much stronger Co-OH
than Fe—OH bond is not an artifact of using a hybrid functional
(PBEO). The large difference in adsorption free energies is also
observed at the PBE level, the same functional used by Tang
et al. (AGg, oy = —0.97 eV and AGg, oy = —049 eV).
Figure la,c show the Gibbs free energy profiles for the
OER/ORR at the equilibrium potential of the reaction, E =
1.23 €V, relative to the Reversible Hydrogen Electrode (RHE)
(see also Table 1).

9814

Table 1. Computed Gibbs Free Energies at E = 1.23 V (vs
RHE) and TM—O Bond Lengths of Adsorbed Intermediates
on FeCo-N;0,@C

site intermediate AG /eV (PBEO0) d(TM—-0) /A
Fe OH* -0.25 1.89
o* 0.80 1.65
OOH* 1.36 1.82
OH*OH*
O*OQH* 0.77 1.84 / 1.64
0,* 047 185
Co OH* —1.19 1.80
o* -0.22 1.66
OOH* —-0.09 1.78
OH*OH*
O*OQH*
0,* -0.19 1.76 / 1.86
bridge OH* —0.95 2.09 /2.03
o* —0.48 1.89 / 1.73
OOH* 0.02 217 / 1.98
OH*OH* -0.17 1.82 / 1.97
O*OH*
0,* -029 183 / 1.87

3.2. Polarization Curves: Theory vs Experiment

In the following, we analyze this result in more detail in the
attempt to reconcile the experimental evidence with theoretical
modeling. Experimentally, the catalyst exhibits a high current
density for the OER even at small overpotentials,** whereas
the current density for the ORR at comparable overpotentials
is substantially lower.

At first glance, the formation of the very stable OH™ interme-
diate on Co (Figure la) might seem incompatible with high
OER activity, since active catalysts are typically associated with
labile complexes. However, the simulated polarization curves
computed from DFT and microkinetic modeling (see
Section ) reproduce nicely the experimental ones, indicating
that the catalyst is indeed highly active for the OER,
Figure 1b. The apparent contradiction of a very stable interme-
diate with a remarkable activity of the site can be rationalized by
considering that, although the formation of the OH* intermedi-
ate is highly exergonic (AG = —1.19 €V), the subsequent ther-
modynamic barriers for the formation of O*, OOH*, O,*, and
ultimately O, are relatively moderate (AGqys_ o« = 0.70 €V,
AGosoon+ = 040 eV, AGoop+oopx = —021 eV and
AGgy_, 0, = 0.29 eV). Thus, the strong binding of OH* does
not hinder the overall reaction kinetics, as the following steps
proceed with moderate energetic barriers.

In summary, the results of the DFT calculations and the
microkinetic model indicate that Co is the site where the
OER occurs which is precisely what has been found experimen-
tally,** so no contradiction so far.

The problem arises when one considers the reverse reaction,
ORR. O,* formation, the first step of the ORR reaction, is sig-
nificantly more favorable on Co than on Fe. But this is true for
all intermediates and for both functionals, PBE and PBEO,
except for OOH*/O*OH¥, see Table $4. It is difficult to expect
that the reaction occurs on another site, Fe in this case, where
all involved species are less stable than whose formed on Co.

On the other hand, if one assumes that also ORR occurs on
Co, it is hard to explain the moderate activity observed experi-
mentally: the formation of a very stable Co—OH complex
implies a large thermodynamic barrier to be overcome (1.19 eV)
in the last step of the ORR, ie. the evolution of OH™ from
the OH* intermediate, Figure lc. And in fact, the computed
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Figure 1. Active site: Co. Gibbs free energy profiles at E = 1.23 V (vs RHE) (a, c) and relative polarization curves (b, d) for OER and ORR on
FeCo-N,0;@C. In grey the experimental curve, in red the simulated one. In the inset of panel (b) is reported the top-view of the FeCo—

N,0,@C structure.

polarization curve for the ORR reaction occurring on Co shows a
nearly zero current density for an overpotential between 0 and
—0.4 eV, Figure 1d, at variance with the corresponding experimen-
tal curves that show a current density of —6 mA-cm™ at —0.4 V. In
our theoretical model of the ORR occurring on Co, the reaction
starts only when the overpotential reaches —1.0 V.

Stated differently, the FeCo—N;0,@C DAC is active for the
OER and totally inactive for the ORR, since both processes occur
on the same site, the Co atom, which binds the OH™* species too
strongly. Fe in this model is a spectator species, it is only
involved in the partial binding of the O* and O,* intermediates
in bridge positions, but it has no direct role in either the OER or
the ORR processes.

3.3. New Model

Clearly, something is missing in the models used so far to
describe these reactions. One often underestimated factor in
this kind of problems is the role of the solvent, specifically
water. Extensive literature has examined the influence of water
on electrocatalytic processes. In the implicit solvent model,
the solvent is treated as a continuous dielectric medium rather
than as individual molecules.”>™*” In the explicit solvent model,
water molecules are included explicitly, and their positions
evolve dynamically according to forces computed on the fly
via Ab Initio Molecular Dynamics.”*™'°" Finally, in the micro-
solvation model, a small number of explicit solvent molecules
are positioned around key regions of the active site of the cata-
lyst, while the remainder of the solvent is neglected or treated
implicitly.' 913

However, water does not act solely as a solvent. Indeed,
single-site catalysis bridges the classical worlds of homogeneous
and heterogenous catalysts.'%*'%° Species of the reaction envi-
ronment can therefore act as ligands, modifying the local coor-
dination of the active phase.'°*'?” This is the case of water; at
the active sites of SACs and DACs containing TM atoms in

positive oxidation states, water can coordinate to the TM with
a strength that depends on the TM and its charge state.
Motivated by this evidence, we considered if water can interact
with the FeCo DAC. Indeed, we found that an H,O molecule
binds to the Fe and Co sites with adsorption free energy of
about —0.30 eV. In working reaction conditions, the application
of the applied potential E = 1.23 V (vs RHE) makes more sta-
ble the formation of an OH group bound to the Co atom. In
other words, in reaction conditions it is thermodynamically
favorable to have FeCo(OH*)-N,0,@C where Co is bound
to an OH unit (AG. _, oy« = —1.19 eV). This means that
the active phase of the catalyst changes and is no longer the
same determined by various techniques before the reaction
takes place.

We then evaluated the Pourbaix diagrams. It should be noted
that Pourbaix diagrams are based on thermodynamic consider-
ations and can be used to identify the most stable species at a
given pH and equilibrium potential. The corresponding
Pourbaix diagram is shown in Figure SS. Under the relevant reac-
tion conditions, it is clear that the Co site is expected to be cov-
ered by OH*. This implies that, during OER, this state represents
the starting point of the catalytic cycle. In contrast, under ORR
conditions the Co site is effectively poisoned and cannot partici-
pate in O, activation; therefore, the reaction must proceed via the
alternative active site associated with the Fe atom.

The presence of an OH group stably bound to Co changes
completely the nature and the activity of the catalyst. We have
reconsidered the formation of all possible intermediates, classi-
cal and non-classical ones, taking into account that the Co site is
perturbed by the presence of the OH ligand. To a certain
extent, what happens is that in operating conditions the Co site
is poisoned and that this makes the Fe site, or a combination of
Fe and Co sites, active for the ORR. A similar effect has been
shown recently by Ye et al. who found that OH* groups can
poison SACs under working conditions.*”
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In studying the formation of the OER and ORR intermedi-
ates on the FeCo(OH*)-N,0,@C catalyst we have considered
all possible sites: Fe, Co, bridge positions between Fe and Co,
but also species formed on one side of the catalyst (syn config-
uration) and species formed on both sides of the two-
dimensional graphene layer (anti configuration), see
Figures S6, S7 and Tables SS, S6. Anti-adsorption configura-
tions are very often more stable than syn configurations.

We first consider the reaction in the direction of OER on
FeCo(OH*)-N,0,@C. The formation of the OH* interme-
diate, first step of OER, occurs now on the Fe site (at variance
with the pristine catalyst where only Co is involved). The for-
mation of the O* species involves both Fe and Co atoms and
is slightly exergonic. Then, the reaction proceeds with forma-
tion of the OOH™ species on the Fe site with a very high
reaction barrier of 0.98 eV (Table 2) followed by the forma-
tion of the O,* complex (O-O distance of 1.29 A). From this
structure, O, is released exergonically, AG = —0.27 eV.
Notice that this result is obtained assuming that the OH
group binds to Co on one side of the catalyst, pulling the
Co atom outside of the surface, while the rest of the process
occurs on the other side. This implies that there is some
degree of permeation of water in the structure of the catalyst,
allowing the formation of anti-configuration adsorption
modes.

From the energy profile, Figure 2a, we derived the polariza-
tion curves and compared them with the experimental results
(Figure 2b). While the experiments show significant activity,
the theoretical model predicts a completely inactive site (flat
curve). In fact, we have previously shown that is the Co atom,
in the pristine FeCo—N,O,@C catalyst, which is responsible
for driving the OER.

If we analyze the same reaction in the ORR direction
(Figure 2c,d), the process begins with the formation of O,*
and then proceeds on the available Fe site, since the Co site is
now blocked by the OH ligand. The simulated polarization
curves closely match the experimental data in the Faradaic
region up to —0.3 V, where the experimental curve levels off
due to diffusion control,'®*"'? a regime that is not explicitly
modelled here, Figure 2d. Polarization curves have been simu-
lated for syn adsorption configurations as well, Figure S9, where
it is possible to appreciate the absence of any agreement with
experimental trends.

This finding is quite significant. It shows that the Fe site cannot
be responsible for the ORR in the pristine catalyst — where Co
forms too stable intermediates — but becomes the reactive center
once, under experimental conditions, the Co site is blocked by the
formation of a stable OH* species. In this sense, the FeCo—

Table 2. Computed Gibbs Free Energies at E = 1.23 V
(vs RHE) and TM-O Bond Length of Adsorbed
Intermediates with anti-Configuration (When Two
Adsorbates are Present) on FeCo(OH*)-N,0,@C

site intermediate AG /eV (PBEO0) d(TM—-0) /A
Fe OH* —-0.11 1.85
bridge o* —0.20 1.64
Fe OOH* 0.78 1.84
Co / Fe OH*OH* 0.42 1.80 / 1.92
Co / Fe O*OH* 1.01 1.81/ 1.87
Fe 0,* 027 182
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N,O0,@C catalyst operates in a truly concerted manner: Co
drives the OER, while Fe takes over the ORR, as a direct con-
sequence of the structural changes induced by the reaction with
water. It is essential to emphasize that the direct interpretation
of the dual nature of the active site under oxygen evolution and
oxygen reduction reactions is possible only through explicit sim-
ulation of polarization curves, as the solely thermodynamic anal-
ysis is insufficient. The calculated OER polarization curve
following the pathway reported in Figure 2a is not compatible
with the values measured experimentally, at variance to what
happens considering OER on the Co-site, Figure 1a. This ratio-
nalization of the mechanism through the simulated polarization
curves can explain the OER pathway on the Co site.

There is another aspect that deserves some comment: the
experimental OER current is higher than the ORR current.”
For example, at an applied overpotential of 0.3 V, the OER cur-
rent reaches 11 mA cm™, whereas the corresponding ORR cur-
rent is —3 mA cm. However, if one looks at the reaction
profiles, Figure 1a (OER on Co) and 2c (ORR on Fe), this dif-
ference is hard to explain. In fact, in the case of the OER, which
takes place on the Co atom, the highest barrier is 0.70 eV, only
slightly larger than that of the ORR occurring on the Fe site
(0.52 eV). This is an example of the importance of microkinetic
modeling. The higher OER currents arise from the combined
effect of multiple energy barriers along the reaction pathway, a
concept that has also been highlighted in previous studies.*>''"
Once again, focusing solely on the highest barrier is not enough
to draw reliable conclusions about the overall catalytic activity.

3.4. Comparison with Experimental XANES Spectra

The DFT results, combined with the microkinetic model, reveal
a revised mechanism for the OER and ORR on the FeCo—
N,;0,@C DAC. Co acts as the active site during the OER
and Fe during the ORR, but only as a result of structural rear-
rangements of the catalyst under reaction conditions. The main
difference from the original interpretation proposed by Tang
et al.*? lies in the fact that the pristine FeCo—N,0,@C cannot
simultaneously account for OER and ORR activity on two dis-
tinct sites, as Co exhibits a much higher affinity than Fe for
binding oxygenated species. The strongest evidence for a syner-
gistic role of Fe and Co in both processes arises from the anal-
ysis of XANES data,* and the revised model proposed here is
consistent with these observations.

Experimentally, relative to the pristine state, the Co K-edge
XANES spectra during the OER and the Fe K-edge spectra dur-
ing the ORR exhibit small positive energy shifts, on the order of
a few tenths of an eV. In contrast, the Co K-edge spectra during
the ORR and the Fe K-edge spectra during the OER show neg-
ligible changes compared to the pristine catalyst.** These shifts
are attributed to the formation of oxygenated intermediates, as
O-containing species increase the positive charge on Fe or
Co, leading to corresponding positive shifts in their XANES
edges. XANES inherently measures the weighted average of
all species containing the absorbing atom (Co or Fe), with
the relative fractions of each species serving as weights.
Consequently, the recorded spectra represent linear combina-
tions of all intermediates, dominated by the most abundant
species.

To evaluate the contribution of the different species, we ana-
lysed the catalyst surface coverages of the intermediates
involved in the OER and ORR across the range of applied
potentials, as obtained from the microkinetic model
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Figure 2. Active site: Fe. Gibbs free energy profiles at E = 1.23 V (vs RHE) (a, c) and relative polarization curves (b, d) for OER and ORR on
FeCo(OH*)-N,0,@C. In grey the experimental curve, in red the simulated one. In the inset of panel b is reported the top-view of the

FeCo(OH*)-N,0,@C structure.

(Figure 3). This approach enables a direct correlation between
the observed XANES shifts and the variations in the atomic
charges of Fe and Co associated with the formation of the most
abundant, long-lived oxygenated intermediates. The atomic
charges were computed using the Quantum Theory of Atoms
in Molecules (QTAIM).'**7'!> For the OER, where Co serves
as the active site, the dominant surface species is the OH* inter-
mediate (Figure 4a). This can be intuitively rationalized by the
fact that OH* corresponds to a deep minimum on the potential
energy profile, requiring relatively high barriers to proceed to
subsequent reaction steps (Figure 1a). Such conditions typically
favor the formation of long-lived intermediates. The associated
change in the Bader charge of Co (+0.27 ¢) is considerably
larger than that of Fe (+0.11 e), relative to the as-prepared
FeCo—N,O;@C catalyst, consistent with the observed shift in
the Co K-edge XANES spectra.

In contrast, for the ORR, where Fe acts as the active site, two
intermediates, OH* and O%*, exhibit longer lifetimes and thus
higher surface coverages (Figure 4b). These species correspond
to deeper minima on the potential energy surface (Figure 2b).
In both cases, the change in Bader charge on Fe (+0.20 e and
+0.22 ¢, respectively) significantly exceeds that on Co (—0.02 e
and +0.04 ¢, respectively), with values referenced to the
FeCo(OH*)-N,0,@C catalyst formed under operando condi-
tions. This behavior agrees with the observed shift in the Fe
K-edge XANES spectra. Although additional factors may contrib-
ute to the XANES shifts, the present analysis demonstrates that
the proposed model aligns well with the experimental spectra
reported by Tang et al. **

3.5. Fe—Co Synergy

Before concluding, we examined the potential synergistic effects
between Fe and Co atoms in the dual-atom catalyst (DAC), in
comparison with their isolated counterparts, Fe and Co single-
atom catalysts (SACs). To this end, we designed a computa-
tional experiment in which the two key reactions, OER on Co

9817

and ORR on Fe, were re-evaluated as if they occurred on cata-
lysts containing only the respective single active metal sites.
Specifically, for Co we modeled an O-doped graphene layer
where Co adopts a square-planar coordination with four O
atoms (Co—O,@C), closely resembling the local coordination
environment in the FeCo-N,0,@C DAC, Figures S10, S11,
and Table S8. For Fe, we constructed an N-doped graphene
matrix with Fe in a square-planar Fe-N, configuration (Fe—
N,@C), Figures S12, S13, and Table S9. The corresponding
reaction energy profiles were then compared with those
obtained for the FeCo—N,0,@C DAC (Figure 4).

It is immediately apparent that the OER on the Co site of the
DAC proceeds with significantly lower thermodynamic barriers
than on the analogous Co—O,@C SAC. In particular, the high-
est energy barrier decreases from 1.24 eV in the Co—-O,@C
SAC to 0.70 eV in the DAC (Figure 4a). A similar trend is
observed for the ORR on Fe: the largest barrier on Fe-N,@C
(1.28 eV) is roughly 2.5 times higher than that on the DAC
(Figure 4b).

These findings clearly demonstrate that the proximity of the
two neighboring transition-metal atoms not only enables a
Janus-type dual reaction pathway but also induces a mutual elec-
tronic interaction that enhances the overall catalytic reactivity of
the system.

4. CONCLUSIONS

In this study, we investigated the significance of accounting for
the potential changes of single-site catalysts under working con-
ditions. As a model system, we examined the dual-atom catalyst
FeCo—-N,O,@C, whose as-prepared structure was character-
ized with atomistic precision and whose reactivity was evaluated
in both the oxygen evolution (OER) and oxygen reduction
(ORR) reactions. To this end, we performed quantum chemical
calculations at the DFT level, complemented by microkinetic
modeling, to derive theoretical polarization curves.
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Our results yield several key insights. First, all oxygenate spe-
cies, both classical and non-classical, formed during the OER
and ORR bind significantly more strongly to the Co site than
to the Fe site in FeCo—N,O0,@C. Consequently, the enhanced
stability of these intermediates drives both the forward (OER)

02 a3 04

N
OER - FeCo-N,0,@C
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Figure 3. (a) Calculated surface coverage of adsorbed intermediates
during OER on FeCo-N;0,@C. The surface is predominantly cov-
ered by OH¥, indicating that this intermediate plays a key role in the
reaction pathway. This observation aligns with the trend of the kinetic
constant for the OH* — O transformation shown in the inset.
(b) Calculated surface coverage of adsorbed intermediates during
ORR on FeCo(OH*)-N;0,@C. The surface is mainly covered by
O* and OH* species. At lower overpotentials, the Fe site remains
largely unoccupied, consistent with OOH* formation being the rate-
determining step, as illustrated in the inset.

and reverse (ORR) reactions to occur predominantly on Co,
while Fe largely acts as a spectator. Although the computed polar-
ization curves reproduce the experimental OER behavior well,
they fail to predict any ORR activity, in contrast to experiment.
This discrepancy is unsurprising, as a catalyst optimized for one
reaction direction typically performs poorly in the reverse pro-
cess, and the Co site in FeCo—N;0,@C is no exception.

However, under applied potentials relevant to the reaction,
water, though weakly adsorbed on both Fe and Co, spontane-
ously dissociates to form OH¥, resulting in a highly stable
Co—OH adduct. This species effectively blocks the Co site for
the ORR, since water desorption is associated with a prohibi-
tively high barrier. As a result, the ORR shifts to the Fe site,
where it proceeds with low thermodynamic barriers. The corre-
sponding computed polarization curves are now in excellent
agreement with experimental observations.

To validate our theoretical findings, we rationalized the shifts
observed in the Co and Fe K-edge XANES spectra by analyzing
the variations in Bader charges of the dominant intermediate
species and their respective surface coverages. This approach
enables the disentanglement of the various contributions to
the XANES features.

By comparing the predicted activity of FeCo—N,O0,@C
in OER and ORR with that of hypothetical Co—O,@C and
Fe-N,@C single-atom catalysts, we further demonstrated that
the exceptional performance of the dual-atom catalyst arises
from the synergistic interaction between the neighboring Fe
and Co atoms. This synergy is also evident from several inter-
mediates that adopt bridging configurations between the two
metal centers.

Importantly, this mechanistic insight could not have been
obtained without explicitly simulating polarization curves. A
purely static analysis based on reaction profiles, as is commonly
performed, would have led to incorrect conclusions regarding
the true catalytically active sites.

Overall, our findings emphasize the importance of
accounting for the structural and chemical changes that a cat-
alyst undergoes under reaction conditions to accurately eluci-
date catalytic mechanisms. The active phase can differ
significantly from the as-prepared material, as in this case,
where water dissociation leads to the formation of stable
Co—OH complexes. Thus, the true active phase corresponds
to pristine FeCo—N,O,@C during OER, but to its modified
form, FeCo(OH*)-N,0,@C, during ORR.

In is important to underline that the study works under the
assumption that the system can be reliably described by
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Figure 4. (a) Calculated Gibbs free energy profiles at E = 1.23 V (vs RHE) for the OER on FeCo—N,0,@C (black line, reaction occurring on Co)
and Co-O,@C (grey line). (b) Calculated Gibbs free energy profiles at E = 1.23 V (vs RHE) for the ORR on FeCo(OH*)-N,0,@C (black line,
reaction occurring on Fe) and Fe-N,@C (grey line). Computed Gibbs free energies are reported in Tables 1,2 and S8,S9 of SIL
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graphene nanosheets, that are nowadays widespread in catalysis
research.''*~!'® Future work will be devoted to the investigation
of more subtle effects such as the role of supporting electrolyte,
the presence of interlayers and the possible penetration of reac-
tive species and solvent molecules.

This work provides a clear demonstration of the dynamic
behaviour of catalysts comprising isolated transition-metal
atoms embedded in carbon matrices. The implications extend
broadly to other catalytic systems and electrochemical reactions,
underscoring the importance of accounting for possible struc-
tural changes of the active site in the course of the reaction.
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