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Spin-dependent active centers in Fe—N-C oxygen
reduction catalysts revealed by constant-potential
density functional theoryy

Tao Zheng, ©2 Jincheng Wang,? Zhenhai Xia,® Guofeng Wang & *<
and Zhiyao Duan & *@

Iron and nitrogen co-doped carbon (Fe—N-C) catalysts have shown great promise in promoting the oxygen
reduction reaction (ORR) in proton exchange membrane fuel cells. Experimental characterization studies,
including M&ssbauer and X-ray emission spectroscopy, have revealed the crucial role of spin states in
Fe—N-C catalysts in ORR catalysis, but comprehensive theoretical understanding in this aspect is still
lacking. Herein, using the grand-canonical density functional theory, we systematically investigate the
interplay of the oxidation state, spin state, and applied potentials on the catalytic activity of an FeN4Cyo
moiety. We have identified two stable spin states of Fe(1)N4Cio at ORR-relevant potentials, namely,
a high-spin state with out-of-plane Fe displacement and an in-plane intermediate-spin state. Our results
show that the FeN4Ci;o moiety at the two different spin states exhibits distinct abilities to bind ORR
intermediates and ORR activities. Our study provides valuable insights into the spin-correlated catalytic
performances of Fe—N—-C catalysts.

1 Introduction

The oxygen reduction reaction (ORR) is essential for clean and
sustainable energy conversion technologies, such as proton
exchange membrane fuel cells (PEMFCs). The sluggish ORR
kinetics and high cost of platinum-based catalysts are hindering
the commercialization of PEMFCs." Iron and nitrogen co-doped
carbon materials (denoted as Fe-N-C) are by far the most
promising Pt-free ORR electrocatalysts with activity approach-
ing that of state-of-the-art Pt/C.>* It is of importance to under-
stand the origin of high-performance Fe-N-C catalysts for their
further improvement. Now, it is widely accepted that FeN,C,
moieties embedded in carbon layer are responsible for the
observed ORR activity. However, the exact chemical nature of
active sites in Fe-N-C catalysts is still under debate after
intensive research efforts over the past few years.*®
Experimental investigations have been conducted to eluci-
date the spin states, oxidation states, and local structures of
different FeN,C, centers in Fe-N-C catalysts and to identify the
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intrinsic ORR activity and durability of different FeN,C,
centers.” Mossbauer spectroscopy has been used to identify
different FeN,C, moieties in pyrolyzed Fe-N-C catalysts.****
Mossbauer parameters obtained at room temperature for
various iron species in Fe-N-C catalysts have been summarized
in recent publications."** Two distinct quadrupole doublets
(D1 and D2) associated with two different iron nitrogen sites
have been identified ubiquitously. Doublet D1 typically has
a quadrupole splitting energy (AEqs) between 0.9 and 1.25 mm
s~ and is assigned to a bare ferrous (Fe>") low spin (S = 0) or
ferric (Fe**) high spin (§ = 5/2) FeN, moiety at which either O, or
OH is adsorbed.”” Doublet D2 having a AEqg of 2.0-2.8 mm s~ '
is assigned to a bare ferrous intermediate spin (S = 1) or ferrous
low spin FeN, (S = 0) site."”

The respective activity and durability of D1 and D2 sites have
been pursued in recent studies using operando *’Fe Mossbauer
spectroscopy.’**® Li et al. demonstrated that the D1 site,
assigned to a high spin ferric FeN, moiety embedded in
a pyrrolic nitrogen environment (FeN,C;,), initially contributed
to the ORR activity but was not durable in operating PEMFCs,
quickly transforming into ferric oxide." In contrast, a ferrous
low- or medium-spin D2 site embedded in a pyridinic nitrogen
environment (FeN,C;,) was found to be more durable, with no
measurable decrease in the number of active sites after 50 h of
operation. Ni et al.''" also assigned the D1 site to the same
high-spin Fe(ur)N,C;, with the same pyrrolic FeN,C;, structure.
However, they claimed that the changes in D1 sites during the
ORR are fully reversible and attributed the observed irrevers-
ibility in ref. 14 to the lack of acid leaching during Fe-N-C

This journal is © The Royal Society of Chemistry 2023


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ta03271j&domain=pdf&date_stamp=2023-09-16
http://orcid.org/0000-0001-6817-0899
http://orcid.org/0000-0001-8249-4101
http://orcid.org/0000-0002-6940-4041
https://doi.org/10.1039/d3ta03271j
https://doi.org/10.1039/d3ta03271j
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA011036

Published on 27 juli 2023. Downloaded on 21.06.2024 23.00.44.

Paper

preparation. Nevertheless, the assignment of the D1 site to
pyrrolic FeN,C;, has not yet reached consensus. Scanning
transmission electron microscopy (STEM) only confirmed the
presence of pyridinic FeN,C;, in Fe-N-C catalysts.?**

X-ray absorption spectroscopy (XAS) is also widely employed to
identify the oxidation states and structural fingerprints of FeN,C,
moieties.”***?® Using in situ XAS, the D1 FeN, moiety has been
demonstrated to reversibly switch between an out-of-plane ferrous
state and an in-plane ferric state when the applied potential
crosses the Fe?"*" redox potential, which accounts for the weak-
ened Fe-O binding energy, higher Fe*"*" redox potential, and
superior ORR activity compared to that of the D2 sites.” The Fe K-
edge X-ray absorption near-edge spectra (XANES) were used to
identify the potential-dependent redox of Fe ions in an O,-free
environment.** The potential-dependent shift of XANES starts at
applied potentials as low as 0.2 V, indicating easy oxidation of Fe**
to Fe**.’%% The square-wave voltammogram (SWV), on the other
hand, only possesses a single redox peak at approximately 0.75 V.**
The discrepancy between XANES and SWV leads to proposals
attributing the shift of XANES at low potentials to the potential-
induced spin state transition (spin crossover).” Recently,
potential-dependent spin changes have been identified by in situ
X-ray emission spectroscopy (XES).** Nevertheless, since only 0.2 V
and 0.9 V were examined in the XES study, it is still not clear
whether the spin changes stem from spin crossover within the
same oxidation state or from changes in the oxidation state.

First-principles calculations have been employed to facilitate
the assignment of the active FeN,C, centers for the ORR.”
Various FeN,C, moieties have been proposed, including pyr-
idinic FeN,Cy,,>*** pyrrolic FeN,C;,,** FeN,C;, with an axial
ligand,'**'-*® and FeN, motif at the defected carbon matrix,*” etc.
Most theoretical studies focused on the local geometry and
oxidation state of FeN,C, moieties; however, few theoretical
studies have systematically explored the complete interplay of
spin states, oxidation states, and applied potentials in deter-
mining the catalytic properties of Fe-N-C catalysts. Recent
experimental®*®**' and theoretical**® studies have evidently
demonstrated that spin states are essential for understanding
and tuning the activity of Fe-N-C catalysts. More importantly,
the theoretical exploration of the spin-valency-potential inter-
actions is required to carry out direct comparisons with exper-
imental characterization since all these interactions are
involved in real Fe-N-C catalysts under operando conditions.
The insights gained by in-depth theory-experiment collabora-
tion could potentially lead to a reconciled picture of the
fundamental understanding of the active FeN,C, moiety for the
ORR and thus facilitate the rational design of Fe-N-C catalysts
with enhanced activity and durability.

To this end, we employed the grand-canonical density
functional theory (GC-DFT) to systematically investigate the
potential-dependent spin and oxidation states of the FeN,Cj,
moiety. It is found that FeN,C,, is bistable under ORR-relevant
conditions. The bi-stability consists of a high-spin state with an
out-of-plane Fe atom and an intermediate-spin state with an in-
plane Fe atom. Intriguingly, the two spin states exhibit
dramatically dissimilar behavior for ORR intermediate adsorp-
tion, and hence very different ORR catalytic activity. Our work
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provides new insights into the spin-dependent -catalytic
performance of Fe-N-C catalysts.

2 Computational methods

Spin-polarized DFT calculations were performed by employing the
Vienna ab initio simulation package (VASP).*** Electronic
exchange and correlation were described using the Perdew-
Burke-Ernzerhof (PBE) functional.”® Core electrons were treated
within the projector augmented wave (PAW) framework.”® The
energy cutoff for the plane-wave basis was set to 400 eV in all the
calculations. The atomic structures were fully relaxed until the
magnitude of residual force on each atom was less than 0.05 eV
A, The DFT + U method was employed to alleviate the self-
interaction error in the 3d orbital of Fe ions.” In this work, the
value of U = U - J for the 3d orbital of Fe was set to 3.29 eV.>

A slab model consisting of three graphene layers in a 4 x 4
supercell was employed to simulate the surface of the graphite
substrate. An FeN,C;, center is embedded in the topmost gra-
phene layer. A vacuum layer of at least 25 A in the z direction was
used to eliminate the interaction between the periodic images.
The employed atomic model can be viewed in Fig. S1.f The
Brillouin zone integration in k space was performed on a 6 x 6
x 1 gamma-centered k-point mesh.

Constant-potential calculations were performed by opti-
mizing the coordinates and the number of electrons of the
system simultaneously according to the target applied potential
on the standard hydrogen electrode (SHE) scale, i.e., Usyg. The
methodology for the constant-potential calculations has been
described in detail in our previous publication.****** The
constant-potential calculations utilized implicit solvent at the
level of the linear polarizable continuum model (PCM) for
electrolyte simulation as implemented in the VASPsol code.****
The relative permittivity of the solvent was set to 80 to model the
aqueous electrolyte. The surface tension parameter was set to
zero to neglect the cavitation energy contribution. For charged
systems, a counter-ion charge with generalized Poisson-Boltz-
mann distribution is included in the implicit solvent region. We
used a Debye length of 3 A to mimic the experimental condi-
tions where 1 M of a strong acid is used. The calculated
potential-dependent energies were used to construct a free
energy diagram of the electrochemical ORR using the compu-
tational hydrogen electrode method assuming the four-step
associative mechanism.””

The occupation matrix control plugin for the VASP was
employed to generate initial structures according to different
metastable spin states.>® This was achieved by constraining the
FeN, spin state by setting the occupation matrix of d-electron
localization and then relaxing the geometry. The constraint on
the spin state was subsequently removed, and the system was
allowed to relax toward the targeted metastable state.

3 Results and discussion
3.1 Validation of the DFT + U method

To examine the predictive performance of DFT + U (Uer =
3.29 eV for the 3d orbitals of Fe) for spin-related properties, we
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calculated the stability order of different spin states for intact
and oxidized Fe phthalocyanine (FePc) and single-layer FeN,C;,
using PBE, PBE + U, and various hybrid functionals (HSE06,
B3LYP, and PBEO). An FePc molecule and single-layer FeN,Cy,
are chosen for the validation to reduce the formidable compu-
tational overheads of hybrid functional calculations. And the k-
point mesh is reduced to 2 x 2 x 1 for single-layer FeN,C,. The
obtained spin state orders are shown in Fig. 1a and b, respec-
tively for FePc and single-layer FeN,C;,. Hybrid functionals
generally predict that Eys > Eyg > Ejg for FePc and single-layer
FeN,C,,, where LS, HS, and IS stand for low-spin, high-spin,
and intermediate-spin, respectively. DFT + U calculations
predict the same stability order. The DFT + U calculated Epg —
Eys is smaller than those obtained using HSE06 and PBEO, but
very close to the result of the B3LYP functional. For *OH/FePc
and *OH/FeN,C,o, hybrid functionals predict a small positive
value for Ejs — Eys, which can also be reproduced by DFT + U
calculations, whereas the plain PBE erroneously predicts E;5 to
be more stable for *OH/FePc. Hence, DFT + U with Ugg = 3.29 eV
for the 3d orbitals of Fe generally reproduces the results of
hybrid functionals for the stability order of spin states.

3.2 FeN,Cyo

We first performed an extensive search for the metastable spin
states of the FeN,C;, moiety. The ferrous Fe ion in tetra-
coordinated Fe(u)N,C;, has a formal d® electron configura-
tion. The six electrons can adopt different occupation configu-
rations over the five d-orbitals (dy, d, dy;, dz, and d._)
leading to different spin states. The interaction of Fe d-orbitals
with the orbitals in pyridinic N (N,,) in a square-planar ligand
field is schematically plotted in Fig. 2a. The d,, orbital is a non-
bonding orbital. The d,, and d,, orbitals are anti-bonding d--p-
orbitals due to the interaction between the Fe d,,/d,, orbital and
the p, orbitals in Nj,. The d, orbital is also a non-bonding
orbital due to the absence of axial ligand. The d,>_> orbital is
a o anti-bonding orbital resulting from the hybridization
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between the d,-_,: orbital and the sp2 hybridized orbitals in the
N, ligands. We exhausted all possible spin states by using the
occupation matrix control method to obtain the desired spin
states. In total, we have searched 45 different spin states. Seven
spin states are found to be local minima, including three high
spin (HS) states, three intermediate spin (IS) states, and one low
spin (LS) state. The atomic structures and projected density of
states (pDOS) plots of bare FeN,C,, in various spin states are
shown in Fig. 2b. The spin density plots of various spin states
are shown in Fig. S2.1 Detailed information about the obtained
spin states, including their spin multiplicity, relative stability,
structural information, Fe Bader charges and potential of zero
charges (PZCs) is listed in Table 1. The detailed Fe 3d orbital
occupations of different spin states are summarized in Table
S1.t

The ground spin state of bare FeN,C;, is recognized as an IS
triplet state (S = 1) named IS-1, in which the Fe ion has a formal
(diy)?(dxz)*(dy)'(dz2)'(dee—y2)°  d-electron configuration. The
other two triplet states, named IS-2 and IS-3 (refer to Fig. 2b for
their formal d-electron configurations), are 0.13 and 0.22 eV
higher in energy, respectively, compared to the IS-1 state. The
three HS quintet states (S = 2) of bare FeN,C;, are energetically
less stable than IS states. The Fe ion in HS-1 features a d-orbital
occupation of (dyy)!(dx)*(dy)'(dz2)'(dx>—y?)" and is 0.57 eV higher
in energy than that in the IS-1 ground state. The HS-2 and HS-3
states are slightly lower in energy than the HS-1 state by —0.07
and —0.13 eV, respectively. The Fe ion in the singlet LS state (S =
0), (dy)® (dx)*(d)2)*(d2)°(dy>—y?)°, is 0.59 eV higher in energy
than that in the ground state and is the highest energy state
among all spin states.

All the obtained spin states have a high-symmetry planar-
square FeN, structure with the Fe ion staying in the graphene
plane with varying Fe-N bond lengths, except for the HS-1 state.
The Fe ion in the HS-1 state has an out-of-plane displacement of
0.77 A as shown in Fig. 2b, which is quite unexpected since the
out-of-plane displacement normally results from axial ligand
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Fig.1 Relative energy of different spin states of intact and oxidized FePc and single-layer FeN4C,q calculated using different functionals. (a) FePc

and (b) single-layer FeN4Cyq.
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Fig. 2 FeN4Cyo. (a) Schematics of the interactions of Fe d orbitals with the orbitals in pyridinic N (Np) in a square-planar ligand field. (b) Atomic
structures and pDOS plots of seven stable spin states of bare FeN4Co. (c) Schematic plots of additional bonding interactions between the Fe d.:
orbital and N p, or sp2 orbitals when Fe transforms from an in-plane structure to an out-of-plane structure in FeN4Cyq. (d) Potential-dependent
energies of FeN4C,o with different spin states under constant-potential conditions.

attachment. Inspecting the orbital-wise occupations of different
spin states shown in Table S1,f we attribute the out-of-plane
displacement to the simultaneous occupation of the in-plane
d,, (doubly occupation) and d,._, orbitals in the HS-1 state.
The high-energy d,_,» states are d,._,>-sp’ antibonding states
lying above the Fermi level at 2-4 eV, as schematically displayed
in Fig. 2a. In all HS states, the anti-bonding d,._,. states are
partially occupied resulting in d,2_,» states just below the Fermi
level, as seen in the pDOS plots of HS states shown in Fig. 2b.
The occupation of anti-bonding d,_, states results in elonga-
tion and weakening of Fe-N bonds in HS states. Nevertheless,
the occupation of anti-bonding d,>_, states does not necessarily

This journal is © The Royal Society of Chemistry 2023

lead to out-of-plane movement as in the cases of HS-2 and HS-3
states. Specifically in the HS-1 state, the other in-plane d,,
orbital is doubly occupied simultaneously with the d._,
orbital. The double occupation of the d,, orbital causes strong
in-plane on-site Coulomb repulsion between d,, and d,_y.
Because of this destabilizing effect, the Fe ion moves out of the
plane to stabilize itself by forming new bonding interactions.
The out-of-plane displacement results in non-zero d-p, and d,-
sp® overlaps that are not present in the in-plane structure, thus
producing a covalence contribution to the bonding, as sche-
matically illustrated in Fig. 2c. Above all, the out-of-plane
displacement of the Fe atom in the HS-1 state could be

J. Mater. Chem. A, 2023, 11, 19360-19373 | 19363
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Table 1 Different spin states of FeN4C;o and intermediates. Spin multiplicity, relative stability, average Fe—N and Fe—O bonding length, Bader
charge of the Fe ion, out of plane displacement of Fe, and potential of zero charge (PZC)

Relative energy Fe-N

Fe-O

Out of plane displacement Bader charge

Fe spin state Spin multiplicity (V) bond length (A) bond length (A) of Fe (A) (e) PZC (V/SHE)
Bare FeN,C,,

HS-1 2 0 2.04 — 0.77 +1.33 —1.02
HS-2 2 —0.07 1.96 — 0 +1.23 —0.63
HS-3 2 —-0.13 1.96 — 0 +1.31 —-0.73
IS-1 1 —0.57 1.92 — 0 +1.09 —0.61
1S-2 1 —0.44 1.92 — 0 +0.98 —0.54
IS-3 1 —0.35 1.93 — 0 +1.06 —0.60
LS 0 0.02 1.91 — 0 +1.06 —0.60
*OOH/FeN,4C;o

HS 5/2 0 2.04 1.89 0.74 +1.53 —0.49
IS 3/2 0 1.96 1.93 0.46 +1.33 —0.40
LS 1/2 +0.02 1.94 1.85 0.34 +1.18 —0.39
*O/FeN,C10

HS 2 0 2.07 1.71 0.86 +1.39 —0.01
IS 1 +0.11 1.95 1.67 0.42 +1.35 —0.24
LS 0 +0.55 195 1.66 0.47 +1.22 —-0.29
*OH/FeN,Cyo

HS 5/2 0 2.06 1.86 0.81 +1.52 —0.50
IS 3/2 +0.14 1.97 1.90 0.50 +1.36 —0.40
LS 1/2 +0.48 1.93 1.88 0.35 +1.19 —0.35
*0,/FeN,Cyo

HS 5/2 0 2.09 1.97 0.89 +1.52 —0.09
IS (end-on)  3/2 —0.43 1.94 2.12 0.31 +1.27 —0.65
IS (side-on) 3/2 —0.25 1.96 2.18 0.49 +1.32 —-0.32

categorized as a pseudo Jahn-Teller effect (PJTE),* in which the
occupation of d,2_,» and the double occupation of d,, destabi-
lize the HS-1 state of the in-plane structure. In turn, the out-of-
plane displacement stabilizes the HS-1 state by forming d,-p,
and d-sp® bonding interactions.

The Bader charge analysis in Table 1 shows that the charge
states of Fe ions in the three HS states (~+1.3 e) tend to be
more positive, i.e., more “oxidized” than the Fe ions in the IS
and LS states (~+1.1 e). The more electron-rich Fe ions in IS
and LS states originate from the stronger hybridization
between the d,:_- orbital and the sp® hybridized orbital in N,
ligands, which can be manifested by the significant occupa-
tion of the bonding part of the d,._,» orbitals in IS and LS
states as shown in Table S1.f In HS states, the hybridization is
weaker due to the occupation of the anti-bonding d,-_,> states
resulting in Fe-N bond elongation, so the occupation of the
d,2_,2 orbital due to the hybridization is reduced. In the HS-1
state, the out-of-plane displacement further reduces the
electron population in the d,>_,> bonding states as evidenced
by its lowest minority spin population in d,>_,> as shown in
Table S1.1 The total electron population of Fe 3d orbitals in all
three HS states is about 6.2 e by summing the population in
each d,, orbital. The electron population of Fe 3d orbitals in
IS and LS states is slightly more electron-enriched by 0.2 e due
to stronger Fe d,:_,»-N,, sp” hybridization, which is also
consistent with the Bader analysis.

19364 | J Mater. Chem. A, 2023, 1, 19360-19373

We further carried out constant-potential calculations to
examine the stability of all seven spin states of bare FeN,C;, at
ORR-relevant voltage. The calculated potential-dependent
energies of bare FeN,C,, with different spin states are shown
in Fig. 2d. We noticed that the HS-2, IS-2, and IS-3 states
spontaneously transformed into other states (HS-2 to HS-3; IS-2
and IS-3 to IS-1) under constant-potential conditions, so these
electrochemically unstable states are not presented in Fig. 2d.
The calculation results show that the IS-1 and HS-1 states are
the most stable states depending on the range of the applied
potential. The IS-1 state is the most thermodynamically stable at
U< 0.5 Vvs. SHE, while the HS-1 state becomes the ground state
at U > 0.5 V. Electrostatic spin crossover occurs because the
potential-dependent energy of the HS-1 state drops more
quickly than that of the IS-1 state as the applied potential
increases. Assuming a simple parallel plate capacitor model for
the electric double layer (EDL), the potential-dependent energy

1 .
can be expressed as E = fEC(Uf Up)® + Eo, where C is the

capacitance of the EDL, U is the applied potential, U, is the
potential of zero charge (PZC), and E, is the energy corre-
sponding to the PZC. Provided that the HS-1 state has a more
negative PZC of —1.02 V (see Table 1) compared to that of the IS-
1 state (—0.61 V), the HS-1 state experiences a higher potential
bias, i.e., (U — Uy), in the interested potential range and thus has
a faster potential-dependent energy decrease. Consequently, the

This journal is © The Royal Society of Chemistry 2023
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initial 0.57 eV energy gap between the IS-1 and HS-1 states at
their zero-charge states is closed at U = 0.5 V vs. SHE. The more
negative PZC of the HS-1 state could be traced to the special out-
of-plane displacement of the Fe ion. The out-of-plane
displacement of the Fe ion causes separation of the positive
charge center (Fe ion) and the negative charge center (N atoms),
resulting in a surface electric dipole pointing in the +z direction,
which leads to a work function decrease and hence lower PZC.
Despite the spin crossover, the relative stability of the HS-1 and
IS-1 states is within an absolute energy difference of 0.2 eV in
the potential range of 0 to 1 V. Hence, the two spin states could
coexist at ORR-relevant voltages.

3.3 *OOH/FeN,Cy,

We further explored different spin states of the OOH-adsorbed
FeN,C;o (*OOH/FeN,C;,) moiety. Three different spin states,
ie., HS, IS, and LS, are found to be stable for *OOH/FeN,C;,.
The atomic structures and pDOS plots of the three spin states
can be visualized in Fig. 3b-d. The Fe ion in *OOH/FeN,C;, has
a d® electron configuration since one electron transfers from Fe
to the adsorbed OOH. The HS state is a sextet state (S = 5/2) with
a 3d occupation of (d,)'(dx)"(d,)"(d2)'(ds>_y?)" on the Fe ion.
The IS state of the Fe ion has a 3d electron occupation of
(dy)"(dy2)'(d22)"(diy)?(de—y2)° with a total spin of S = 3/2. The LS
state, (dy,)*(dy2)"(d2)*(dyy)*(d—y?)°, has a total spin of S = 1/2.
The spin density plots of various spin states are shown in
Fig. S3.1 For precise d-orbital occupation, please refer to Table
S1.1 In all the different spin states, the OOH binds on the Fe ion
with an end-on configuration, which leads to a strong o
bonding due to the overlap between d,> and 7', (7", denoting
an OOH 7t* orbital oriented perpendicular to the FeN,C;, plane)
as shown in Fig. 3a. The d,> states in Fig. 3b-d manifest this
d,. — Tc1 interaction since the d,» states are further split
compared to those in bare FeN,C;,. Accordingly, the electron
occupation of d, increases significantly in the minority spin
channel as revealed in Table S1.1 There also exists a weaker 7
bond between d,, and TCT‘ (7:‘*‘ denoting an OOH w* orbital
oriented parallel to the FeN,C;, plane) as shown in Fig. 3a. The
other two d,, and d,:_,. orbitals are non-bonding with OOH
orbitals. The energies of different spin states of *OOH/FeN,Cj,
are nearly energetically degenerate. The Bader charge analysis
reveals that the Fe ion further loses electrons and becomes
Fe(umr) upon *OOH adsorption compared to bare FeN,C;, with
respective spin states.

The potential-dependent energies of the three spin states of
*OOH/FeN,C,, are shown in Fig. 3e. The HS state of *OOH/
FeN,C;, has the lowest energies among the three spin states in the
interested potential range 0-1 V vs. SHE. The IS state is slightly
destabilized by less than 0.1 eV compared to the HS state within
the potential range. The LS state is approximately 0.1-0.25 eV
higher than the energy of the ground HS state depending on the
applied potential. The spin- and potential-dependent *OOH
adsorption energies are calculated and shown in Fig. 3f. Due to
the bistability of bare FeN,C,, (HS-1 and IS-1 states), we consid-
ered two different *OOH adsorption energies corresponding to
two spin-dependent adsorption processes, namely, Fe'S'N,C;,

This journal is © The Royal Society of Chemistry 2023
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= *OOH/Fe®N,C;, and Fe™'N,C,, = *OOH/Fe™N,Ci,.
Adsorption of *OOH on Fe"SN,C,, is not considered since the LS
state is unstable compared to the IS-1 and HS-1 states. Adsorption
of *OOH on Fe"N,C,, is not considered since the LS state is
highly unstable compared to the IS-1 and HS-1 states.

The potential-dependent *OOH adsorption energies exhibit
spin-dependent behavior, as shown in Fig. 3e. The Fe'*'N,Cy,
= *QOH/Fe'*N,C;, adsorption, abbreviated as *QOH/Fe'®
adsorption hereafter, results in an *OOH adsorption energy of
about 4.1 eV with a weak dependence on the voltage. In
contrast, the Fe™'N,C;,, = *OOH/Fe"N,C;, adsorption
process (*OOH/Fe''® adsorption) has a strong potential depen-
dence. The *OOH/Fe"™ adsorption energy increases from 3.8 eV
at U =0V to 4.4 eV at U = 1.0 V. The different potential-
dependent *OOH adsorption energy trends of *OOH/Fe's vs.
*OOH/Fe™ adsorption rely on different surface charging
behaviors upon *OOH adsorption. In *OOH/Fe™® adsorption,
the PZC of the system shifts from —1.02 V to —0.49 V without
and with *OOH adsorption, which would lead to significant
surface electron charging. Our constant-potential calculations
show that the system obtains an additional ~0.5 e negative
charge upon *OOH/Fe™ adsorption as shown in the table
inside Fig. 3f. The *OOH/Fe’ adsorption process, on the other
hand, results in a smaller surface charge of approximately —0.1
e, leading to a much milder potential dependence due to the
smaller PZC shift upon *OOH adsorption.

3.4 *O/FeN,Cyo

The spin-dependent atomic structures and pDOS of *O/FeN,C;,
are shown in Fig. 4b-d. The optimized HS, IS, and LS states of
*O/FeN,Cy, are quintet (S = 2), triplet (S = 1), and singlet (S =
0), respectively. The spin density plots of various spin states are
shown in Fig. S4.1 The detailed Fe 3d orbital occupations of
different spin states are presented in Table S1.T It could be ex-
pected that strong o bonding formed due to the overlap
between Fe d,> and O 2p, and 7 bonding formed through Fe d,.-
O 2p, and Fe d,,-O 2p, interactions. These orbital interactions
are depicted schematically in Fig. 4a. The significant occupa-
tions in the d,;, d,;, and d,: orbitals presented in Table S1f
support the existence of Fe 3d-O 2p hybridizations. The pDOS
plots in Fig. 4b-d also demonstrate the splitting of the three
interacting d,;, dy, and d,> orbitals. In the HS and IS states, the
adsorbed *O possesses a singly occupied electron in the O 2p
orbital (see Fig. S27t for spin density plots). Hence, the adsorbed
*O atom in the HS and IS states is in the form of an oxyl radical
(O"7). Moreover, the Bader analysis shows that the Fe ion in HS
*O/FeN,Cj, has a Bader charge of 1.39 e, which is less than 1.53
e in HS *OOH/FeN,C,, and close to 1.33 e in HS bare FeN,C,.
Hence, we tend to assign the HS to a ferrous Fe(u)---O'~ species,
which indicates that the electron transfer occurs between the
catalyst and *O rather than transferring from the Fe center into
the O adduct. In contrast, the Bader charge of the Fe ion of the
IS state is 1.35 e, which is close to that in IS *OOH/FeN,C;, (1.33
e) indicating one electron transfer from Fe to the adsorbed *O,
resulting in a ferric Fe(m)-O"~ species. The LS state is spin
unpolarized suggesting the formation of Fe(iv)=0 oxo species.
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*OOH/FeN4Cy. (@) Schematics of orbital hybridization of Fe 3d orbitals in a square-planar ligand field with the molecular orbitals in the

OOH adsorbate. (b)—(d) Atomic structures and pDOS plots of the HS, IS, and LS spin states of *OOH/FeN4Cyo. (€) Spin- and potential-dependent
energies of *OOH/FeN4Cyo under constant-potential conditions. (f) Spin and potential-dependent *OOH adsorption energies. The inset table

shows the net electron transfer in the adsorption process.

The potential-dependent energies of HS, IS, and LS *O/FeN,Cj,
are shown in Fig. 4e. The HS state is the energetically favorable
state in the potential range of interest. The energy of the IS state is
only slightly higher by ~0.1 eV. The LS is significantly higher (by
~0.5 €V) in energy than the HS and IS states. Fig. 4f describes the
potential-dependent adsorption energies for the Fe"™-'N,C;,
= *O/Fe"™N,C,, and Fe*-'N,C;, = *O/Fe®N,C;, adsorption
processes, which are referred to as *O/Fe™ and *O/Fe™ adsorp-
tion, respectively. The LS state is found to be unstable. Both *O/
Fe™ and *O/Fe’ adsorption energies increase with increasing
applied potential. The slope of the potential-dependent *O/Fe™®
adsorption energy is higher than that of the *O/Fe"™ adsorption
energy due to stronger electron transfer, as shown in the inset
table in Fig. 4f. The electron transfer upon *O/Fe's adsorption is
composed of two parts: one is the above-discussed electron
transfer from the catalyst to the adsorbed O"7; the other is the
surface charging due to the diminished surface dipole resulting
from the anionic adduct. The sum of the two electron transfer

19366 | J Mater. Chem. A, 2023, 11, 19360-19373

processes results in a dramatic change in the PZC before and after
*O/Fe™ adsorption (—1.02 vs. —0.01 V). In *O/Fe™® adsorption, the
adsorbed O~ obtains an electron from the Fe ion, so the PZC
changes moderately from —0.61 V to —0.24 V, thus resulting in
a moderate potential dependence of *O/Fe'® adsorption.

3.5 *OH/FeN,Cio

The p, and p, non-bonding orbitals in the OH adsorbate could
interact with Fe d, and d,, orbitals respectively as shown in Fig. 5a.
The atomic structures and pDOS plots of *OH/FeN,C;, with
different spin states are shown in Fig. 5b~d. The Fe ion has the d’
electron configuration in *OH/FeN,C;,. The HS, IS, and LS states
of *OH/FeN,C;, have similar electron configurations to those of
*OOH/FeN,C,o,. The Fe ion in the HS state has an electron
configuration of (d,.)"(d,z)"(d;?)'(d)"(d,e—,?)" with a total spin of S
= 5/2. The electron occupation of the Fe ion in the IS state is
(dw)'(dy2)'(d2)'(dyy)*(de—y2)° with a total spin of § = 3/2. The LS

This journal is © The Royal Society of Chemistry 2023
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Fig.4 *O/FeN4Cyo. (a) Schematics of orbital hybridizations of Fe 3d orbitals in a square-planar ligand field with the 2p orbitals in the O adsorbate.

(b)—(d) Atomic structures and pDOS plots of the HS, IS, and LS states of *O/FeN4Cyo. (€) Spin- and potential-dependent energies of *O/FeN4Cyo
under constant-potential conditions. (f) Spin and potential-dependent *O adsorption energies. The inset table shows the net electron transfer in

the adsorption process.

state, (dy)*(d,z)"(d2)°(dxy)?(dee—y2)°, has a total spin of § = 1/2. The
spin density plots of various spin states are shown in Fig. S5.T The
potential-dependent energies of the three spin states of *OH/
FeN,C;, are shown in Fig. 5e. The HS state of *OH/FeN,C;, has
the lowest energy among the three spin states in the interested
potential range 0-1 V vs. SHE. The IS state is slightly destabilized
by about 0.2 eV compared to the HS state. The LS has the highest
energy in the potential range, which is about 0.6 eV higher than
that of the HS state. The potential-dependent adsorption energies
of *OH/Fe™ and *OH/Fe's are shown in Fig. 5f. Similar to the
*OOH adsorption, the *OH/Fe™ adsorption energy exhibits
a stronger potential-dependence than the *OH/Fe’ adsorption
energy due to a larger PZC shift upon adsorption.

3.6 Spin-dependent ORR activity

Our calculation results have shown that the spin states of the
FeN,C;, moiety have significant influences on the adsorption
behavior of ORR intermediates. This would lead to the spin-

This journal is © The Royal Society of Chemistry 2023

dependent ORR activity on FeN,C,o. For bare and adsorbed
FeN,C,,, the HS and IS versions of each intermediate state have
nearly degenerate energies in the interested potential range.
Hence, we propose two spin-dependent ORR pathways, whose
reaction cycles are depicted in Fig. 6a and b, respectively. In the
ORR cycle starting from the HS-1 state (called the HS pathway
hereafter), the spin states of the ORR intermediates, i.e., *OOH/
FeN,Cy, *O/FeN,Cyy, and *OH/FeN,Cy,, stay in their corre-
sponding HS states along the reaction coordinates. Specifically,
the spin multiplicity of the system evolves from S = 2 (FeN,Cy()
to S = 5/2 (OOH*/FeN,Cj), then to S = 2 (O*/FeN,C;,) and to S
= 2 (OH*/FeN,Cy,), and finally returns to S = 2 (FeN,C;,). We
note that the initial spin multiplicity S = 2 only accounts for the
spin multiplicity of the Fe center without considering the triplet
O, molecule. The highest possible spin for the combined bare
FeN,C;, (HS) + O, system is S = 3 (ferromagnetic) and the lowest
spin is S = 1 (antiferromagnetic). Hence, the ORR reaction
coordinate on HS-1 FeN,C,, is composed of several spin

J. Mater. Chem. A, 2023, 11, 19360-19373 | 19367


https://doi.org/10.1039/d3ta03271j

Published on 27 juli 2023. Downloaded on 21.06.2024 23.00.44.

View Article Online

Journal of Materials Chemistry A Paper
a  ‘OHFeN,C,, e f
dy =Py f -879.0
FeN,C,o dg — P e @° . Y — 1.0 + Fe'S'— *OH/Fe'S .
@® = | -
Ty . o : i 879.5 S .l -
. dy2.2 \x S 9{ 4
d,2 - e I v Net electron
€ — = —880.01 o [} | A W transfer (¢)
. Y dy 17 (py) OH g «—HS n \\\\ (0] 0.6 HS 1
d dyz & o + w ——18 2 < p 025 227 2:;
@du me) 9005 ——Ls 0.4] . % ook i
— (p,) d _ﬁ__ . ; . . . . . . ! 98 o019
o o w2+ Px 0.00 0.25 0.50 0.75 1.00 00 02 04 06 08 1.0
de dji_pz U (V/ISHE) U (V/SHE)
b . IS 116.7° d LS
- 108.8°
1.90A 0.50 A 1.88 A [l 0.35A !
s il dheyz — L Oy —

d,2 +
-

pDOS (arb. units)
pDOS (arb. units)

dy a4

d,. <

du b

dy, +—
de—
de -
dhy -

pDOS (arb. units)

[ X e

-8 -6 -4 -2
Energy (eV)

2 -8 -6 -4

Energy (eV)

-6 -4 2 0 2 4
Energy (eV)

-2 0 2 4

Fig. 5 *OH/FeN4Cyp. (a) Schematics of orbital hybridizations of Fe 3d orbitals in a square-planar ligand field with the 2p orbitals in the OH
adsorbate. (b)—(d) Atomic structures and pDOS plots of the HS, IS, and LS states of *OH/FeN4Cq. (e) Spin- and potential-dependent energies of
*OH/FeN4C1o under constant-potential conditions. (f) Spin and potential-dependent *OH adsorption energies. The inset table shows the net

electron transfer in the adsorption process.

transitions (or spin crossovers). Thus, the ORR on HS-1 FeN,C;,
is intrinsically a spin-forbidden reaction. Based on the
potential-dependent adsorption energies of ORR intermediates
in HS states, the free energy diagrams are constructed at various
applied potentials as shown in Fig. 6¢. The predicted ORR onset
potential of this HS pathway is 0.77 V. The potential limiting
step is *OOH formation due to the weak *OOH binding strength
on HS-1 FeN,Cy, at relatively high applied potential.

The ORR following the IS pathway will start with IS-1 FeN,Cy,
as shown in Fig. 6b. The spin multiplicity of the system evolves
from S = 2 or 0 (bare FeN,Cj, + O,) to S = 3/2 (OOH*/FeN,Cj,),
to S = 1 (OH*/FeN,C,,), and to S = 3/2 (OH*/FeN,C,,). Conse-
quently, the IS pathway of the ORR is also a spin-forbidden
reaction. The constructed free energy diagrams of the ORR via
the IS pathway at various applied potentials are shown in
Fig. 6d. The predicted onset potential for the ORR along the IS
pathway is 0.89 V, which is significantly higher than that of the
HS pathway. The potential limiting step is the reduction of *OH

19368 | J. Mater. Chem. A, 2023, 11, 19360-19373

to H,0, while the *OOH formation step also has very similar
reaction free energy. The IS-1 FeN,C;, exhibits better ORR
activity than that of the HS-1 state mainly because of the
stronger *OOH adsorption at high applied potentials.

3.7 Adsorption of O, on FeN,C,,

O, adsorption is an important process for the ORR, but it is
somewhat overlooked in studies because O, adsorption is
usually regarded as a non-electrochemical process with no net
electron transfer and hence the energetics of this step are not
considered for limiting-potential assignment. However, in
recent studies, electron transfer and spin selection occurred
during O, activation on magnetic single-atom catalyst sites.®>*
These studies inspire us to further examine the spin- and
potential-dependent adsorption of O,.

We explore the spin-dependent atomic structures of *O,/
FeN,Cj, in HS and IS states as shown in Fig. 7a-c. The detailed
structural and electronic information about *O,/FeN,C;, is

This journal is © The Royal Society of Chemistry 2023
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included in Table 1. The spin density plots are shown in
Fig. S6.1 The detailed Fe 3d orbital occupations of different spin
states are presented in Table S1.f In the HS *O,/FeN,C,,, the
adsorbed O, molecule adopts a side-on configuration with the
0-O bond length elongating to 1.42 A, which indicates the
formation of a peroxide (0,>") species. In the IS *O,/FeN,Cj,,
the adsorbed O, can adopt two different structures, namely
side-on and end-on configurations. They both have O-O bond
lengths near 1.3 A, which is the fingerprint of a superoxide (0,”)
species. The Bader charge analysis also supports these assign-
ments since HS *O,/FeN,C;, has more electrons (1.52 e) in the
adsorbed O, than those of the IS states (1.27 e and 1.30 e for
end-on and side-on IS *O,/FeN,Cy,, respectively) as shown in
Table 1. The HS *O,/FeN,C;, is more stable than the two IS *O,/
FeN,4C;o as shown in Fig. 7d. The HS *O,/FeN,C;, also exhibits
distinct potential-dependent adsorption behavior compared to
the two IS states as presented in Fig. 7e. The adsorption energy
of the HS state strongly depends on the applied potential,
whereas the adsorption energies of the two IS states only weakly
change with respect to the applied potential. The strong

This journal is © The Royal Society of Chemistry 2023

potential dependence of HS *O,/FeN,C;, could be attributed to
the pronounced electron transfer from the electrode to the
adsorbed O, as evidenced in the chart of electron transfer in
Fig. 7e. We also plug the O, adsorption energy into the free
energy diagrams as shown in Fig. 6¢c and d. The potential
limiting steps of the ORR on both HS and IS FeN,C;, are now
shifted to the formation of *OOH from adsorbed *O,.

3.8 Comparison with experiments

We have identified a HS structure with an out-of-plane structure
for bare FeN,C,o, which is similar to the non-planar ferrous
FeN, moiety with out-of-plane Fe displacement proposed
experimentally based on XAS characterization.™** In addition,
the shift of XANES spectra associated with Fe(u)/Fe(u) transition
starts at applied potential as low as 0.2 V in an O,-free envi-
ronment,'>** which is inconsistent with the SWV result showing
an Fe(u)/Fe(u) redox peak at 0.75 V for Fe-N-C catalysts.”® Our
results have shown that the HS state of FeN,C;, adsorbed
oxygenated species much more strongly at lower electrode
potential because of strong cathodic electron transfer upon

J. Mater. Chem. A, 2023, 11, 19360-19373 | 19369
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adsorption. Hence, we tend to attribute the early Fe(u)/Fe(ur)
redox observed in the in situ XANES spectra to the oxidation of
the HS FeN,C,,, whereas the redox peak at 0.75 V observed in
the SWV corresponds to the oxidation of the IS state. Finally, the
strong adsorption of oxygenated species on the HS FeN,C;,
identified using our calculations could also explain the non-
durable sites observed in a recent experimental study'* since
the strong adsorption of oxygenated intermediates could
transform FeN,C,, into ferric iron oxide. And, more interest-
ingly, the experiment also assigns the non-durable site to a HS
state. The above comparisons are only tentative and qualitative;
we plan to carry out more quantitative comparisons by simu-
lating spectroscopic spectra.

4 Conclusion

In summary, based on the GC-DFT calculations, we have iden-
tified that FeN,C;, moieties with two different spin states, i.e.,
HS and IS states, could coexist under ORR-relevant conditions
because their energies are within a 0.2 eV energy window under
constant-potential conditions. The HS FeN,C,, has a special

19370 | J Mater. Chem. A, 2023, 1, 19360-19373

out-of-plane structure, whereas the IS state FeN,C,, has an in-
plane structure. The out-of-plane displacement in the HS state
is caused by the pseudo Jahn-Teller effect. This distortion
induces a positive surface dipole moment and could be stabi-
lized in a more positive applied potential relative to the PZC of
the HS state. Consequently, the applied potential induces a spin
crossover between the HS and IS states of FeN,Cy,.

The two spin states perform quite differently in binding
various ORR intermediates. In general, the HS state binds ORR
intermediates much more strongly than the IS state at relatively
low potentials at U < 0.7 V. The origin of the stronger adsorption
on the HS state at lower potentials is attributed to the signifi-
cant cathodic electron transfer upon adsorption. Because of the
adsorption-induced cathodic electron transfer, the adsorption
energy of ORR intermediates on the HS FeN,C;, can be strongly
modulated by the applied potential. As a result, the adsorption
energy of ORR intermediates on HS FeN,C,, increases
pronouncedly (weaker adsorption) as the applied potential
increases. In comparison, the adsorption energy of ORR inter-
mediates on IS FeN,C;, exhibits a much weaker potential
dependence due to slight adsorption induced electron transfer.

This journal is © The Royal Society of Chemistry 2023
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The different adsorption capabilities of the HS and IS states
lead to different ORR activities. Specifically, we predicted that
the HS and IS states have ORR onset potentials of 0.77 V and
0.89 V, respectively, suggesting that the IS state would outper-
form the HS state in ORR activity.

Our findings have demonstrated the spin-dependent activity
of Fe-N—C catalysts in the ORR. The obtained insights highlight
that a comprehensive understanding of the interplay between
spin, valency, and potential is required to fully comprehend the
catalytic properties of magnetic single-atom catalysts. This
research is expected to inspire further investigations into the
role of spin states in spin-mediated catalysis and encourage the
deliberate manipulation of the spin states of active centers to
enhance catalytic performance.
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