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Weijie Yang,™"® Binghui Zhou,®" Zhenhe Jia,* " Chongchong Wu," Li Wei,™

Zhengyang Gao,*™" and Hao Li*"

Developing highly active oxygen evolution reaction (OER)
catalyst is essential to improve the performance of a water
electrolyzer, where single-atom catalysts (SACs) have shown
promising performance in recent years. However, while SACs
with various coordination environment have become exper-
imentally feasible, knowledge about the structure-performance
relationship of SACs is still very limited, especially for the
emerging multiple p-block element-doped SACs substrates.
Herein, by adjusting the coordination environment of single-
atom iron catalysts, 122 SACs with various substrates were
designed for comprehensive analysis. Through spin-polarized
density functional theory calculations with van der Waals
corrections, 52 stable single-atom iron catalysts were identified.

Introduction

The development of water-splitting technology provides a new
avenue toward the efficient and clean utilization of renewable
energy.” In a water-splitting process through water electro-
catalysis, oxygen evolution reaction (OER) takes place on the
anode of a water electrolyzer. However, compared to the
cathode reaction (i.e., hydrogen evolution reaction, HER), OER
on the anode is much more sluggish, lowering the overall
water-splitting efficiency. Therefore, developing promising OER
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To analyze their OER performance, an OER volcano activity
model was derived to predict their performance as the function
of O* and HO* binding free energies. Interestingly, a Fe;B;C;N,-
pen structure was found to have an outstanding OER activity
(with a theoretical overpotential of 0.40 V vs. reversible hydro-
gen electrode) due to its unique adsorption mode that
strengthens HO-bonding by forming the Fe—OH—B bond. Based
on these results, the OER performance of 26 TM,/B;C;N,-pen
(TM=Ti—Zn, Zr—Cd, and Hf—Au) SACs were determined based
on this unique coordination environment by B-doping. Most
importantly, this study shows that the OER performance of
SACs can be significantly improved by tuning the coordination
environment of an active metal center.

catalysts is particularly important but challenging for industry
and society.

Designing promising oxygen electrocatalysts is one of the
keys to realizing a sustainable future. Among many emerging
catalysts reported to date, single-atom catalysts (SACs) have
attracted board attentions in the catalyst community due to
their high catalytic activity, selectivity, and near-100% atom
utilization for many reactions.”’ Because of the large specific
surface area and unique physicochemical properties of gra-
phene, graphene-based SACs consisting of a metal active center
coordinating with a defective graphene substrate have been
widely studied.” Recently, a number of studies showed that the
catalytic activity and stability of SACs can be further improved
by introducing defects and heteroatoms (e. g., p-block elements)
into graphene.’? Among them, the most common SACs
structure is to form M;N, by introducing N to coordinate with a
metal atom, where M is the active metal center.” The most
widely studied active center of SACs include transition metals
(TM) such as Fe, Co, Ni, and Cu. Among them, Fe was widely
considered for SACs due to its high earth-abundance and low
cost. Fe,N, catalysts have shown excellent performance in both
thermal catalysis and electrocatalysis.”) However, while they
usually have high oxygen reduction reaction (ORR)
performance,® the activities of OER (which can be approx-
imately regarded as its reverse reaction) of Fe,N, catalysts are
usually not ideal. Doping of p-block elements (e.g., B, O, P, and
S) will change the electronic properties of the metal atoms in
the catalyst. It reported that B heteroatoms have great potential
to redistribute the inhomogeneous spin and charge densities
caused by the coordination of metal and N atoms, making the
metal center more favorable for intermediate adsorption, there-
by enhancing the catalytic activity.” P has a weaker electro-
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negativity and a larger atomic radius, which leads to a richer
electron density concentrated on the metal sites in the M,P,
configuration compared to the M;N, configuration. In some
cases, the P ligands may even behave as electron transfer
channels, transferring electrons from the support to the metal,
further promoting the accumulation of electrons at individual
metal sites.” When Fe,N,C, is doped with S element, the
relatively large S atomic radius makes it possible to induce
defects on the carbon substrate, while the low S electro-
negativity (N(3.04) > S(2.58) > C(2.55) ) will change the electronic
structure of the Fe—N active center.” By tuning the coordina-
tion environment of SACs, it is beneficial to adjust the
adsorption strength of the metal atoms in the catalyst center to
the intermediates during the OER process, thereby improving
the catalyst activity. Overall, due to the difference between the
atomic radius and electronegativity among p-block elements,
their doping in single-atom iron catalysts leads to the
redistribution of charges around the Fe atoms in the center of
the catalysts, which in turn flexibly tunes the adsorption of
intermediates free energy to adjust the catalyst activity. There-
fore, tuning the coordination environment in SACs is of great
significance to improve OER catalytic activity.

Theoretical studies on doping SACs with p-block elements
other than N are continuously being reported. Tang et al."”
showed through DFT studies that the coordination of B,N,
atoms can promote the charge transfer between the catalyst
center Co atom and the neighboring carbon atoms, adjust their
sensitivity to the reaction gas, and thus improve the catalytic
oxidation activity of the catalyst for CO/NO. Through DFT
calculations, Wang et al."" showed that the O and N bicompo-
nent assignments can tune the d-band center of molybdenum,
thereby optimizing its binding ability to the reaction intermedi-
ates (O*, HO*, and HOO¥), thereby accelerating the entire ORR
process. Ren et al."? theoretically demonstrated that by ration-
ally tuning the coordination B atoms in single-atom iron
catalysts, the d-band center and magnetic moment of the
central Fe atoms can be controlled, thereby improving CO,
reduction performance.

The successful preparation of SACs by doping graphene
with p-block elements has also been reported in very recent
years. Tang etal® prepared a graphene-based single-atom
molybdenum catalyst co-doped with O and S, and found that
this type of SAC can significantly promote ORR. Li etal.™
prepared N and O co-coordinated graphene-based single-atom
platinum catalysts with high electrocatalytic HER activities.
Using a cold-plasma technique, they adjusted the ratio of N and
O coordination in the catalyst by changing the gas and
synthesis duration. Zhang etal.” prepared N and S co-
coordinated single-atom iron catalysts, which exhibited high
activities in oxygen electrocatalysis compared to many conven-
tional catalysts. Yuan et al."® realized the preparation of N and
P co-doped single-atom iron catalysts with good ORR perform-
ance. Hou et al."” synthesized a graphene-based single-atom
nickel catalyst co-coordinated with N and S and exhibited
excellent OER activity and durability at 10 mA/cm? Chen
et al" introduced N, S, and P into graphene-based single-atom
iron catalysts, and found that the Tafel slope of the heter-
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oatom-doped catalyst could reach 51 mV/dec, with a signifi-
cantly improved ORR performance. Shi et al." synthesized B, N
co-doped porous carbon nanotube-supported single-atom
molybdenum catalyst by B and N co-doping (Mo/BCN); they
found that the Mo/BCN exhibited high catalytic activity for the
reduction of N, to NH,, with a Faradaic efficiency of 13.27% in
0.1 M KOH. From the above reports, the doping of B, O, P, S,
and other p-block elements into SACs has become experimen-
tally feasible along with advanced synthetic and character-
ization strategies. After doping of p-block elements in SACs, the
catalytic performance will change significantly. However, sys-
tematic studies on the regulation of OER activity of single-atom
iron catalysts by the doping of p-block element (e.g., B, N, O, P,
and S) are rarely reported.

Motivated by the above landscape, herein, we aim to
analyze the O* and HO* adsorption properties of single-atom
iron catalysts with various coordination environment and study
how their OER performance would change. We constructed
122 single atom iron catalysts for spin-polarized density func-
tional theory calculations with van der Waals corrections
(DFT—D3). First, 122 single-atom iron catalysts based on differ-
ent coordination environments with B, N, O, P, and S were
designed. Second, 52 stable configurations were identified by
stability analysis. Third, by analyzing the adsorption free
energies of these structurally stable catalysts for O* and HO¥,
we found that a typical Fe,B,C;N,-pen structure has special
adsorption properties for HO* and excellent OER catalytic
activity based on an OER volcano activity model. Finally, we
extensively analyzed the adsorption free energies of O* and
HO* on the TM,/B,C;N,-pen catalysts composed of 26 transition
metals based on the B,C;N,-pen configuration. This “design &
screening” study by tuning the local coordination environment
of single-atom iron provides important guidelines for exper-
imental synthesis.

Computational and Modeling Methods

In this work, all DFT calculations were performed using the Vienna
ab initio simulation package (VASP 5.4.4).%% In detail, the projected
enhanced wave (PAW) method was used to describe the interaction
between the nucleus and valence electrons, and the Perdew-Burke-
Ernzerhof (PBE) functional was used to describe the electronic
exchange and correlation.”” Spin polarization was considered to
obtain the precise electron ground state energy.”? To accurately
describe the interaction between the gas and the surface, dipole
corrections and DFT-D3 were both considered.”® We constructed a
5%4/3x1 (12.33x12.88x20.00 A) graphene as the catalyst carrier
and set the vacuum layer to 20.00 A, which can effectively avoid
the interaction between mirror images. The kinetic energy cutoff
was set to 450 eV for all calculations. A k-point grid of 2x2x 1 was
selected for geometry optimizations. The force convergence
criterion in geometric optimization was set to —0.02 eV/A. At the
same time, a k-point grid of 4x4x1 was used for electronic self-
consistent calculations. For the electron self-consistent field calcu-
lations, the convergence criterion was set to 10~° eV. The projected
crystal orbital Hamiltonian population (pCOHP) was analyzed using
the LOBSTER™ package to study the strength between chemical
bonds.

© 2022 Wiley-VCH GmbH

85UR0|7 SUOWWIOD 3AIeaID 3|qeoljdde 8L Aq peusenoh ase sajone YO ‘85N 4O Sa|nJ 10} Ariq1T8UIUO /B UO (SUOTHIPUOD-PUe-SWR}W0D" A3 1M Afe.q 1 BuI|UO//SANY) SUORIPUOD PUe swiie | 8y 88S *[2202/0T/L2] uo ARiqiTauliuo A8|im “AseAIuN nYouo L Aq 9TOTOZZ0Z 9109/200T 0T/10p/w0d" A 1mAreiqutjuoadoune-Ansiweyo//sdny woiy papeojumody'o ‘668€298T



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemCatChem doi.org/10.1002/cctc.202201016

The equation for calculating the binding energy (£, is defined as
(Eq. 1):

Ebind = EsurfEsubeM (1)

where E,, E,, and E, are the electronic energies of the catalyst,
graphene substrate, and single metal atom, respectively.

The equation for calculating the formation energy (E) is defined as
(Eq 2):[25]

Ef = Esur_EM_m;uX_nﬂC (2)

where m and n respectively represent the total numbers for p-block
elements and C atoms. uy (e.g., tg, U, Lo Up @aNd us) and uc denote
the chemical potentials of p-block and C atoms. g e, tn tor ter
and us were obtained from single atoms of B, pristine graphene,
N, molecular, O, molecular, P,, and S, respectively.?

The adsorption energies were calculated by the following equations
(Egs. 3-5):

AEyox = E(HO®)—E(*)—(Epao—1/2Es;) (3)
AEox = E(O%)—E(*)—(Erzo—Ew2) (4)
AEyoox = E(HOO™)—E(*)—(2Ey0—3/2E,) (5)

where E(*), E(HO¥), E(O%), and E(HOO*) are energies of the clean
catalyst surface, and surface adsorbed by HO*, O* and HOO*
species, respectively. E,,o and E, are the energies of H,0 and H,
molecules in gas phases.

OER is a four-electron reaction process with detailed reaction steps.
Under acidic conditions, the general reaction equation can be
described as (Eq. 6):*"

2H,0 — O, + 4H" + 4e” ©)

In this paper, we analyzed the classic OER model as proposed by
Nerskov etal,””?® which was also widely considered for OER
studies at SACs (Eqgs. 7-10):*

H,0 +* — HO* + H" + e~ %
HO* — O* + H' + e (8)
H,0 + 0* — HOO* + H" 4 e~ )
HOO® — * 4+ 0, + H + e~ (10)

where * represents the catalytic site on the catalyst surface. HO¥,
O*, and HOO* represent the corresponding adsorption intermedi-
ates, respectively. Based on these four elementary steps, the change
of free energies AG; (i=1, 2, 3, 4) can be expressed by the following
equation (Eq. 11):5%

AG, = AE + AZPE—TAS + AGy + AG,y, 11

where AE represents the adsorption energy of adsorbed intermedi-
ates. AZPE and AS are the changes of zero-point energy and the
entropy, respectively. For AGy, U is the electrode potential. AG,y is
equal to kgTIn10x pH. Because the potential and pH shift in the
same way in a standard hydrogen electrode (SHE) scale, pH=0 was
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employed in this study, but the results are considered independent
to the reaction pH.

The Gibbs free energy of each elementary step was calculated by
the following equations (Eqs. 12-15):

AG, = AGypx—elU (12)
AG, = AGox—AGpx—elU (13)
AG; = AGypox—AGox—elU (14)
AG, = 4.92—AGypox—elU (15)

where AGyo+ AGg,, and AG,oo- are the adsorption free energies
(AGgpecies) Of HO*, O* and HOO*, respectively. The AG,y.qe, Were
calculated by the correction-included equations of AGy-=AE, o+
0.37, AGoe= AEy.+0.07, and Gyoor = AE 00« + 0.44.27 The theoretical
overpotential OER (1) for a electrocatalyst was evaluated using
the method described in Ref.?” (Eq. 16):

Noer = Max{AG,, AG,, AG;, AG,}/e—1.23V (16)

Results and Discussion
Catalyst model

Two-dimensional graphene-based SACs have been extensively
studied in the field of catalysis. Considering the feasibility of
experimental synthesis and the stability of catalyst structure, we
analyzed a graphene structure with two adjacent-carbon
vacancies. Herein, we used different numbers of p-block
element (e.g., B, N, O, P, and S) to replace the carbon atoms
coordinated with the single-atom iron. It is worth noting that
when doping two identical p-block elements, three different
coordination configurations will be generated.®? Taking the N-
and O- doped systems as an example (Figure 1), it can be seen
that when two nitrogen and two oxygen coordinate with the
single-atom iron, there will be different configurations (Fe;N,O,-
pen, Fe;N,0,-hex, and Fe;N,0,-opp).’? Based on these, we
constructed in total 122 single-atom iron catalysts by adjusting
the type and number of coordinating p-block atoms. Detailed
configurations of these structurally optimized catalysts are
shown in Figures S1-518.

We further investigated the stability of these 122 single-
atom iron catalysts. Binding energy is an important indicator to
reflect the stability of SACs, which is of great significance to
evaluate the difficulty of catalyst synthesis. Therefore, we
calculated the binding energies of these 122 catalysts (Figure 2
and Table S1). The number of each different p-block atoms
doping system on the horizontal axis in the figure represents
the number of catalyst configurations produced under this
coordination system, and the detailed coordination configura-
tion under each different doping system is shown in Figur-
es S1-518. The more negative value of a binding energy, the
higher the structural stability of the catalyst is revealed.
According to previous reports, the experimental and theoretical
values of cohesive energy of iron clusters are —4.28 and
—4.87 eV, respectively.®® When the calculated binding energy is
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Figure 1. Schematic diagram of different coordination configurations. The iron, oxygen, and nitrogen atoms are represented in brown, red, and blue,
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Figure 2. Calculated binding energies of 122 single-atom iron catalysts with different coordination environments. The dashed line represents the binding

energy at —5.0 eV.

more negative than the cohesive energy of iron clusters, the
catalyst is considered thermodynamically stable. Therefore, we
screened out those SACs with the binding energy more
negative than —5.0 eV. As a result, 52 single-atom iron catalysts
with stable structures were identified.

It can be seen from Figure 2 that the SACs generally exhibit
lower binding energies in the coordination environments of B
and O, P and O, and S and O, which may indicate their poorer
stability. Meanwhile, when the number of coordaining O
increases, the binding energy gradually decreases. Therefore,
the coordination of O is not conducive to the stable formation
of single-atom iron catalysts, especially when the number of
coordinating O is high.

The formation energy is also an important indicator for
evaluating catalyst stability, and negative formation energy
indicates higher stability of the structure®” The calculated
results of the formation energies of the 52 catalysts are shown
in Table 1.
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Adsorption and catalytic properties

For the 52 stable SACs, we calculated their adsorption free
energies of O* and HO* (Table 1). Interestingly, we found that
Fe,B,C;N,-pen has a relatively large HO* adsorption free energy
(—0.90 eV), suggesting that Fe,B,C;N,-pen may possess special
properties for HO* adsorption. To determine the HOO*
adsorption free energies on these SACs, we considered a linear
relationship of AGyoo=AGyo+3.2.77 This scaling relation is
considered universal among various catalysts,"**’*® which is
widely used in analyzing oxygen electrocatalysis. Subsequently,
we determined the overpotential (7o) of 52 single-atom iron
catalysts for OER based on a derived classic volcano activity
model (Figure3 and Table 1). By tuning the coordination
environment of single-atom iron catalysts, the OER overpoten-
tial can change from 0.4 to 2.19V vs. reversible hydrogen
electrode (RHE). It can be found that Fe;B,C;N,-pen locates near
the theoretical optimum of the volcano model, exhibiting an
outstanding catalytic activity (1og=0.40 Vgye) for OER. There-
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Table 1. Formation energies, coordinating environment, adsorption free energies of O* and HO*, and the predicted OER performance of the 52 identified
stable single-atom iron catalysts.

Catalyst E [eV] Number of coordinating atoms AGg- [eV] AGyo [eV] Noer Varg
B C N (o] P S
Fe,B,Cs 1.29 1 3 0 0 0 0 0.73 0.11 135
Fe,B,C,-hex 0.54 2 2 0 0 0 0 0.79 0.20 1.38
Fe;N;B, —2.01 1 0 3 0 0 0 —0.22 0.00 2.19
Fe,N,B, hex ~1.80 2 0 2 0 0 0 0.59 —0.07 130
Fe,B,N,C,-pen —0.05 1 2 1 0 0 0 0.76 0.11 132
Fe,B;N,C,-hex 0.20 1 2 1 0 0 0 0.76 0.48 1.69
Fe,B,N,C,-opp 0.37 1 2 1 0 0 0 0.36 —0.05 1.57
Fe,B,C;N,-pen —0.73 1 1 2 0 0 0 0.67 —0.90 0.40
Fe,B,C,N,-hex ~1.18 1 1 2 0 0 0 —~0.20 —0.08 2.09
Fe,B,C;N,-opp —091 1 1 2 0 0 0 0.75 —0.05 1.16
Fe,N,C,B,-hex —0.50 2 1 1 0 0 0 0.55 —0.21 121
Fe,0,C, 0.01 0 3 0 1 0 0 0.65 0.03 135
Fe,0,C,-pen —1.41 0 2 0 2 0 0 0.88 0.13 1.22
Fe,0,C,-0pp —1.04 0 2 0 2 0 0 0.75 0.17 138
Fe,N;0, —3.38 0 0 3 1 0 0 141 0.63 1.19
Fe,0,N,C,-pen —1.16 0 2 1 1 0 0 0.94 0.24 128
Fe,0,N,C,-hex —~1.46 0 2 1 1 0 0 0.88 0.07 1.16
Fe,0,N,C,-opp —0.88 0 2 1 1 0 0 0.46 0.07 158
Fe,0,C,N,-pen —2.36 0 1 2 1 0 0 1.09 0.31 1.19
Fe,0,C,N,-hex —235 0 1 2 1 0 0 1.20 0.46 1.23
Fe,0,C,N,-opp —2.45 0 1 2 1 0 0 1.14 0.44 1.28
Fe,N,C,0,-hex —243 0 1 1 2 0 0 0.83 0.46 1.59
Fe,P,C, 1.68 0 3 0 0 1 0 0.23 —0.02 172
Fe,P,C,-pen 0.71 0 2 0 0 2 0 1.06 0.36 1.28
Fe,P,C,-hex 1.65 0 2 0 0 2 0 0.20 —0.32 145
Fe,P;C, 0.63 0 1 0 0 3 0 1.37 0.53 1.12
Fe,P, 0.53 0 0 0 0 4 0 1.53 0.42 0.85
Fe,;N;P, -1.19 0 0 3 0 1 0 1.08 0.80 1.69
Fe,N,P,-pen —0.62 0 0 2 0 2 0 1.41 0.44 0.99
Fe;N,P; —0.08 0 0 1 0 3 0 1.60 0.48 0.84
Fe,P,N,C,-pen 0.59 0 2 1 0 1 0 0.86 —0.25 0.86
Fe,P,N,C,-hex 0.59 0 2 1 0 1 0 0.92 0.83 1.88
Fe,P,N,C,-opp 0.34 0 2 1 0 1 0 0.52 0.09 1.54
Fe,P,C,N,-pen —0.14 0 1 2 0 1 0 0.56 —~0.26 1.15
Fe,P,C,N,-opp —0.37 0 1 2 0 1 0 0.32 0.21 1.86
Fe,N,C,P,-hex 0.08 0 1 1 0 2 0 0.83 0.11 1.25
Fe,S,C, 1.78 0 3 0 0 0 1 0.87 0.33 143
Fe,S,C,-hex 2.28 0 2 0 0 0 2 0.83 0.02 1.16
Fe,N,S, —1.43 0 0 3 0 0 1 1.53 0.57 1.01
Fe,N.,S, hex 0.14 0 0 2 0 0 2 1.38 0.63 1.22
Fe,S;N,C,-pen 0.63 0 2 1 0 0 1 1.30 0.52 1.19
Fe,S;N,C,-hex 0.52 0 2 1 0 0 1 1.21 0.40 1.16
Fe,S,N,C,-opp 0.77 0 2 1 0 0 1 0.73 0.18 142
Fe,S,C,N,-pen —0.51 0 1 2 0 0 1 137 0.73 134
Fe,S,C,N,-hex —0.68 0 1 2 0 0 1 134 0.70 133
Fe,S,C,N,-opp —0.46 0 1 2 0 0 1 151 0.73 1.19
Fe,N,C,S,-hex 133 0 1 1 0 0 2 0.96 0.24 1.25
Fe,0,B,C,-hex —0.03 1 2 0 1 0 0 0.56 —0.35 1.06
Fe,0,B,C,-opp —0.34 1 2 0 1 0 0 0.69 0.07 135
Fe,0,P,C,-hex 0.36 0 2 0 1 1 0 0.34 —-0.38 1.25
Fe,0,5,C,-pen 0.94 0 2 0 1 0 1 0.22 —0.40 134
Fe,0,5,C,-hex 0.59 0 2 0 1 0 1 0.76 —0.01 1.21

fore, SACs with a B,C;N,-pen coordination environment may
play an essential role in improving the OER of single-atom iron,
which may be due to the unique HO* adsorption characteristics
of Fe,B,C;N,-pen.

The calculated formation energy of Fe;B,C;N,-pen is
—0.73 eV, which is a negative value confirming its structural
stability. Meanwhile, ab initio molecular dynamics (AIMD)
simulations®” showed that Fe,B,C;N,-pen did not significantly
change in the average bond length of the four bonds
coordinated to Fe atoms within 12 ps at room temperature
(298.15 K), this indicates that single-atom Fe can be stably
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anchored on the graphene substrate, further revealing the
stability of its structure (Figure S19).

Based on the predicted performance of Fe,B,C;N,-pen, we
further analyzed the HO* adsorption configuration of Fe,B,C;N,-
pen (Figure 4a). It can be seen that the O atom of HO* not only
forms a bond with the single-atom Fe but also interacts with
the coordinating B site. That is to say, the Fe—O and B—O bonds
are formed in the HO* adsorption at Fe;B,C;N,-pen. The lengths
of the Fe—O and B—O bonds are 1.95 and 1.47 A, respectively.
We speculate that this co-bonding effect of Fe and B leads to a
relatively large HO* free energy, leading to a AGy.—AG, o« value
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Figure 3. Volcano activity model of -1jqgg Vs. (AGo—AGy.) plotted with the
52 stable single-atom iron catalysts. Some typical structures are marked on
the volcano.

close to the theoretical optimum for OER. To determine the
adsorption of various reactants at Fe,B,C;N,-pen, we derived
the surface Pourbaix diagrams of 1H*, 2H*, 3H*, 4H*, 10*, THO*¥,
and TH,0* on the Fe,B,C;N,-pen surface at pH=0 (Figure 4b). It
can be seen that at OER potentials, the catalyst surface is only
covered by either HO* or O* which are the typical OER
intermediates. This suggests that the catalyst will not be
poisoned by atomic hydrogen at OER potentials.

(a) A
1.47A

0.99
1.85A

O=0=0=0

-n
@

00000

I @ O Z2 O

—
(=}
—

AG (eV / metal atom)

To further analyze the HO* adsorption mechanism, we
calculated the projected density of states (PDOS) of the
adsorption of HO* at Fe;B,C,N,-pen, as shown in Figure 4c. In
the whole adsorption system, there is no obvious hybridization
between Fe d-orbital and O, or between B p-orbital and O. This
indicates that the binding strength of HO* to the Fe,B,C;N,-pen
may not be determined by orbital hybridization. Therefore, we
analyzed the plotted electron density difference (EDD) maps of
HO* adsorption at Fe,B,C;N,-pen, as shown in Figure 4d. The
yellow and cyan regions in Figure 4d represent the increase and
decrease in electron density, respectively. During the HO*
adsorption process of Fe;B,C;N,-pen, the electron density
around the O atom of HO* increases and the electron density
around the Fe atom decreases, indicating that the electrons of
Fe transferred to the O atom of HO*. Meanwhile, the electron
density around the coordinating B also decreases and is mainly
concentrated at the B—O bond, suggesting that electrons of B
atom are also transferred to the O atom of HO*. These
phenomena suggest that the main mechanism of HO*
adsorption on the catalyst is electron transfer.

Projected crystal orbital Hamiltonian population (pCOHP)
analysis can quantitatively describe the strength of interatomic
bonds.”* Herein, the integrated pCOHP (IpCOHP) of atom pairs
was obtained by integrating pCOHP below the Fermi level to
more quantitatively analyze the binding strengths.”® A more
negative IpCOHP corresponds to higher bonding and less
antibonding contribution. To analyze the adsorption strength of
HO* at Fe;B,C;N,-pen, we also chose the HO* adsorption at

1H*
2H*
3H*

—4H*

- 10"
1HO*
1H,0"

(c) (d) ;
N2
:E:E::) O=0=0=0 _{é:t,;‘ih??_YJ .- 0
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Figure 4. (a) Optimized adsorption configuration of HO* at Fe,B,C;N,-pen. (b) Stability of 1H*, 2H*, 3H*, 4H*, 10*, 1HO*, and 1H,0* on Fe;B,C;N,-pen at
pH=0. (c) Calculated PDOS for HO* adsorption at Fe,B,C;N,-pen. (d) Calculated EDD for HO* adsorption at Fe,B,C;N,-pen. The contour lines in the plot were

drawn at 0.002 e/A® intervals.
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Fe,N;O, and Fe;B,C;N,-pen in the pCOHP analyses for compar-
ison. In the configuration in which HO* is adsorbed at Fe,N;0,,

only the Fe atom forms the bonds with the O atom of HO*, so
we analyzed the strength of interaction at Fe—O bonds
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Figure 5. (a) pCOHP of the Fe—O interaction upon HO* adsorption at
Fe,N;0,. (b—c) pCOHP of the Fe—O and B—O interactions upon HO*
adsorption at Fe,B,C;N,-pen, respectively.

(@
3.0
25

2.0

15k
S 1.0f
(]

05

o
Qoo

05}
-1.0F

-1.5

_20 A A A A A A A A
-2.5-2.0-1.5-1.0-0.50.0 0.5 1.0 1.5 2.0 25

AGq. = 20G,- + 0.96

AGyo (V)

(Figure 5a). It can be seen that there is a considerable
contribution of antibonding orbitals below the Fermi level,
which is unfavorable for bonding, and the IpCOHP value is
—2.52 eV. However, in the configuration where HO* is adsorbed
at Fe,B,C;N,-pen, the O atom of HO* forms both the Fe—O and
B—O bonds at the catalyst. Therefore, the strengths of Fe—O and
B—O bonds generated in this configuration were analyzed
separately, as shown in Figure 5b-c. In this adsorption config-
uration, the contribution of antibonding orbital occupancy in
the formation of Fe—O and B—O bonds is smaller than that in
Figure 5a. This is advantageous for an increase in bond
strength. Meanwhile, the average IpCOHP value (—5.29 eV) of
Fe—O and B—O is much larger than that of the IpCOHP value
(—2.52 eV) (Figure 5a), further confirming that it is the syner-
gistic effects of B and Fe that lead to a relatively negative HO*
adsorption free energy at Fe,B,;C;N,-pen.

Catalytic activities of TM,/B,C;N,-pen

To analyze the OER activity of SACs formed by the B,C,;N,-pen
coordination environment combined with other transition
metal single atoms, we calculated the O* and HO* adsorption
free energies of TM,/B,C;N,-pen, where TM includes 3d, 4d, and
5d transition metals (i.e., TM=Ti—Zn, Zr—Cd, and Hf-Au). Hg
atoms could not be stably anchored on the graphene substrate
and were therefore excluded. Therefore, a total of 26 TM,/
B,C;N,-pen catalysts were modelled for extensive analysis. The
linear correlation between the adsorption free energies of TM,/
B,C;N,-pen for HO* and O* is shown in Figure 6a, with detailed
results tabulated in Table S2, the gray area in the figure is the
upper and lower limits of the linear fit. The linear relationship
between adsorption free energies of O* and HO* on the TM,/
B,C;N,-pen catalysts is relatively discrete.

Previous studies®® have pointed out that the fitted lines of
AGg. and AGy- are highly discrete, which is due to the different
electron requirements of carbon-based electrocatalysts for

2.5 3.0

1.0 1.5 2.0
AGo. —AG,o (V)

Figure 6. (a) Correlation between the adsorption free energies of HO* and O* at TM,/B,C;N,-pen. Blue, green, and red spheres represent 3d, 4d, and 5d
transition metals, respectively. (b) OER volcano activity model of -7oes vs. (AGo—AGy) plotted with the TM,/B,C;N,-pen systems.
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different adsorbates. Therefore, this may also be one of the
important reasons why Figure 6a presents a relatively discrete
linear relationship. We further carefully examined the adsorp-
tion configurations of 26 TM,B,C,N,-pen for HO*, as shown in
Figure S20. We found that catalysts with several special
adsorption configurations (i.e., Fe, Co, Ni, Cu, Pd, and Pt) were
close to the fitted line in Figure 6a, while catalysts with a
general adsorption configuration (i.e., Zn, Ag, Hf, and Au) for
HO* deviates more severely from the fitted line. This means
that the linear relationship dispersion in Figure 6a is mainly due
to the different electron requirements for carbon-based electro-
catalysts for different adsorbates.

With the volcano model, the 74, of TM,/B,C;N,-pen can be
determined (Figure 6b and Table S2). Interestingly, Fe;B,C;N,-
pen still showed the most excellent catalytic performance for
OER relative to other TM,/B,C;N,-pen catalysts.

To further show the activity performance of Fe,B,C;N,-pen
for OER, we compared its activity with some single-atom iron
catalysts that have been reported so far, as shown in Table 2. It
can be found that at a similar DFT accuracy level, the catalytic
activity of Fe;B;C;N,-pen for OER is higher than those of other
single-atom iron catalysts reported so far.

It is worth noting that Fe;N, is widely used in various
catalytic fields but has relatively poor catalytic activity for OER.
We predicted an overpotential of 1.21 V for Fe;N, based on our
volcano model, this is consistent with the OER activity of Fe;N,
reported so far. Xue etal.® it was pointed out that Fe,N,
showed poor OER activity because of its weak adsorption
strength to HO*. We further analyzed the EDD and pCOHP of
Fe,N, for HO* adsorption to evaluate its electronic structure
characteristics and bonding strength (Figure S21). EDD (Fig-
ure S21a) shows that when Fe,N, adsorbs HO*, the electron
density around the four coordinated N atoms and Fe atoms
decreases, while the electron density around O atoms increases
significantly. This indicates that the coordinating atoms in the
catalyst are electron donors and O atoms are electron accept-
ors. pCOHP analysis (Figure S21b) showed that the binding
strength between HO* and Fe;N, (IpCOHP=-2.93eV) was
significantly weaker than that between HO* and Fe;B;C;N,-pen
(the average IpCOHP value —5.29 eV), this further revealed the
reason for the lower OER activity of Fe;N,.

Table 2. Predicted OER activities of various single-atom iron catalysts
reported in literature.

SACs Moer Functional
[Varel
Fe,WOQ,""! 0.63 PBE
Fe,Pct 0.85 PBE-vdW
Fe,DWH“? 0.78 BEEF-vdW
Fe, VS, 0.84 PBE-vdW
Fe,CN™4 0.95 PBE-vdW
Fe,N,B4 0.93 PBE-vdW
Fe,N,“ 1.03~1.25 PBE
Fe:PRAA[“GJ 0.75 PBE-vdW
Fe, TCNQ"*” 0.86 RPBE
Fe,B,C,N,-pen™isworkl 0.40 PBE-vdW
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Conclusion

In summary, after screening 122 single-atom iron catalysts with
various coordination environments, we found that single-atom
iron catalyst with a Fe,B,C;N,-pen structure has a promising
theoretical activity for OER. By comparing the single-atom
binding and cohesive energies, 52 thermodynamically stable
catalysts were identified. Their stability was further evaluated by
calculating the formation energies. Through modulating the
coordination environment of single-atom iron, the OER over-
potentials can be effectively tailored in the range from 0.4 to
2.19 Ve Among these 52 single-atom iron catalysts, Fe;B,C;N,-
pen has the highest catalytic activity due to a relatively large
adsorption free energy for HO* (—0.90 eV). The synergistic effect
provided by B and Fe promotes the binding interaction with
HO*, which was further analyzed by electron transfer and
pCOHP analysis. Furthermore, to analyze the catalytic activity of
SACs based on the B,C;N,-pen coordination environment, the
OER activities of 26 TM,/B,C;N,-pen were analyzed based on an
OER volcano activity model. Interestingly, Fe,B,C,;N,-pen still
has the highest catalytic activity (7o =0.40 V) for OER among
these TM,/B,C;N,-pen catalysts. Compared to the OER activities
of other single-atom iron catalysts reported so far, this
Fe,B,C;N,-pen has a relatively lower overpotential. Most
importantly, this study shows that regulating the coordination
environment of SACs can help promote catalytic performance.
In future work, we expect that the combination of transition
metals with other coordination substrates can lead to more
exciting discoveries.
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Theoretical Study of Iron Catalysts
for OER: A total of 122 catalysts were
constructed by doping different types
and amounts of p-block elements
(e.g., B, O, P, and S) to tune the coor-
dination environment of single-atom
iron catalysts. After stability analysis,
52 stable catalysts were obtained. The
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OER activity volcano model was
deduced by analyzing the adsorption
free energy of these catalysts for inter-
mediates such as O* and HO*, and it
was found that Fe;B,C1 N,-pen had
excellent electrocatalytic activity
(7oer=0.40 V) for OER.
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