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Designing highly active electrocatalysts for the hydrogen evolution reaction (HER) and oxygen evolu-
tion and reduction reactions (OER and ORR) is pivotal to renewable energy technology. Herein, based
on density functional theory (DFT) calculations, we systematically investigate the catalytic activity of
iron-nitrogen-carbon based covalent organic frameworks (COF) monolayers with axially coordinated lig-
ands (denotes as FeN4-X@COF, X refers to axial ligand, X = -SCN, -I, -H, -SH, -NO,, -Br, -ClO, -Cl, -HCO3,
-NO, -ClO,, -OH, -CN and -F). The calculated results demonstrate that all the catalysts possess good ther-
modynamic and electrochemical stabilities. The different ligands axially ligated to the Fe active center
could induce changes in the charge of the Fe center, which further regulates the interaction strength
between intermediates and catalysts that governs the catalytic activity. Importantly, FeN;-SH@COF and
FeN,-OH@COF are efficient bifunctional catalysts for HER and OER, FeN,~OH@COF and FeN4-I@COF are
promising bifunctional catalysts for OER and ORR. These findings not only reveal promising bifunc-
tional HER/OER and OER/ORR catalysts but also provide theoretical guidance for designing optimum iron-

nitrogen-carbon based catalysts.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Considering increasing global energy and environmental pol-
lution crises caused by fossil fuel depletion, the development of
renewable energy technologies plays a pivotal role in sustainable
applications [1,2]. Among various electrochemical energy conver-
sion technologies, water splitting systems, fuel cells and metal-
air batteries have received tremendous interests owing to their
high energy density and environmentally benign [3-5]. Impor-
tantly, the hydrogen evolution reaction (HER), oxygen evolution re-
action (OER) and oxygen reduction reaction (ORR) are essential re-
actions in these electrochemical processes. The HER at the cathode
and the OER at the anode sides of water splitting electrolysis can
produce clean hydrogen and oxygen gas, respectively [6,7]. The re-
versible OER and ORR reactions play critical roles in determining
the performance of fuel cells and metal-air batteries [8-10]. Mean-
while, these electrochemical reactions are kinetically sluggish and
need to overcome large overpotential to occur. Currently, Pt- and
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Ir/Ru-based materials are the benchmark catalysts for the HER/ORR
and OER, respectively [9,11]. However, their high cost and low
abundance limit their large-scale application [3]. Therefore, search-
ing for alternative catalysts with efficient activity and low cost is
highly desirable.

Recently, bifunctional electrocatalysts for water splitting, fuel
cells and metal-air batteries have attracted tremendous attention
due to their intrinsic advantages [4]. For instance, bifunctional
electrocatalysts for both HER and OER could simultaneously gen-
erate hydrogen and oxygen that achieve overall water splitting and
help further understand the performance trend of overall electro-
catalysts [12-15]. For the metal-air batteries that require the com-
bination of OER and ORR, using bifunctional electrocatalysts could
exhibit better performance than two separate electrocatalysts ow-
ing to the best working conditions of two separate electrocatalysts
being different [16,17]. Moreover, the use of bifunctional electro-
catalysts could lower the cost and simplify the procedures due to
their working conditions are the same. Hence, it is of great sig-
nificance to develop bifunctional electrocatalysts for the HER, OER
and ORR. In addition to bifunctional electrocatalysts, single-atom
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catalyst (SAC) is another kind of catalyst that possesses high per-
formance and low cost, owing to the exposed homogeneous metal
active sites and maximum use of metal atoms [18,19]. Given this,
the rational design of single-atom bifunctional electrocatalysts for
the HER, OER and ORR is of paramount importance and economic
interest.

Two-dimensional (2D) covalent organic frameworks (COF) are
a class of layer-stacked materials consisting of uniformly exposed
metal sites and covalent organic ligands [20,21]. 2D COF materi-
als possess the large surface area, higher efficiency in using metal
atoms than the counterpart bulk structures and tunable chemical
functionality, which have attracted widespread attention in elec-
trocatalysis [22]. Recently, a new stable dioxin-linked metalloph-
thalocyanine 2D COF was successfully synthesized with the hosted
metal atom coordinated by four in-plane nitrogen atoms (namely
MN,4@COF) [23]. In this work, we choose Fe as the metal active site
as it has been widely studied in the metal-nitrogen-carbon (M-N-
C) catalysts for the ORR and is recognized as the most possible
alternative to noble-metal-based catalysts [24,25]. However, these
Fe-N-C catalysts generally exhibit inferior HER and OER activity. To
achieve the goal of designing single-atom bifunctional catalysts for
overall water splitting, fuel cells and metal-air batteries, the cat-
alytic activity of these electrochemical reactions need to be im-
proved. It should be pointed out that the axial coordination of the
metal active site has become a promising frontier to tailor the elec-
tronic structures and activity of M-N-C catalysts [26-28]. Hence, a
series of FeN4@COF and FeN4-X@COF (X represents the axially co-
ordinated ligands, X = -SCN, -I, -H, -SH, -NO,, -Br, -ClO, -Cl, -HCOs3,
-NO, -ClO,, -OH, -CN and -F) were constructed, and their HER, OER
and ORR catalytic activity were systematically investigated by con-
sidering the effect of axial coordination through density functional
theory (DFT) calculations. The calculated results suggest that all
the designed catalysts are thermodynamic and electrochemical sta-
ble, and the axial ligands could enhance the corresponding activity
of FeN4@COF. FeN4-SH@COF and FeN4-OH@COF are screened out
as efficient bifunctional catalysts for HER and OER, FeN4,~OH@COF
and FeNy4-I@COF are promising bifunctional catalysts for OER and
ORR. Moreover, given the tremendous speed of progress in the ex-
perimental work in this field, it is highly desired that the theoreti-
cal results in our work can inspire experimental groups to synthe-
size the best catalysts identified from our calculations.

The schematic models and optimized configurations of
FeN4@COF and FeN4-X@COF with the axial ligand (-SCN, -I,
-H, -SH, -NO,, -Br, -ClO, -Cl, -HCO3, -NO, -ClO,, -OH, -CN and -F)
coordinated to the Fe active center are shown in Figs. 1a and b and
Fig. S1 (Supporting information). It should be pointed out that one
of the critical issues in designing efficient electrocatalysts is their
structural stability during long-term use. Therefore, we calculated
the corresponding formation energy (Ef) and dissolution potential
(Ugiss) of all the considered catalysts to theoretically evaluate
their thermodynamic and electrochemical stabilities [29,30]. The
Er and Uy are calculated by the following equations: Ef=Eyy -
Equbstrate = MFe = Miigand and Ugiss = Ugiss°(bulk) - Eg/ne, respectively,
where Ey, and Egperrate Tefer to the total energies of catalyst and
substrate, respectively. r. is the energy of a Fe metal atom in its
most stable bulk structure, and ftjjgang iS the coordinating axial
ligand, which uses the corresponding hydrides and balances with
H* + e~ which equals the energy of 1/2 H, under the standard
conditions. Ug;°(bulk) is the standard dissolution potential of
the Fe bulk metal (Ugss°(Fe, bulk)=-0.45V), n is the number
of electrons involved during the dissolution process (n=2) [29].
Since g is referenced with respect to its bulk metal, the de-
signed catalysts with negative values of E; are evaluated to be
thermodynamically stable against the clustering of Fe atoms. The
designed catalysts with positive values of Uy vs. standard hydro-
gen electrode (SHE) are considered to be electrochemically stable.
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Fig. 1. Top and side view of (a) FeN4@COF and (b) axially coordinated FeN,-X@COF
models. Calculated (c) formation energy and (d) dissolution potential of Fe atoms
for the designed FeN,@COF and FeN,-X@COF catalysts.

The calculated corresponding results of E; and Uy;s are displayed
in Figs. 1c and d, which indicates that all the designed catalysts
possess good thermodynamic and electrochemical stabilities that
could meet the stability criteria for the electrocatalysts.

The distinct electronic properties of catalysts were explored to
gain deep insight into their electrocatalytic performance. As dis-
played in Fig. S2 (Supporting information), all the designed cat-
alysts could ensure efficient electron transfer during the electro-
chemical reaction process. Moreover, the calculated partial den-
sity of states (PDOS) results (Fig. S3 in Supporting information)
suggest that the different axial ligands of the designed catalysts
exhibit different contribution to the electronic states around the
Fermi level and the electronic states around the Fermi level are
mainly contributed by the d orbitals of the Fe atoms. Addition-
ally, the hybridization between the d orbitals of the Fe atoms
and the p orbitals of the axially coordinated non-metal atoms of
the ligands further demonstrate their strong interaction. The Bader
charge analysis (Fig. S4 in Supporting information) indicates that
a large amount of charge (1.03-1.37 e) transfer from the Fe atoms
to other moieties of the designed catalysts, making the Fe atoms
positively charged. These positively charged Fe atoms of the cata-
lysts are considered to be active sites in the following electrochem-
ical reaction processes. Obviously, the Fe active sites possess com-
parable or more positive charge (1.15-1.37 e) in FeN4-X@COF (X=
-NO,, -Br, -ClO, -Cl, -HCO3, -NO, -ClO,, -OH, -CN and -F) than the
Fe in FeN4 (1.14 e), suggesting that these axially coordinated lig-
ands serve as the electron-acceptor which could attract electrons
from the Fe atom. On the other hand, the Fe sites coordinated by
-SCN (1.10 e), -I (1.03 e), -H (1.05 e) and -SH (1.07 e) carry less
positive charge compared to the FeN,4 (1.14 e), indicating that these
ligands function as the electron-donor and could donate electrons
to the Fe atom. The induced changes in the charge of the Fe active
sites indicate that the electronic properties are significantly regu-
lated by the axial coordination ligands, and the catalytic activity of
HER, OER and ORR would be affected thereafter.

The HER performance of the designed FeN4@COF and FeN4-
X@COF catalysts were subsequently investigated. The Gibbs free
energy of adsorbed hydrogen on catalyst (AGy+) is a key descrip-
tor for evaluating the HER activity of the catalyst [31]. For an ideal
HER catalyst, the value of AGy+ should be close to zero. In detail,
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Fig. 2. (a) Calculated AGy: on all the designed catalysts and (b) HER volcano curve of exchange current ig as a function of AGy- on all the designed catalysts.

the positive AGy+ value indicates that the adsorption of hydro-
gen on the catalyst is kinetically unfavorable, while, the negative
AGy+ value suggests that the adsorbed hydrogen on the catalyst
is difficult to release, which inhibits the HER activity. The calcu-
lated AGy+ value of all the designed catalysts are displayed in (Fig.
2a). The exchange current (ip) that can reveal the intrinsic rate of
electrons in the HER process under equilibrium potential were also
studied [31]. The theoretical exchange current was calculated by
the equation: ig = — ekq m, here ko, k, and T refers

to the reaction rate constant at zero overpotential, the Boltzmann
constant and the temperature, respectively. For illustrative purpose,
the ko value was set to 1. Therefore, as shown in Fig. 2b, a vol-
cano curve can be plotted by using ip as a function of the calcu-
lated AGy+ to compare the HER performance on the designed sta-
ble catalysts. Importantly, the catalytic activity of the HER can be
quantitatively evaluated from the position of the calculated AGy-
and ig with respect to the plotted volcano peak. The closer the lo-
cation of the calculated AGy- is to the volcano peak, the better
the HER catalytic activity of one catalyst [31]. Obviously, from Fig.
2a we can see that the calculated AGy+ values of FeN4-SH@COF,
FeN,—~OH@COF and FeN4-CIO@COF are close to the optimal value
zero, thus, their location are around the peak of the plotted vol-
cano curve with large exchange current (Fig. 2b), which suggests
that they could serve as promising HER catalysts.

The OER and ORR catalytic activity of all the designed catalysts
were systematically studied. The Gibbs free energy of intermedi-
ates govern the intrinsic potential-determining steps of the OER
and ORR which correspondingly determine the distinct catalytic
activity of a catalyst as proposed by Nerskov et al. [32]. The
calculated Gibbs free energies of corresponding intermediates
(AGyo+, AGo+ and AGugo+) are exhibited in Fig. S5 (Supporting
information). According to the Sabatier principle [31], the adsorp-
tion energy of the adsorbates should be at the optimum value,
not too strong nor too weak, for the catalyst to facilitate catalytic
performance. Thus, identifying efficient OER/ORR catalysts with
moderate interaction strength is vital in the following study. The
Gibbs free energy difference between the two adjacent interme-
diates of an ideal OER/ORR (four-electron transfer steps) catalyst
should be equated to 1.23eV (U=0), making the OER/ORR occur
at the thermodynamic limit with the overpotential n of zero. It
should be pointed out that the above free energy difference of
a catalyst is usually unequal. The overpotential of OER (n°ER)
and ORR (nORR) is determined by the maximum and minimum
Gibbs free energy difference, respectively. The corresponding Gibbs
free energy diagrams of the OER and ORR on all the designed
catalysts are calculated and shown in Fig. S5. The potential-
determining step for each catalyst is colored in blue (for the OER)
and green (for the ORR), and the blue and green values are the
potential-determining step values for OER and ORR. Moreover,
the calculated OER and ORR overpotentials are summarized in
Fig. 3a. Obviously, compared with the FeN4@COF catalyst, the

axially coordinated FeN4-X@COF catalysts exhibit enhanced OER
performance, and most of them show comparable to or even
better than that of IrO, (110) (n°ER =0.52 V) except FeN,~NO@COF
and FeN4—-ClO,@COF [33]. Especially, among all the designed
catalysts, the FeN4,—CN@COF exhibits the best OER activity cou-
pled with a low n9ER value of 0.28V, followed by FeN,-SH@COF
(n%ER =0.33 V), FeN4~OH®@COF (1°ER =0.33V) and FeN,-NO,@COF
(n°ER =0.38V), suggesting their promising OER activity. As the
reverse reaction of the OER, the Gibbs free energy diagrams of the
ORR are also presented in Fig. S5. Compared with the FeN4;@COF
catalyst, the designed FeN4-X@COF catalysts also exhibit enhanced
ORR catalytic activity, most of which are comparable to or even
lower ORR overpotentials than that of Pt (111) (n°RR =0.48V) ex-
cept FeN,~H@COF (n°RR =0.82V), FeN,-NO,@COF (n°RR =0.59V),
FeN,@COF (n°RR=0.58V) and FeN,4-SH@COF (°RR=0.55V) [34].
Additionally, from Fig. 3a, it can be seen that FeN,—ClO,@COF is
the best ORR catalyst with the calculated n°RR value of 0.32V, fol-
lowed by FeN,4-I@COF (°RR =0.33 V), FeN4-Br@COF (nRR =0.35V),
FeN,-OH@COF (17°RR=0.37V), FeN4-CI@COF (n°RR=0.39V), and
FeN4-HCO3@COF (nORR=0.40V), and all of them exhibit lower
ORR overpotentials than that of Pt (111), indicating their promising
ORR activity. Hence, based on the above results, it can be con-
cluded that the most of the considered axially coordinated ligands
X could improve the OER/ORR activity of FeN4@COF catalysts to
approach or exceed the OER/ORR performance of IrO, (110)/Pt
(111). In particular, the axially coordinated FeN4-X@COF catalysts
are the promising OER and ORR bifunctional catalysts because
of the correspondingly synchronously decreased OER and ORR
overpotentials. As reported in literature [28,35,36], the overvoltage
of the OER and ORR (An=nOR 1 »ORR) reveals the efficiency
loss and is commonly used to evaluate the OER/ORR bifunctional
catalyst. A bifunctional OER/ORR catalyst with a low Az value can
serve as a highly active reversible oxygen electrode. Among all
the considered FeN4-X@COF catalysts, the FeN4,—OH@COF catalyst
possesses the lowest An value of 0.70V, followed by FeNy-
I@COF (An=0.78V), FeNy—-CN@COF (An=0.78V), FeN4-Br@COF
(An=0.81V), FeN4-CI@COF (An=0.84V), FeN4-HCO3@COF
(An=0.87V), FeNy-SH@COF (An=0.88V) and FeNy4-F@COF
(An=0.90V), lower than that of the combination of IrO, (110)
and Pt (111). Interestingly, the best-performing OER/ORR bifunc-
tional catalyst FeN4—~OH@COF exhibits better activity than that of
the reported penta-coordinated Fe-N-C catalysts [28]. Moreover,
the corresponding optimized structures of the adsorption inter-
mediates on the efficient FeN,~OH@COF and FeN,4-I@COF catalysts
are shown in Fig. S6 (Supporting information).

An in-depth understanding of the distinct OER and ORR cat-
alytic activities of the studied FeN4@COF and FeN4-X@COF cata-
lysts can guild us in designing promising catalysts. As aforemen-
tioned, the activity of OER and ORR is governed by the Gibbs
free energies of the intermediates on the catalyst. Therefore, it
is necessary to establish relationship between the Gibbs free en-
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Fig. 3. (a) Calculated OER and ORR overpotentials on all the designed catalysts are summarized. (b) Scaling relationship between AGyoo- and AGyo- on all the designed
FeN4@COF and axially coordinated FeN4-X@COF catalysts. (c) Calculated OER negative overpotential (-n°R) as a function of AGo- - AGyo- on all the catalysts. (d) Calculated
ORR negative overpotential (-n°%R) against AGpo- on all the catalysts. (e) Variations of the activity vs. selectivity of the designed potential ORR catalysts. (f) Simulated

polarization curves of the screened-out catalysts.

ergy of the intermediates and the OER/ORR activity for the ra-
tional design of potential catalysts. Fig. 3b shows the compari-
son of the calculated adsorption Gibbs free energy values of the
HO* and HOO* intermediates on the designed catalysts. Obviously,
the value of AGyo- and AGygo+ are highly correlated and ex-
ist a strong linear scaling relationship which mainly originates
from their formation of single bond between the Fe and O atoms.
AGypo+ can be expressed as a function of AGyg+ via the equa-
tion AGygo+ = 0.83 AGyo+ +3.21 eV, such linear relationship is con-
sistent with the reported carbon-based catalysts for the OER and
ORR [37]. As displayed in the free energy diagrams of the OER
(Fig. S5), the potential-determining step generally occurs at the for-
mation of O* intermediate from HO* or the formation of HOO*
from O* step, the OER overpotential could be described by us-
ing the difference of AGg+- AGyo+. This is true confirmed by the
volcano curve illustrated in Fig. 3c, where the catalytic activity of
all the designed FeN4@COF and FeN4-X@COF catalysts toward the
OER fall in a line as a function of AGg+ - AGyo+. Additionally, all
of the FeN4-X@COF catalysts are located at the right side of the
FeN4@COF catalyst, indicating their relatively weaker adsorption of
O* intermediate, therefore improving the OER activity. Apparently,
the FeN4-CN@COF, FeN4-SH@COF and FeN4—-OH@COF catalysts are
located around the top of the plotted volcano curve with low over-
potentials and stand out to be efficient OER catalysts. For the ORR,
the potential- determining mainly occurs at either the first step
(from * to HO*) or at the last step (from HOO* to *+0,), the
overpotential could be described by using the AGyo+. Fig. 3d dis-

plays the volcano curve of the ORR overpotential as a function of
AGyo+. It should be noted that the catalysts located at the left
leg of the volcano plot suggest the strong HO* adsorption with
their performance mainly limited by the step of HO* reduction,
and those located at the right leg indicate weak adsorption of the
HO* intermediate which could facilitate the HO* desorption and
ORR activity. Among all the designed catalysts, FeN4—ClO,@COF,
FeN4-I@COF and FeN4-Br@COF catalysts locate near the apex of the
volcano curve, which further demonstrates the above-mentioned
high activity. Therefore, it can be concluded that the axial co-
ordinated ligands could tune the intermediate adsorption ability
of FeN4@COF catalysts to the moderate and accordingly enhance
the OER and ORR activity. Importantly, FeN4s—~OH@COF and FeN4-
I@COF catalysts are both located around the peak of plotted vol-
cano curves and could serve as efficient bifunctional catalysts for
the OER and ORR. Note that the four-electron pathway of the ORR
from O, to H,O plays an important role in the metal-air batter-
ies, while the two-electron pathway from O, to H,0, is undesir-
able as it may lead to the degradation of the catalyst [38]. For
the aforementioned screened promising ORR catalysts that with
the overpotential lower than 0.45V (FeN,-ClO,@COF, FeN4-I@COF,
FeN4-Br@COF, FeN4-OH@COF, FeN4-CI@COF, FeN4,—HCO3;@COF and
FeN4-F@COF), the selectivity for the four-electron pathway is eval-
uated from the thermodynamic perspective, since the free energies
of O* intermediate (2.02, 2.34, 2.24, 2.38, 2.22, 2.16 and 2.44eV)
are lower than 3.52eV (AGy,o,« - AGp,o+) [39,40]. A kinetics
studied was further carried out to understand the catalytic se-
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lectivity during the ORR process [39,41] and the computation de-
tails are shown in Supporting information. Fig. 3e illustrates that
all the calculated values of In(ko,/ky,0,) are positive, suggesting
that the formation of H,O from O, is prioritized on these de-
signed catalysts. The calculated values of In(ksys/kpy(111)) of the de-
signed FeN4—-ClO,@COF, FeN,4-I@COF, FeN,4-Br@COF, FeN,~OH@COF,
FeN4-Cl@COF, FeN4-HCO3;@COF and FeN4-F@COF are 8.51, 8.12,
7.35, 6.58, 5.80, 5.42 and 3.86, respectively, illustrating that the re-
action rate of these catalysts is faster than that on the Pt (111). Fur-
thermore, the correlation between the OER/ORR catalytic activities
and the electronic properties of catalysts was studied. As shown
in Fig. S7 (Supporting information), it obviously exhibits volcano-
shaped relationship between the Bader charge of the Fe active
metal atoms and the OER/ORR overpotential. After axially coor-
dinated by the considered X ligands, both OER and ORR overpo-
tentials are decreased firstly and then increased within the Bader
charge changes from 1.03 e to 1.37 e, suggesting that the FeNy-
based catalysts with high activity requires moderate Bader charge
of the active site, which still follows the Sabatier principle. There-
fore, the Bader charge of the metal atoms can serve as a feasible
descriptor to describe the axial coordination effect on the OER and
ORR activities of the FeN4@COF catalysts. Additionally, the above
results further demonstrate that the OER and ORR activity of the
FeNy-based catalysts could be modulated using axial coordinated
ligands.

The thermodynamic calculations screen out the above-
mentioned promising OER and ORR activity. To consider kinetic
factors that may be neglected in the above thermodynamic cal-
culations, we constructed a microkinetic model to gain a deeper
understanding of the catalytic activity of these catalysts. To visual-
ize the OER and ORR performance of the above-screened catalysts,
their corresponding theoretical polarization curves were simulated
based on the reversible hydrogen electrode (RHE) and plotted in
Fig. 3f with the change in the current density as a function of
potential U. The simulated details are shown in the Supporting
Information. As displayed in Fig. 3f, for the OER, the simulated po-
larization curves of FeN4-CN@COF, FeN4-SH@COF, FeN4,—OH@COF,
FeN4—-NO,@COF, FeN4-I@COF, FeN,-CI@COF, FeN4-Br@COF, FeNy-
F@COF and FeN4-HCO3;@COF exhibit lower onset potentials (at
the current density of 10mA/cm?) of 1.57, 1.68, 1.77, 1.92, 1.92,
194, 1.94 and 196V vs. RHE than that of the IrO, (110) (2.27V)
catalyst as reported in our previous work [42], respectively,
suggesting their high OER activity. For the ORR, the simulated
polarization curves of FeN4—-ClO,@COF, FeN4-1@COF, FeN4-Br@COF,
FeN4,-OH@COF, FeN,4-CI@COF, FeN,-HCO;@COF and FeN,-F@COF
show higher onset potentials (at the current density of 1 mA/cm?)
of 1.03, 1.00, 0.96, 0.93, 0.88, 0.86 and 0.78V vs. RHE than that
of the Pt (111) (0.67V) catalyst as reported in our previous work
[42], respectively, demonstrating their high ORR activity; while
the FeN4—CN@COF, FeN4-SH@COF and FeN4-NO,@COF show lower
onset potentials (at the current density of 1mA/cm?) of 0.66, 0.57
and 0.48V vs. RHE than that of the Pt (111), respectively. Based on
the above thermodynamic and microkinetic results demonstrate
that these screened out catalysts are predicted to be promising
catalysts for the OER and ORR; the bifunctional catalytic activity
of FeN4-1@COF, FeN4—CN@COF and FeN4-Br@COF toward both the
OER and ORR is also excellent. Moreover, the FeN4-SH@COF and
FeN4-OH@COF can serve as efficient bifunctional catalysts for both
HER and OER that achieve the overall sustainable water splitting.

In summary, by means of DFT calculations, we systematically
studied the HER, OER and ORR catalytic performance of FeN4@COF
electrocatalysts by considering the effect of axial coordination lig-
ands X (X=-SCN, -I, -H, -SH, -NO,, -Br, -ClO, -Cl, -HCO3, -NO, -
ClO,, -OH, -CN and -F). The calculated results demonstrate that
all the designed catalysts exhibit good thermodynamic and elec-
trochemical stabilities. The change of axially coordinated ligands
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could modulate the interaction strength between intermediates
and catalysts that governs the corresponding catalytic activities.
Among the investigated catalysts, the designed FeN4-SH@COF and
FeN4,—OH@COF are proved to be efficient bifunctional catalysts for
both HER and OER with calculated AGy- and n°ER of 0.002eV,
0.03 eV, 0.33V and 0.33V, respectively. FeN4—OH@COF, FeN4-1@COF
and FeN4-Br@COF are expected to be promising bifunctional cat-
alysts toward both OER and ORR with calculated overpotential
of 0.33, 0.45, 0.46, 0.37, 0.33 and 0.35V, respectively. The FeNy-
X@COF catalysts generally exhibit enhanced activity toward the
OER and ORR compared with that of FeN4@COF catalysts. More-
over, the Bader charge of catalysts can serve as a feasible activ-
ity descriptor for the OER and ORR. This study offers insight into
modulating the catalytic activity by control of the axially coor-
dinated ligands and provides theoretical guidance for optimizing
iron-nitrogen-carbon catalysts.
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