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1. Introduction
Owing to the

global

Transition-metal single atoms in nitrogen-doped graphene as
efficient active centers for water splitting: A theoretical study

Yanan Zhou, +** Guoping Gao, t° Yan Li,* Wei Chu,*? and Lin-Wang Wang ™

Highly active single-atom catalysts (SACs) have recently been intensively studied for their
potential for hydrogen evolution reaction (HER) and oxygen evolution reaction (OER). Due to
the existence of many such SACs systems, a general understanding of the trend and designing
principle is necessary to discover the optimal SACs system. In this work, by using density
functional theory (DFT), we investigated a series of late single transitional metals (TM=Fe,
Co, Ni, Cu, and Pd) anchored on various N doped graphene (XN-TM, x=1~4) as
electrocatalysts for both HER and OER. Solvent effects were taken into account by implicit
continuum model. Our results reveal that the catalytic activity of SACs is determined by the
local coordination number of N and TM in catalysts. Among the considered catalysts, the low-
coordinated Co site, i.e. triple-coordinated Co, exhibits high catalytic activity toward HER
with the calculated hydrogen adsorption free energy of -0.01 eV, while high-coordinated Co
center, i.e. quadruple-coordinated Co is a promising candidate for OER with a low computed
overpotential of -0.39 V, which are comparable to those of noble metal catalysts, indicating
both superior HER and OER performance of N-Co co-doped graphene. The results shed light
on the potential application of TM and N co-doped graphene as efficient single-atom
bifunctional catalysts for water splitting, thereby offering as the promising candidate for
hydrogen/oxygen production.

reactions, involves two half-reactions: the cathodic
hydrogen evolution reaction and the anodic oxygen
evolution reaction, both of which are important for the

ener crisis and the - A
9 overall feasibility of a water splitting system.5 ’

environmental problem caused by carbon dioxide
emission in fossil fuel consumption, numerous efforts
have been devoted to searching for sustainable
alternative energy from renewable resources.!
Hydrogen appears to be a promising clean energy
carrier,* 5 which can be generated by electrocatalytic
or photocatalytic water splitting. The water-splitting
reaction, which is a reverse process of fuel cell
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Although the Pt-based materials® °® and Ru- or Ir-
based compounds!® ' are the state-of-the-art
electrocatalysts for the HER and OER, respectively,
their widespread applications are limited by their high
cost and scarcity. Consequently, numerous research
attempts have been devoted to developing active and
stable nonprecious metal alternative electrocatalysts
for HER and OER, such as non-precious metal
oxides,*? 2 carbides,** borides,*® nitrides,® sulfides,'”
18 and phosphides'®-2t. Supported SACs have recently
become a new research frontier and attracted
considerable attention?> 23 because the atomic
dispersion of isolated metal atoms on support surfaces
can maximize the efficiency of metals and the SACs
often possess excellent catalytic activity. More
importantly, due to the limited atomic configurations,
it is relatively easy for us to understand the nature of
the active sites on SACs and identify intrinsic reaction
mechanism on catalysts. In a way, the SACs combines
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the feature of the molecule-based homogeneous
catalyst with the electric conductivity of the
heterogeneous surface catalyst. However, despite of
the intensive interest, the current study of SACs used
for HER and OER were generally investigated
separately one at a time, hence it is difficult to achieve
the understanding of the trend and designing principle.
It is also helpful to search for systems with
bifunctional electrocatalytically properties for both

hydrogen and oxygen generations to achieve
sustainable overall water splitting.?4-26
Graphene is a widely wused substrate for

electrochemical reactions that has unique physical
properties, such as a large specific surface area, good
stability as well as superior electrical conductivity,
making it suitable as catalyst precursor and support for
advanced electrocatalysts.?”- 28 Metal dopants such as
Fe or Co,%> 2% or non-metallic dopants such as nitrogen
and boron3%-32 play an important role in the formation
of functionalized catalysts for graphene. Transition-
metal and nitrogen co-doped carbon-based materials
have been proven to be efficient electrocatalysts for
water splitting reactions.’? 33 34 The metal center
coordinated with nitrogen atoms were recognized as
the active site for HER and OER.3% 3¢ What’s more,
experimental results!® 33 37 confirmed that the metal-
centered and nitrogen-coordinated matrix (M-N, M=
cost-effective transition metal, such as Fe, Co or Ni)
can have demonstrated remarkable electrocatalytic
activities. The so-called M-N-based SACs have been
considered as a promising substitute for the precious
metal electrocatalysts.®®4% Recently, Guan et. al*
found that mononuclear manganese embedded in N-
doped graphene matrix shows high performance for
HER and OER, and they ascribed the high activity to
the coordination of N to manganese. Zeng et. al*? also
reported experimentally that Fe embedded into N-
doped graphene possesses high performance for OER
due to the dispersed highly catalytically active sites.
Even though the synergistic effect between transition
metal and nitrogen has been proposed to analyze the
improved electrocatalytic activities,® 4 it remains
unclear for the exact optimal atomic coordination
number of the late transition metal-nitrogen based
active sites as well as the reaction mechanism and
their trends for these structures.

In this work, in order to understand how
coordination number of the XN-TM (x=1~4, refers to
the late TM atom bonds to number of N atom) affect
the electrochemical performance and to provide design
principles for the bifunctional electocatalysts for the
energy conversion, we have screened a series of late
transition metal atoms anchored on different N-doped
graphene, to investigate their electrocatalytic activity
toward both HER and OER. Five late TM atoms
(TM=Fe, Co, Ni, Cu, and Pd) are considered,
anchored on four different N coordinates. The

2| J. Name., 2012, 00, 1-3

electronic properties are analyzed to reveal the
mechanism of HER and OER in those catalysts. We
found that the low-coordinated Co site (3N-Co) is a
potential candidate for HER with the calculated
hydrogen adsorption free energy of -0.01 eV, and
high-coordinated Co center (4N-Co) exhibits high
catalytic activity toward OER with a low computed
overpotential of -0.39 V, suggesting N-Co co-doped
graphene can be used as bifunctional catalyst for HER
and OER.

2. Computational methods

2.1 Computational details

All the calculations were performed by the Vienna ab
initio Simulation Package (VASP)* 45 code using
density functional theory method. Nuclei—electron
interactions were described by the projector
augmented wave (PAW) pseudo-potentials.*® The
generalized gradient approximation (GGA)*’ with the
PerdewBurke-Ernzerhof (PBE)*® functional was
employed to describe the electron exchange-
correlation interaction. The semi-empirical dispersion-
corrected DFT-D2 scheme proposed by Grimme*® was
used to describe the van der Waals interaction. The
spin polarization was considered throughout all the
calculations. The plane wave basis set with a cutoff
energy of 500 eV was used in all the computations to
describe all atoms’ valence electrons. The
convergence tolerance for energy and force during
geometrical optimization was set to 10° eV and 102
eV/A, respectively. A vacuum space of 20 A was set
for all the considered structures, including armchair
and zigzag edges, to avoid the interactions between
periodical images. To assess the stability of the SAC
against metal atom aggregation, the difference
between the binding energy of the metal atom (E,) on
N-doped graphene and bulk cohesive energy (Econ)
was calculated as a descriptor for this purpose.

€
)

Where, Esubstrate+atom, Esubstrate, aNd Efree-atom denote the
total energies of free atom binds with different N
doped graphene substrate, N doped graphene substrate,
and the free atom, respectively. n is the number of
atoms in the bulk. When |Ep| > |Econ|, it is expected that
single metal atom embedded into the substrate is
energetically more favorable than the metal
aggregation.*® Given the presence of a water solvent, it
can affect the energetics of different electrochemical
systems,% 51 the polarizable implicit solvent models
were calculated with VASPsol.52 53

For HER and OER reaction intermediate state (H*,
HO*, O* and HOO*) on the above xN-TM

Eb = Esubstrate+atom - Esubstrate —Efree—atom

Ecoh = Epui/N — Efree-atom

This journal is © The Royal Society of Chemistry 20xx
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electrocatalysts, we have tested several different initial
configurations for each system, followed by atomic
relaxations. The reported results refer to the most
stable configurations. The adsorption energy (Eads) is
calculated as following equation (3):

AEads = Esubstrate + adsorbent — Esubstrate - Eadsorbent (3)

Here, Esubstrate + adsorbent, Esubstrate aNd Eadsorvent refer to
the ground-state energies of substrate-adsorbent
composites, the substrate and the adsorbent. A
negative value corresponds to an exothermic process.
The more negative value of AEags means the stronger
binding between intermediate and catalyst. We have
also calculated the Bader charge and charge density
difference as well as d band center to further analyze
the binding mechanism between the catalyst and
intermediates. The charge transfer can be qualitatively
visualized using the charge density difference defined
as follows (4):

4

Where Protalr Pcatalyst and Padsorbent ar€ the total
charge densities of the adsorption system, the catalyst
and the adsorbent, respectively.

Ap = Protal — Pcatalyst — Padsorbent

2.2 Hydrogen evolution reaction
Under standard conditions, the overall HER can be
described by the following equation (5):
H*(aq)+e—1/2H(g) 5)
The overall HER mechanism can be understood by
a three-state diagram including an initial state
H*(aq)+e", an intermediate state with adsorbed H* and
the final product 1/2H2(g). At the standard electrode
voltage, the total energy of H *(aq)+e ~ is equal to that
of 1/2H(g).?® That helps to define pu(H*,aq) and
V(SHE), the proton chemical energy in the water (at
pH=0), and the standard hydrogen electron (SHE)
voltages. w(H*,aq, pH=0)+eV(SHE)=1/2G(H, g), here
G(H2, g) is the gas phase Gibbs free energy of Ha,
which can be calculated DFT. The HER reaction
barrier (overpotential for the electron) is determined
by the intermediate state energy of one H adsorbed on
the catalyst. More specifically, the reaction is:
Catalyst+H*(aq)+e —Catalyst/H*. The extra voltages
AV (beyond V(SHE)) required to make this reaction
happen will be the overpotential. Since uw(H*aq)=1/2
G(H2,0)-eV(SHE), we thus have®:
eAV(SHE)=G(Catalyst/H*)-G(Catalyst)-1/2G(H2,q9).
In the current study, we have ignored possible
additional transition barriers between the intermediate
states; instead we just use the intermediate state
energies to define the catalytic barrier. In actual

calculation, the above equation can also be written as®®:

This journal is © The Royal Society of Chemistry 20xx
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eAV=AEy++AEzpe-TASH~* (6)

Where AEn+~=E(Catalyst/H*)-E(Catalyst)—1/2E(H>),
AEp= is the hydrogen adsorption energy, AEzpe is the
difference in zero-point energy between the adsorbed
hydrogen and gas-phase hydrogen, and ASnh~ is the
entropy difference between the adsorbed state and the
gas phase. T is the temperature at 298K. The (eAV)
can be written as AGu*. Both AEzpe and ASp+ can be
calculated from vibrational frequencies of the system.
AEzpe®® can be calculated by AEzpe=Ezpe(H*)—
1/2Ezpe(H2), obtained from the calculation of
vibrational frequencies for the adsorbed hydrogen. In
fact, the ZPE and the entropy of the adsorbed
adsorbents on different catalysts are found to have
close values (listed in Table Sland 27).

Note, following Ngrskov’s assumption,® the
overpotential of HER is n"ER  that is |AGn=|/e, since
for negative AGn+, What limits the reaction is the
second step when catalyst/H* takes another H* to
become Ha. The potential needed for the second step is
-nHER of the first step. Thus, the overall overpotential
will be nHER. Thus, too weak or too strong
intermediate state binding will not be good for the
HER performance. This leads to the typical volcano
plot. We have used the |AGn+| to calculate volcano
curve for the theoretical exchange current ip to
describe the HER kinetics at U=0 for pH=0 as
equation (7):

ip = —ek L
0~ 0 1 +exp(|AGy.|/kpT)

(7)

Where, ko is the reaction rate constant at zero
overpotential, ky, is the Boltzmann constant, T is the
temperature. For illustrative purpose, we have set ko to
1.

2.3 Oxygen evolution reaction
In the acidic environment, OER proceeds via a four-
stage pathway. The overall OER can be defined as
follows (8):
2H,0—4H*+0,+4e" (8)
OER processes have the following four electron
reaction paths in equations (a) - (d), as reported®’-°:

H20(l)+*—>HO*+H*+e- (@)
HO*—O*+H*+e (b)
O*+H,0(1)>HOO*+H"*+e (©)
HOO*—*+0,(g)+H*+e- (d)

Where * stands for catalyst and active sites adsorption
on the catalyst, (I) and (g) refer to the liquid and gas

J. Name., 2013, 00, 1-3 | 3
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phase, respectively, and O*, HO* and HOO* are
referred to corresponding adsorbed intermediates. The
Gibbs free energy (AG) gains of these elementary
steps when the electrode potential is at SHE level can
be written as:

AGa=G(HO*)+1/2G(H2,9)-G(H20,I)-G(*)  (8a)
AGp=G(0*)+1/2G(H2,9)-G(HO%*) (8b)
AG=G(HOO*)+1/2G(H2,9)-G(0*)-G(H20,l)  (8c)

AGy={4.92eV+2G(H20,1)-2G(H2,9)}+1/2G(H2,9)+
G(*)-G(HOO¥) (8d)

In deriving the above AG, we have used
u(H*,aq,pH=0)+eV(SHE)=1/2G(H2,g). For equation
(d), we have also used®: G(0O20)+4G(H2,9)-
2G(H20,1)=4.92 eV, so we don’t need to calculate the
gas phase O free energy since there are some possible
large DFT errors for that calculation. The G(H20,l) is
the liquid phase water Gibbs free energy, which is
difficult to be calculated directly. It is customary to
calculate the liquid phase Gibbs free energy from its
vapor phase counterpart at their equilibrium pressure
when they have the same Gibbs free energies. Then,
G(Hzo,|):EH20+ZPEH20-TSH20. Here, Enzo is the DFT
calculated single water molecule energy in vacuum;
ZPEn20 is the zero point energy; TShzo is the entropy
term of the gas phase (in equilibrium with the liquid
phase), it includes the phonon entropy as well as gas
phase translation and rotation entropy. We take the
value of 0.67 eV for this TSh20.52 The same for
G(H2,9)=En2+ZPEHn2-TSH2, here the gas phase refers to
the standard one atmosphere gas phase. The TS are
calculated with the value of 0.41 eV in Ref.5!
Similarly, Enz is the DFT energy of H2, molecule in

Fig. 1 Optimized graphene configurations with N dopant considered in this work: (a)
IN-AC, (b) IN-ZZ, (c) 2N-AC, (d) 2N-ZZ, (e) 3N, and (f) 4N. The H, C, and N atoms
are shown in white, brown, and blue colors, respectively.

4| J. Name., 2012, 00, 1-3

vacuum, and the ZPEn; is the zero energy of the
phonon vibration. The same is true to the other few
adsorbed species X (X=HO*, O* and HOO¥*), where
G(X*)=Ex++ZPEx=-TSx=. Here Ex~ is the DFT energy
of the X* system under the polarization solvent model,
to take into account their interaction with water.
ZPEx~ is the ZPE of X*. Here we only include the
phonon degree of freedom in X*, while keeping the
catalyst * fixed. Similarly, TSx~ is the entropy term
calculated with the phonon models from the adsorbed
molecule. Finally, G(*)=E(*) is the DFT calculated
catalyst energy under the solvent model. Note, in all
the above calculations, in the evaluation of G, we have
ignored the thermal energy term due to the phonon
degree of freedom. That energy can be calculated from
the phonon model, just like the TS term, but it is rather
small, thus has been ignored. More detailed formalism
and the values for different terms are given in the
supporting information.

Note, in the above four steps (a~d), each reaction is
equilibrated or become possible when the electrode
potential V is equal or lower than V(SHE)-AG. Since
AGa+AGr+AGct+AGe=4.92eV, the best scenario
corresponds to the case when they are all the same,
and equals to 1.23 eV, that’s the ideal catalyst. Then
all the reaction will happen when V equals to the ideal
{V(SHE)-1.23} potential. If these four AG are
different, the overpotential 1 of OER (n°ER) is defined
as the lowest potential V among the four steps,
referenced by the ideal {V(SHE) -1.23} level. In other
words, it can be defined as:

max{AG,,AG,AG,AGy}
e

OER _
n =

1.23 9)

The above calculations are done at pH=0. If pH is
not zero, the potential V to equilibrate the reactions
will all be shifted by -kyTIn10xpH, where ky is the
Boltzmann constant. Additionally, we define that

AGa=AGHo~, AGo~=AGp+AGHo*,
AGHoo*=AGa+AGp+AG:, AG¢=4.92-AGHoo*. Thus,
equation (9) can be rewritten as (10):
nOER —
max{AGyos AGo«—AGHOos AGH00+—AGox 492 — AGhoos} 1
- .
23 (10)

3. Results and discussion

3.1 Atomic structures and electronic properties

To gain insight into the HER and OER catalytic
mechanism on the different coordination configuration
of N doped graphene with anchored TM, six
categories of models for graphene with N dopant at
different sites were selected from previous
experimental and theoretical studies,5¢4 as shown in

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1. They are chosen to provide different N-
coordination environment for the transition metal.
They include 1N-AC (created by replacing an edge
carbon atom of armchair graphene with a nitrogen
atom), 1IN-ZZ (created by removing an edge carbon
atom of zigzag graphene with a nitrogen atom), 2N-
AC (created by substituting two carbon atoms of
armchair graphene with two nitrogen atoms), 2N-ZZ
(created by replacing two carbon atoms of zigzag
graphene with two nitrogen atoms), 3N (created by
removing one C atom, and replacing the three
uncoordinated carbon atoms with the nitrogen atoms),
4N (created by deleting a C-C bond and substituting
the four neatest C atoms with nitrogen atoms). On top
of these six different N coordination defects, one TM
atom (Fe, Co, Ni, Cu, and Pd) was placed on these
defect sites. The N-TM coordination number varies
from 1 to 4. The single- and double-coordinated metal
atom sites were built on the 1IN-AC, 1N-ZZ, 2N-AC,
and 2N-ZZ edges (denoted as IN-AC-TM, 1N-ZZ-TM,
2N-AC-TM, and 2N-ZZ-TM, respectively). The triple-
coordinated metal sites were developed by embedding
TM atoms into the 3N defective graphene (refers to
3N-TM). TM atoms doped on the 4N formed the
guadruple-ordinated metal (denotes as 4N-TM). We
exhibit the optimized configurations of XN-Co (x=1~4)
in Fig. S11 as one example. The binding energies of
TM atoms with different coordinated active sites and
their corresponding bulk cohesive energies are
displayed in Fig. 2, and the detailed optimized
structure parameters are listed in Table S3 and 4.

We see that the binding strength increases with the
N coordination number. While it is stable for 3N and
4N sites, for most TM, it is unstable for the lower
coordination number sites. We can conclude that the

9
m Fe
g 84 ® Co .
= Ni "
;,'_f 74 ¥ Cu
s Pd
£ 67
= v
=
2 5 ®
— —
1=
= | 3BEEEEEEERRRREEE AR R ARE R ARRE R e
2 44
g ------------------------ -.- -------------------------------
© v
g 3 '} i
§ v
<24 o [
9 ’
1 1 1 I 1 I T
IN-AC IN-ZZ 2N-AC 2N-ZZ 3N 4N
Substrate

Fig. 2 The screening of promising single atom catalysts with high
geometric stability. The black, red, green, blue, and cyan lines are
corresponding to the cohesive energies of Fe, Co, Ni, Cu, and Pd
crystals, respectively.
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following eight xXN-TM systems 3N-Fe, 3N-Co, 3N-
Ni, 4N-Fe, 4N-Co, 4N-Ni, 4N-Cu, and 4N-Pd can
enhance the dispersion of TM atoms significantly as
their binding energies exceed their corresponding
cohesive energies. Thus, the aggregation of their metal
atoms can be avoided.®®> However, other systems are
thermodynamic unstable due to their lower binding
energies than their cohesive energies, resulting in
metal clustering, which is a major problem in
maintaining the stability of these systems. To further
understand the binding interaction for the optimized
xN-TM catalysts and their potential for HER and OER
catalyst, taking the stable 3N-Co and 4N-Co systems
as example, we have investigated their partial density
of states (PDOS) and charge density difference after
doping TM atoms. As displayed in Fig. S2a and bt,
the peaks near the Fermi level indicate that both 3N-
Co and 4N-Co exhibit metallic properties, which
suggests good electric conductivity for the HER and
OER. Additionally, the presence of p states of N atom
and d states of Co around the Fermi energy indicate
strong hybridization between N and Co atoms,
indicating strong binding between the N and TM
atoms. The strong interaction can also be inferred
from the charges transfer between TM atoms and
substrates as shown by Bader charge. The Bader
charges analysis in Table S41 show that the charge
transfer from TM atoms to substrates generally
increases with the increase of coordination number,
agreeing with the binding energy trend. We can also
see the charge transfer trend on the charge density
difference (Fig. S2c and d¥), which is consistent with
the results of Bader charge analysis.

3.2 HER catalytic activity

5
3N-Co
04 Ay 4aN-Co
/ \
-5- INFey  ®NFe
— / \
.E -10- , / AY \
<
< / "\
~_-15 4 e
w ’ N
en e \\
S -20 it \
’ N 4N-Cu
-254 // 3
/ \
/ \
304 ¢ \
T T T T T T T
20 -15 -1.0 -05 00 05 1.0 15 20
AGH* (eV)

Fig. 3 The HER volcano curve of exchange current (io) as the
function of the Gibbs free energy of hydrogen adsorption (AGH+) on
stable 3N-TM and 4N-TM catalysts.
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The Gibbs free energy for the hydrogen adsorption on
the catalyst (AGwh=) is a key descriptor for the HER
activity of the catalyst.>* For the ideal catalyst, the
Gibbs free energy value for the hydrogen adsorption
on the catalyst should be close to 0 eV, that is,
AGH+—0. As we defined, a catalyst with a positive
AGu+ value means it is not kinetically favored for
hydrogen adsorbed on the catalyst. While a catalyst
with a negative AGp~ value indicates it is difficult to
release the adsorbed hydrogen, thus restraining the
HER activity. The calculated adsorption free energy of
hydrogen atoms on xN-TM active sites are presented
in Fig. S3a and bt. To compare the HER performance
on stable xN-TM catalysts, a volcano curve is plotted
using io as a function of the AGn~ (Fig. 3). We can
quantitatively evaluate the HER performance by the
position of the ig and AGn+ values with respect to the
volcano peak. The positive and negative values of
AGy= are located around the right and left legs of the
volcano, respectively. Furthermore, the closer the
position of AGu~values to the volcano peak, the better
HER performance of the catalyst.>* As shown in Fig. 3,
for the lower coordination 3N-Fe system, the
interaction between the adsorbed H and 3N-Fe is too
strong, with a negative AGu+ value of -0.34 eV (Fig.
S3at), which indicates that the release of adsorbed
hydrogen on 3N-Fe is restrained, resulting in the
inhibition of HER activity. The relative large negative

3N-Fe

T
'
'
d [
'
'
'

| —
3N-Co

PDOS

|
3N-Ni

PDOS

[} —----< B T

8 -7 6 -5 -4 3 2 -1

Energy (eV)

AGp= is located at the left leg with a very low
exchange current. For 3N-Co and 3N-Ni catalysts,
their AGp~ values are larger than that of the 3N-Fe
catalyst, with AGy~ values of -0.01 eV, and -0.02 eV,
respectively, which are close to 0 eV. Thus, they are
located around the peak of the volcano curve with the
maximum exchange current. As the values of AGu»
furtherly increase for higher coordination catalysts
(4N-Co, 4N-Fe, 4N-Cu, 4N-Ni, and 4N-Pd), the
exchange current ip decrease. Their AGy~values are all
positive (Fig. S3b+t), indicating that it is difficult for
hydrogen to adsorb on these -catalysts, that is,
hydrogen adsorption is the rate determining step on
these catalysts. Based on the above results, we can
conclude that increasing the coordination number of
N-TM could weak their interaction with hydrogen. To
gain more insights for the HER performance for
different xN-TM catalysts, the PDOS of the d band
center (gq) of the different coordinated TM atoms were
calculated as shown in Fig. 4. As reported, the d band
center can be used to describe the interaction strength
between adsorbates and catalysts.56-6 Therefore, the
relationship between gq of different coordinated TM
atoms and the adsorption free energies of reaction
species for the HER are considered. It can be
concluded that, for the high HER performance
exhibited in 3N-TM catalysts, the &4 shifts to lower
energy with respect to the Fermi level when the

(b)41

PDO

PDOS

PDOS

wn

o

=]

=™

[72]

]

(=]

R 1

-124 T ¥ T T T T T T

S5 4 3 2 -1 0 1 2 3 4 5
Energy (eV)

Fig. 4 Calculated PDOS of the d band of the TM in (a) 3N-TM, (TM = Fe, Co, and Ni); (b) 4N-TM, (TM = Fe, Co, Ni, Cu, and Pd). The
Fermi level is set at the zero of energy and the d band center (g4) is marked by the red dash line.
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atomic number of TM atoms (From Fe to Ni)
increases, implying that the binding strength of H*
decrease accordingly,® this trend is consistent with
our calculated results displayed in Table S5t. The
negative correlation between AGu+ and gq indicates
that the HER performance can be well described by
the trend of €4 on XxN-TM catalysts. Therefore, we can
tune the catalytic activity to achieve the optimal HER
activity by changing the coordination number of xN-
TM and the d-orbital occupation of TM atoms. Overall,
triple-coordinated Co atom (3N-Co) shows the highest
catalytic activity performance for the HER with nearly
zero value of AGu+ (-0.01 eV). In general, 3N-TM
sites exhibit a better HER performance, while, for 4N-
TM systems with higher coordinated N-TM sites
demonstrate poor HER performance due to their too

ARTICLE

weak interaction with H*, which is consistent with the
theoretical results on the TM doped graphene.?¢

3.3 OER catalytic activity

By investigating the adsorption sites on the xN-TM
systems, we find that the adsorbents (HO*, O* and
HOO*) prefer to be adsorbed on the top of the positive
charged TM atom. The adsorption free energies of
adsorbents on the stable systems are summarized in
Table S5f. Fig. 5 shows the Gibbs free energy
differences for the OER intermediate steps occurring
for the stable coordinated number catalysts. For an
ideal catalyst (Fig. 5a), the energy barriers for all the
steps (between two adjacent intermediate states) are
all 1.23 eV. As a result, the OER can occur at its
thermodynamic limit and the overpotential is zero. In
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Fig. 5 The free energy diagram for OER on xN-TM at the U = 0V. The red line is the rate-determining step for OER. The step (Gibbs free
energy difference between two intermediate states) equals to AGapcd Of equation 8a~8d.
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reality, the energy steps are not equally distanced, and
the overpotential n°R is determined by the largest
energy distance between two adjacent steps, which is
labeled by the red color. It is found that the
overpotential n for OER roughly decreases with the
increase of the coordination number, and the AGon=
values are all negative when the coordination number
is 3. Analyzing the triple coordinated number (3N-TM,
TM=Fe, Co, and Ni) systems (Fig. 5b~d), we can find
that the fourth step (release of HOO* to O) of 3N-Fe
and 3N-Co systems are the rate-determining steps with
high energy barriers of 4.29 and 2.49 eV, respectively.
The strong binding interaction of HO* on 3N-Fe and
3N-Co catalysts with large negative AGno=values lead
to large positive values of AG¢ and AGq. While, for the
3N-Ni system, the interaction between HO* and 3N-
Ni is weaker than that of 3N-Fe and 3N-Co systems,
resulting in a very lower positive value of AGe. Thus,
the third step (O*—HOO*) of 3N-Ni system is the
rate-limiting step with an energy barrier of 2.22 eV. In
the case of 4N-TM systems (Fig. 5e~i), for the 4N-Ni
and 4N-Cu, the second step (HO*—O%*) is the rate-
determining step with the energy barrier of 2.24 and
2.00 eV, respectively. For the 4N-Fe and 4N-Co
systems, the third step (O*—HOO*) is the rate-
determining step with an energy barrier of 2.48 and
1.61 eV, respectively. While, for the 4N-Pd systems,
the first step (from * to HO¥*) is the rate-determining
step with an energy barrier of 2.39 eV. Compared with
the 3N-TM systems, we can conclude that increase the
coordination number could weak the interaction
between HO* and 4N-TM catalysts. The best catalytic
performance for the OER activity is identified to be
guadruple coordinated Co (4N-Co) with the maximum
barrier of only 1.61 eV. The corresponding optimized
configurations are shown in Fig. S4+. This implies that
the overpotential for the OER occurring on the 4N-Co

5.5
-9
5.0' ’fg
S P
3 P
g
= 4.5+ Pid
S
2 - AG,,.= 092 AG, +3.15
&> R =0.996
4.0-
Qo
1 T 1 I
0.5 1.0 15 2.0 2.5
AG,,. (eV)

Fig. 6 The scaling relationship between AGHo* and AGroo~ for the
systems we studied.
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catalyst is only 0.38 V, which is comparable to that of
the Ru-based catalysts’”® and y(Ni, Fe) OOH.™
Furthermore, the above results also show that the OER
activities are linearly related to the coordination
number, that is, overpotential n for OER roughly
decreases with the increase of the N-TM coordination
number.

To understand the better OER performance of 4N-
TM systems compared with that of 3N-TM catalysts,
the adsorption free energies relationship between HO*
and HOO* on 4N-TM systems were analyzed. We
find that there is a linear relationship AGuoo*=
0.92AGHo*+3.15 between the AGHoo=and AGhox, with
a constant of approximate 3.15 eV (Fig. 6). The slope
of unity in the correlated adsorption free energies of
HO* and HOO* suggests that both species form a
single bond between O atom and the catalysts, the
constant intercept indicates that both species normally
prefer the same type of adsorption site.”? This is the so
called scaling law, and is also observed on many other
systems, including nitrogen-doped graphene with and
without transition metal decorations.® 73 74 We know
that the different OER performance originates from
the different adsorption energies of HO*, O*, and
HOO* on xN-TM catalysts. As shown in Fig. 4, there
is also a clear shift of &4 to low-energy level with the
increase of the atomic number of TMs on 3N-TM and
4AN-TM catalysts, respectively, indicating that the
binding strength of HO*, O*, and HOO* decrease
accordingly. The trend agrees well with our results
shown in Table S5t. The negative correlation between
AG and g4 indicates that the OER performance can be
well described by the trend of ¢g on XN-TM catalysts.
Thus, by changing the coordination number of xXN-TM
and the d-orbital occupation of TM atoms, it is
possible to tune the catalytic activity to achieve the
optimal OER performance at N-doped graphene.
According to the above results, the 3N-Co could serve
as good SAC for the HER activity, while the OER
overpotential over 4N-Co is only 0.38 eV. For
comparison, previous results on HER and OER
catalytic performance for the metal centered graphene
and nitrogen-coordinated graphene were listed in
Table S6. Therefore, N and Co co-doped graphene is a
promising candidate as the bifunctional catalyst for
electrocatalytic water splitting.

4. Conclusions

In summary, by using DFT calculations, we
systematically investigated the activity sites for both
HER and OER on late single transition-metal atom
decorated N-doped graphene catalysts. It is found that
the catalytic activity of SAC is highly correlated with
the local environment of the active center as well as
the d band energy level of TM. Both HER and OER
performance can be well described by the negative
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correlation between AG of adsorbents and g4 of TMs
for XxN-TM catalysts. Among all the studied
coordination number of XxN-TM (x=1~4), TM atomic
sites with a lower coordinated number (3N-Co)
exhibits the better HER performance, and the higher
coordinated number of TM sites (4N-Co) presents the
better OER performance, demonstrating the promise
of Co and N co-doped graphene as the bifunctional
catalyst for HER and OER. Our results provide a
useful guidance in tuning HER and OER activity on
the transition metal and N co-doped graphene as high-
performance bifunctional electrocatalysts.
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The triple-coordinated Co exhibits high catalytic activity toward HER with the calculated
hydrogen adsorption free energy of -0.01 eV, and quadruple-coordinated Co shows excellent

catalytic performance for OER with a low computed overpotential of -0.39 V.



