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� Effect of the local coordination
environment on the HER and ORR
activities of Pd1-NxCy was studied by
DFT calculations.

� Stability in terms of Pd formation
energy was highly dependent on the
local coordination environment.

� Changing the local coordination
number and coordinated components
can significantly impact the
adsorption energies of intermediates.

� Promising HER and ORR
electrocatalysts were designed
through varying the local
coordination environment.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 1 January 2023
Received in revised form 2 February 2023
Accepted 6 February 2023
Available online 10 February 2023

Keywords:
Single atom catalyst
Coordination number
Coordinated component
Electrochemical activity
DFT calculations
a b s t r a c t

Development of more efficient HER and ORR electrocatalysts is crucial for the production and utilization
of H2 as a clean and sustainable energy carrier. M�N�Cs based single-metal-atom electrocatalysts have
been extensively reported to be the alternatives to cost-ineffective Pt electrocatalysts, and their activities
were significantly sensitive to the local coordination environment, but the underlying mechanism is still
unclear yet. Herein, effects of the local coordination numbers and coordinated components of a single Pd
atom in Pd1-NxCy on the HER and ORR activities were systematically investigated using theoretical cal-
culations. We found that change in the local coordination environment is an effective way to modulate
the electrochemical activities, and the four-atom-coordinated Pd1-N2C2-2 and the three-atom-
coordinated Pd1-N3C0-3 were the most promising HER and ORR electrocatalysts, respectively. This work
provides valuable insights into designing more efficient M�N�Cs electrocatalysts for HER and ORR, as
well as the other important electrochemical processes.

� 2023 Elsevier Ltd. All rights reserved.
1. Introduction

The development of clean and sustainable technologies to
produce fuels and chemicals of global importance has attracted
extensive attention due to the rapid depletion of fossil fuels and
the large emissions of pollutants during the utilization of the tradi-
tional energy resources (Chu et al., 2017; Dusastre, 2010; Millet
et al., 2010; Steele and Heinzel, 2001). As a clean energy molecule,
H2 can be produced from the electrochemical water splitting pro-
cess via the cathodic hydrogen evolution reaction (HER) using
the electric energy (Nørskov et al., 2005; Lasia, 2010; Zheng
et al., 2015) that is generated from the clean and renewable
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resources (i.e., solar and wind). The chemical energy that is stored
in the H�H bond of the produced H2 can then be converted to the
electric energy using the pollution-free fuel cell technologies, in
which the sluggish cathodic oxygen reduction reaction (ORR) gen-
erally determines their overall performance (Debe, 2012; Perry and
Fuller, 2002). In the electrochemical circulation of H2 production
and utilization, the cathodic electrocatalysts of the related electro-
chemical devices play important roles in the improvement and
popularization of the advocated hydrogen economy. Thus, the
exploration of more efficient electrocatalysts for HER and ORR
has been widely investigated (Jiao et al., 2015; Mahmood et al.,
2017; Seh et al., 2017; Vij et al., 2017; Yuan et al., 2020) to over-
come the cost-ineffective nature of the traditionally utilized the
state-of-the-art Pt/C catalyst (Lefèvre et al., 2009; Wu et al., 2011).

Single atom catalysts (SACs) have attracted significant research
interest for a wide range of electrocatalytic reactions including HER
and ORR, due to their intriguing properties, such as high metal
atom utilization efficiency, controlled coordination environments
of metal atoms, unique quantum size effects, and tunable
metal � support interactions (Chen et al., 2018a; Fei et al., 2019;
Zhang et al., 2019). In particular, graphene-based electrocatalysts
commonly exhibit an enhanced electrochemical performance
owing to their distinctive structural merits, including a large sur-
face area, high electrical conductivity, and good chemical stability
(Fei et al., 2019; Huang et al., 2019). Amongst, the M�N�C�base
electrocatalysts, where M, N, and C respectively refer to the metal,
nitrogen, and carbon atoms, have shown excellent catalytic activi-
ties for ORR and HER. For instance, Wang et al. fabricated Fe�N�C
SACs that exhibited a high oxygen reduction performance with the
same activity as Pt/C electrocatalyst in the fuel cells and zinc–air
batteries (Chen et al., 2018b). Chen and co-workers developed a
facile zeolitic imidazolate framework (ZIF)-driven strategy for
Co�N�C SACs that outperformed benchmark Pt catalyst for pH-
universal HER (Chen et al., 2021a). In addition, M�N�Cs are also
promising catalysts for other important electrochemical processes,
such as CO2/CO reduction (Tripkovic et al., 2013) and N2 reduction
(Li et al., 2016). Although lots of efforts have been made to eluci-
date the roles of different single metal atoms in affecting the cat-
alytic activity of M�N�Cs, the influence of the local coordination
environment of the single metal atom on the electrochemical
activity is still not well understood yet (Wang et al., 2021). Gener-
ally, the single metal atomwas not the sole active site for the inter-
mediates adsorption, and it required to cooperate with the
coordinated other components to catalyze the reactions (Vilé
et al., 2015; Wang et al., 2017). These local coordination environ-
ments including the coordination number and the coordinated
components also played a vital role in governing the catalytic
activity (Fei et al., 2018; Ha et al., 2021; Li et al., 2019b; Wang
et al., 2020b). However, the underlying mechanism of the local
coordination environmental effect on the activity of M�N�Cs is
still unclear, limiting the design of more efficient electrocatalysts.

To realize the rational design of the novel electrocatalysts for
the cathodic HER and ORR, herein, the influence of the local coor-
dination environment of Pd1-NxCy on the HER and ORR activities
was systematically studied by means of density functional theory
(DFT) calculations. The coordination numbers of 3 and 4 for Pd
was considered with varied coordination components (different
numbers of N and C atoms). The formation energies of a single
Pd atom in distinct coordination environments were calculated
to evaluate the stability of Pd, and the adsorption free energies of
the HER and ORR intermediates, as well as their theoretical overpo-
tentials were determined to understand the dependence of the cat-
alytic activities on the local coordination environment. We found
that the change in the local coordination number and coordination
component of Pd can highly impact on the adsorption site and
adsorption strengths of the intermediates, consequently affecting
2

the HER and ORR activity, and providing an effective way in
designing more efficient electrocatalysts, such Pd1-N2C2-2 on
Pd1-N3C0-3 for HER and ORR, respectively.

2. Computational methods

Periodic DFT calculations were performed using the Vienna Ab
initio Simulation Package (Kresse and Furthmüller, 1996), at the
level of generalized gradient approximation (GGA) using optB86b
van der Waals (vdW) exchange–correlation functional (Klimeš
et al., 2011). The Kohn-Sham valence states were expanded in a
plane wave basis set with a kinetic energy cutoff of 400 eV. The
graphene was modeled using slab of a free-standing graphene with
a (5 � 5) supercell, containing a total of 50C atoms. A vacuum
space of � 20 Å in the z direction was set to avoid the artificial
interactions between the repeated slabs. Brillouin zone was sam-
pled with a C-centered (3 � 3 � 1) k-point mesh (Monkhorst
and Pack, 1976). To model the less defective surfaces, a carbon
vacancy dimer (a pair of adjacent C vacancies) was created to sta-
bilize Pd atom, which is coordinated with a total number of 4 adja-
cent C or N atoms (C/N ratio varies from 0 to 4). To model the more
defective surfaces, one more adjacent C vacancy was created on the
carbon vacancy dimer surface, Pd atom is coordinated with a total
number of 3 adjacent C or N atoms. During the optimization, all the
atoms were allowed to be relaxed until the force was less than
0.02 eV/Å.

To evaluate the stability of the single Pd atom against its aggre-
gation, the formation energy was calculated as (Gao et al., 2020)

Ef = E(Pd1-NxCy) —E(NxCy) —E(Pd) ð1Þ
where E(Pd) is the energy of Pd atom in bulk Pd, E(Pd1-NxCy) is

the energy of the optimized Pd1-NxCy structure, and E(NxCy) is the
energy of N-doped graphene.

For the cathodic HER and ORR, the adsorption free energies of
the reaction intermediates were calculated as

DGH�= G(H*) — G(*) —1/2GH2 ð2Þ

DGO�= G(O*) — G(*) —(GH2O —GH2) ð3Þ

DGOH�= G(OH*) — G(*) —(GH2O —1/2GH2) ð4Þ

DGOOH�= G(OOH*) — G(*) —(2GH2O —3/2GH2) ð5Þ
7where G(H*), G(O*), G(OH*), and G(OOH*) refer to the free energy
of the adsorbed H*, O*, OH*, and OOH*, respectively, and the zero-
point energy correction and the entropic contribution were consid-
ered. For HER, the theoretical overpotential g was calculated as
(Xu et al., 2018)

gHER = jDGH�j/e ð6Þ
For ORR, the reaction free energy (DG1, DG2, DG3, DG4) for each

step as shown in Supplementary Material (reaction S2-S5) was cal-
culated as(Chen et al., 2021b; Ha et al., 2021)

DG1 = DGOOH� —4.92 ð7Þ

DG2 = DGO� —DGOOH� ð8Þ

DG3 = DGOH� —DGO� ð9Þ

DG4 = —DGOH� ð10Þ
The theoretical overpotential was determined as (Chen et al.,

2021b; Ha et al., 2021)

gORR = 1.23 + [max(DG1, DG2, DG3, DG4)]/e ð11Þ
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3. Results and discussion

3.1. Effect of the local coordination environment on the stability of
Pd1-NxCy

The formation of stable single Pd atom in the N-doped graphene
is a prerequisite for its further utilization as an electrocatalyst in
the HER and ORR processes, and thus the influence of the local
coordination environment of Pd involving the coordination num-
ber and the coordinated components on the structural stability
was systematically investigated first. For the N atom doping in
the graphene, it generally can form the pyridinic, pyrrolic, and gra-
phitic structures, and the pyridinic N structure was used to stabi-
lize the Pd atom here, owing to it has been widely reported to be
more active for the electrochemical reactions (Bi et al., 2016; Li
et al., 2019a; Liu et al., 2020; Nie et al., 2016; Wang et al.,
2020a). Additionally, the coordination numbers of Pd being 3 and
4 were focused, since they were the typical coordination numbers
for the experimentally synthesized M�N�Cs (Fei et al., 2018;
Sultan et al., 2019; Tiwari et al., 2018; Xu et al., 2022). Based on
these and with the considerations of the different numbers of N
atoms (0 � 4) as well as their relative positions in the doped sys-
tems, a total number of 35 Pd1-NxCy were constructed.

To evaluate the stability of these constructed single Pd atoms,
their formation energies were calculated, and the more negative
energy value means that the structure is more stable. For the
four-atom-coordinated Pd (Fig. 1), the calculated formation ener-
gies were �1.83 � �3.04 eV (Table S1), suggesting that these struc-
tures were thermodynamically very stable (Gao et al., 2020), and
Pd1-N2C2-2 exhibited the most stable nature with the most nega-
tive formation energy among these, similar results have also been
reported (Ha et al., 2021). We note that when Pd only coordinated
with C atoms in Pd1-N0C4, a non-planar structure with Pd atom
being pulled out the graphene surface could be formed, resulting
in a less stable structure with a formation energy of �0.59 eV.
Fig. 1. Optimized geometric structures of four-coordinated Pd1-NxCy. The
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For the three-atom-coordinated Pd (Figs. S1-3), three types
structures were constructed, including Pd1-N1C2-n, Pd1-N2C1-n,
and Pd1-N3C0-n. When we fixed the positions of the N atoms that
coordinated with Pd and varied the positions of the other N atoms,
three groups (n = 1 � 4, n = 5 � 8, and n = 9 � 12) can be classified
among these structures. In every group, it was found that the cal-
culated formation energy became gradually more negative as the
averaged bond length became shorter (Fig. 2a), resulting in the
most stable structures with the n values being 4, 8 and 12 (Tables
S2-4), which possessed the highest N doping content in each group.
In addition, Fig. 2b clearly showed that the Bader charge of Pd
became gradually positive as the formation energy became more
negative. These demonstrated that the local environment of single
Pd atom in the N-doped graphene not only highly affected the sta-
bility of Pd but also its electronic structure, and consequently its
catalytic property.

3.2. Effect of the local coordination environment on HER activity

To understand the effect of the local environment of single Pd
atoms on their electrochemical activity, HER was studied on these
constructed structures. For H atom adsorption on these structures,
various adsorption sites have been considered, and it was found
that the H atom prefers to bind to the C atoms that coordinated
with Pd on the four-atom-coordinated Pd1-NxCy (Fig. 3), and
three-atom-coordinated Pd1-N1C2-n and Pd1-N2C1-n (Figs. S4 and
S5), suggesting that the single Pd atom was not the active site for
HER, however, the single Pd atom can play a indirect role in affect-
ing the HER activity through affecting the electronic structures of
the coordinated C atoms. On the Pd1-N3C0-n systems, the single
Pd atom in turn can directly tune the activity of HER, owing to that
the H atom tends to bind to the single Pd atom (Fig. S6). For the H
atom adsorption on the four-atom-coordinated Pd1-NxCy, we found
that it was an exothermic process on Pd1-N1C3 and Pd1-N2C2-3
with Pd1-N1C3 exhibiting the strongest adsorption free energy of
gray, blue, cyan spheres represent C, N, and Pd atoms, respectively.



Fig. 2. Correlations between the formation energy and the averaged Pd-N/C bond length (a) and the Bader charge of Pd (b) in the three-atom-coordinated Pd1-NxCy.

Fig. 3. Optimized most stable geometric structures of H adsorption on the four-atom-coordinated Pd1-NxCy. The gray, blue, cyan, and yellow spheres represent C, N, Pd, and
adsorbed H atoms, respectively.
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�0.94 eV (Table S5 and Fig. 4). While on the other systems, it was
an endothermic process, and Pd1-N4C0 exhibited the weakest
adsorption free energy of 1.77 eV, implying that this structure is
not active for HER with much higher theoretical overpotential.
Interestingly, it was found that although the H atom adsorption
on Pd1-N2C2-2 was also slightly endothermic, the adsorption free
energy (0.02 eV) very close to the optimal energy (0 eV) for HER,
giving rise to this structure could be a very promising HER electro-
catalyst (Fig. 4b).

In the case of the H atom adsorption on Pd1-N1C2-n systems, it
was found that this process on Pd1-N1C2-5 (0.44 eV) and Pd1-N1C2-
6 (0.36 eV) was endothermic, while it was exothermic on the
remained systems (Table S6). The strongest adsorption was found
to be at Pd1-N1C2-10 with an adsorption free energy of �0.84 eV,
resulting in a highest theoretical overpotential and lowest HER
4

activity among these systems (Fig. 4). On Pd1-N1C2-7 and Pd1-
N1C2-8, the adsorption free energies of the H atom were slightly
exothermic by 0.03 and 0.08 eV, respectively, suggesting that these
two systems were the most promising HER electrocatalysts for
Pd1-N1C2-n. For Pd1-N2C1-n systems, we found that only Pd1-
N2C1-9 and Pd1-N2C1-10 exhibited negative adsorption free ener-
gies of H (Table S7), while the other systems were difficult for an
effective H adsorption with positive adsorption free energies, espe-
cially for Pd1-N2C1-n (n = 1 � 8), the free energies were too weak
for HER. Similarly, the H atom adsorption on Pd1-N3C0-n systems
was also very weak with the calculated adsorption free energies
being more than 0.72 eV (Table S8), implying that the positively
charged single Pd atom was not active for HER.

Fig. 4 showed the free energy diagrams and the calculated the-
oretical overpotentials for HER on the considered Pd1-NxCy electro-



Fig. 4. Free energy diagrams and the calculated theoretical overpotentials for HER on Pd1-NxCy.
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catalysts, where we can easily find that the HER activity was highly
dependent on the local coordination environment of the single Pd
atom, owing to this would result in a very distinct electronic struc-
5

ture of Pd that can further highly impact the catalytic activity of
the coordinated C atoms, which were the active sites for HER on
the majority of the studied systems. Among all these systems, it



Fig. 5. Optimized most stable geometric structures of OOH, O, and OH adsorption on the four-atom-coordinated Pd1-NxCy. The gray, blue, cyan, red and yellow spheres
represent C, N, Pd, O, and H atoms, respectively.
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was found that four-atom-coordinated Pd1-N2C2-2, and three-atom
coordinated Pd1-N1C2-7, Pd1-N1C2-8, Pd1-N2C1-11, and Pd1-N2C1-
12 were the promising HER electrocatalysts, exhibiting an overpo-
tential of less 0.10 V, given that the traditionally used Pt catalyst
exhibited a calculated overpotential of 0.22 V on Pt(111).
3.3. Effect of the local coordination environment on ORR activity

The local coordination environment influence on the activity of
the cathodic ORR in the H2 fueled fuel cell mode was also investi-
gated. For the adsorption of the OOH*, O*, and OH* intermediates
involved in ORR, on the four-atom-coordinated Pd1-NxCy (except
for Pd1-N4C0), we found that OOH* and OH* tend to bind to the
top site of the C atom that coordinated with the Pd atom, while
the O* atom prefers to bind to the bridge site between Pd and C
(Fig. 5). On Pd1-N4C0, the top site of Pd was found to be the most
stable site for the adsorption of these species. Amongst, Pd1-N4C0

exhibited the weakest adsorption free energies, and Pd1-N1C3

exhibited the strongest ones (Table S5). For ORR at a typical
condition of 0.8 V vs RHE, it was found that the OOH* formation
(* + O2(g) + H+ + e- ? OOH*) was the most endothermic reaction
on Pd1-N4C0, suggesting that this step is the potential determining
step, owing to the weaker adsorption nature of this system. How-
ever, the potential determining step turns to be the OH* formation
(O* + H+ + e- ?OH*) on the other systems, resulting in the weaker
adsorption of O* would give a higher ORR activity, such as that on
Pd1-N3C1. On these systems, we found that Pd1-N3C1 exhibited the
lowest theoretical overpotential of 0.73 V, and the overpotentials
on the remained systems were too high to be active for ORR.

On the three-atom-coordinated Pd1-N1C2-n, the Pd-C bridge site
was also found to be most favorable for O* adsorption (Fig. S7), and
Pd1-N1C2-10 and Pd1-N1C2-3 showed the strongest and weakest
Fig. 6. Calculated theoretical overp
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adsorption free energies (Table S6), respectively. However, the
most favorable adsorption sites for OOH* and OH* were dependent
on the local structures of these systems. The OOH* species tends to
adsorb at the top site of Pd on Pd1-N1C2-10, while it prefers to
adsorb at the top site of C coordinated with Pd on the remained
systems. For OH* adsorption, the Pd top sites of Pd1-N1C2-5 and
Pd1-N1C2-6, and the Pd-C bridge site of Pd1-N1C2-10 were the most
stable sites, while the top site of C coordinated with Pd was the
most stable one on the other systems. Based on the calculated the-
oretical overpotential (Fig. 6b), we can find that Pd1-N1C2-n (n =
1 � 4) exhibited higher ORR activity (lower overpotential) than
the other systems, especially for Pd1-N1C2-3, which gave a lowest
overpotential of 0.54 V amongst, demonstrating that it would be
a potential candidate for efficient ORR.

For OOH* adsorption on Pd1-N2C1-n (Fig. S8), the most stable
site was the top site of Pd on Pd1-N2C1-6、Pd1-N2C1-7 and Pd1-
N2C1-8, and it tends to adsorb at the top site of C coordinated with
Pd on the remained systems. The top site of C and the Pd-C bridge
site were both found to be facile for stabilizing the O* intermediate,
and the bridge site was the most stable on Pd1-N2C1-n (n = 4 � 8).
We note that the Pd-C bond was broken when O* adsorbed on Pd1-
N2C1-n (n = 5 � 8) with an O* inserting between them, resulting in
a less stable structure. The most stable site for OH* adsorption was
the top site of the C atom coordinated with Pd on all these systems.
The calculated theoretical overpotential showed that Pd1-N2C1-n
(n = 5 � 8) exhibited the higher overpotential and lower ORR activ-
ity, and Pd1-N2C1-11 possessed the highest ORR activity (Fig. 6c).
On Pd1-N3C0-n, all these intermediates tend to adsorb at the top
site of the single Pd atom (Fig. S9), suggesting that the electronic
property of Pd would be a dominant factor in governing the ORR
activity. The OOH* formation (* + O2(g) + H+ + e- ? OOH*) was
determined to be the potential determining step for ORR on Pd1-
otential for ORR on Pd1-NxCy.



Fig. 7. (a) Linear correlation between the adsorption free energies of OOH* and OH*. (b) Colored counter plot of ORR activity showing the relationship between ORR
theoretical overpotential and DGOH* and (DGOH* – DGO*) on Pd1-NxCy.
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N3C0-n, the stronger adsorption of this species on Pd1-N3C0-1 and
Pd1-N3C0-3 resulted in a lower overpotential. In fact, the calculated
respective overpotentials of 0.22 and 0.27 V on Pd1-N3C0-1 and
Pd1-N3C0-3 were significantly lower than that on the other Pd1-
NxCy considered. The much lower overpotential suggested that
these two electrocatalysts were very promising for ORR. Taking
into account of the structural stability, the formation energy of
the single Pd atom in Pd1-N3C0-1 was slightly positive (not struc-
turally stable), Pd1-N3C0-3 would be more appropriate as the
ORR electrocatalysts.

To better understand the relationship between the ORR activity
and the adsorption free energies of the intermediates, the correla-
tion between the adsorption free energies of OOH* and OH* was
studied, which were considered as the key intermediates to deter-
mine the ORR activity. Actually, it was previously reported that the
linear relationship of DGOOH* = DGOH* + 3.2 ± 0.2 eV was found to
be universal for OOH* and OH* adsorbed on the surfaces of metals
and their metallic alloys (Seh et al., 2017). While the universality of
this relationship on the single atoms with various local coordina-
tion environments is still unclear. Thus, DGOOH* against DGOH* on
all the considered Pd1-NxCy was analyzed, and a similar good linear
relationship of DGOOH* = 0.88DGOH*+3.00 was obtained (Fig. 7a),
consistent with that on TM�BH (Singh et al., 2018) and TM�N�C
(Xu et al., 2018) systems with various TM atoms. This suggested
that the local coordination environment of single atom has limited
effect on the correlation of the intermediates adsorption free ener-
gies, though it exhibited significant influence on the individual
adsorption free energy.

Invoking the linear expression between DGOOH* and DGOH*,
Equations (7) to (10) can be rewritten as

DG1 = (0.88DGOH�+3.00) —4.92 ð11Þ

= 0.88DGOH� —1.92 ð12Þ

DG2 = DGO� —(0.88DGOH�+3.00) ð13Þ

= —(DGOH� —DGO�) + 0.12DGOH� —3.00 ð14Þ

DG3 = DGOH� —DGO� ð15Þ

DG4 = —DGOH� ð16Þ
It is obvious that DG1, DG2, DG3 and DG4 were determined by

two variables,DGOH* and (DGOH* –DGO*).Therefore, these two vari-
ables can be used as the descriptors to predict gORR (Chen et al.,
2021b; Singh et al., 2018). The volcano plot shown in Fig. 7b clearly
8

exhibited a function between gORR and two descriptors of DGOH*

and (DGOH* – DGO*). The dark blue part of the plot showed the
region of the highest ORR activity with a gORR of 0.21 V under
the optimum condition of DG1 = DG4 = –1.02 eV, suggesting that
the catalyst that sites this point should theoretically exhibit the
highest ORR activity among this kind of catalyst. For the considered
Pd1-NxCy, Pd1-N3C0-3 was found to be closer this point with a gORR

of 0.27 V, smaller than that of the calculated 0.57 V on Pt(111),
implying that this catalyst might be more active for ORR than
the state-of-the-art Pt catalyst.
4. Conclusions

Effect of the local coordination environment of the single Pd
atom embedded in the N-doped graphene on the electrochemical
activity of HER and ORR was systematically studied by DFT calcu-
lations, via varying the coordination numbers and coordination
components of Pd. We found that although the local coordination
environment can highly affect the formation energy of the single
Pd atom, almost all the structures considered were thermodynam-
ically stable, suggesting that changing the local coordination envi-
ronment was an effective way to create the novel stable structures
of Pd1-NxCy. For HER, we found that the single Pd atom played an
indirect role in affecting the HER activity, through tuning the cat-
alytic property of the coordinated C atom, which was active for
the H atom adsorption on the promising Pd1-NxCy. While the single
Pd atom can directly impact the ORR activity, owing to it can act as
the active site for the intermediates adsorption. Among the struc-
tures studied, we found that Pd1-N2C2-2 and Pd1-N3C0-3 were the
most promising electrocatalysts for HER and ORR, respectively,
with significantly lower overpotentials. This work provides valu-
able insight into the designing more efficient M�N�C electrocata-
lysts for the cathodic HER and ORR, as well as the other related
electrochemical reactions.
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