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Moving forward from single atom catalysts, here we propose Cu mers coordinated with N atoms in
graphene as a potential catalyst for hydrogen evolution reaction (HER) using first-principles calculations.
Our study shows that Cu mers (monomer, dimer and trimer) with no N coordination adsorb H too
strongly, whereas Cu mers with complete N coordination adsorb H too weakly, indicating that neither is
catalytically active for HER. However, these results imply that Cu mers with partial N coordination may
exhibit a better catalytic performance. Thus, we further explored all the Cu,N, complexes with different
atomic coordination numbers and spatial distributions and find that one of the Cu,N, atomic
configurations possesses a AGp« of —0.09 eV, exhibiting a superior catalytic performance for HER. The
possible reason might be that this configuration tunes the p-band center to an optimum level. Our study
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1. Introduction

On the one hand, hydrogen evolution reaction (HER), which is
perhaps the simplest way to produce high purity hydrogen, is
highly desirable and of great importance for providing a viable
solution to green energy and environmental sustainability.'”
On the other hand, HER may become undesirable and needs to
be suppressed, for example, in the CO, reduction reaction
(CO,RR) and N, reduction.*® Due to its unique role in electro-
chemistry, more studies should be devoted to understanding
HER to either promote or suppress it.

To efficiently produce hydrogen, Pt-based materials, which
possess a slightly negative hydrogen adsorption Gibbs free
energy (AGu+) and minimal overpotential, are considered the
state-of-the-art electrocatalysts for HER.*” However, the scarcity
and high cost of Pt restrict these materials from widespread
applications. After years of research, an active, stable and
inexpensive alternative to Pt is still unavailable. Clearly, new
design strategies for electrochemical catalysts are demanded to
address this challenge.®

Single atom catalysts (SACs) recently emerged as a new
frontier in electrocatalyst research. The underlying argument is
that the dispersion of isolated metal atoms can maximize the
efficiency of the metals, and thus may show excellent catalytic
activities.”** For example, SACs achieved by co-doping
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introducing metal mers and tuning their coordination with high-valence non-metal elements.

graphene with transition-metal (TM) and nitrogen (N) atoms
(denoted as TM-N@graphene) exhibit a high electrochemical
catalytic activity and thus were considered as promising
substitutes for Pt-based electrocatalysts.">™* Importantly, these
studies revealed that the synergy and coordination of TM atoms
with neighboring N atoms play a crucial role in the catalytic
activity of SACs.”” This synergy was also supported by many
other experimental and theoretical studies on TM-N@graphene
SACs. For example, Guan et al. experimentally synthesized
single atom Mn anchored in the N-doped graphene and re-
ported its high performance for HER, and they ascribed the
high activity to the coordination of N to Mn.'* Chen et al.
experimentally synthesized single atom Fe anchored in N-doped
graphene, which gave high performance for the oxygen evolu-
tion reaction (OER) due to the dispersed highly catalytically
active sites.”” By using density functional theory (DFT), Wang
et al. explored a series of single transition metals (Fe, Co, Ni, Cu,
and Pd) anchored on various N-doped graphene as electro-
catalysts for both HER and OER.'® They revealed that Co with
a triple-coordinated configuration exhibited a high catalytic
activity toward HER and Co with a quadruple-coordinated
configuration was a promising candidate for OER. Pennycook
et al. demonstrated that atomically dispersed Ni with triple
nitrogen coordination (Ni-N;) on carbon could achieve an effi-
cient HER performance in alkaline media and their DFT
calculations verified that the Ni-N; coordination, which
exhibited a lower coordination number than Ni-N,, facilitated
water dissociation and hydrogen adsorption, and hence
enhanced the HER activity."®

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Despite these extensive studies, an active, stable and inex-
pensive alternative to Pt-based electrocatalysts is still unavail-
able. However, the studies on SACs highlight the importance of
synergy and coordination between the transition metal SACs
and their neighboring nitrogen atoms in electrocatalytic activ-
ities and performance.'>*® Based on the above, two interesting
questions arise: if we extend a SAC to a cluster consisting a few
metal atoms (or mer), what is its catalytic performance for HER?
Can we leverage the synergetic effect between the metal mer and
its neighboring N atoms to improve its catalytic performance for
HER? To the best of our knowledge, although bi-metal catalysts
with two adjacent copper atoms (Cu dimer) on Pd were
synthesized and shown to carry out the critical bimolecular step
in CO, reduction,™ the Cu mers on graphene have not been
experimentally synthesize before. Clearly, answers to these
questions could provide a new route to design high-
performance electrocatalysts for HER.

In this study, we propose Cu mers coordinated with N atoms
in graphene, and explore their electrocatalytic performance for
HER. Our first-principles calculations show that H adsorption
energy in pure Cu mer catalysts (monomer, dimer and trimer
anchored on graphene) without N embedding is too high while
in the Cu mer catalysts with full N coordination is too low,
suggesting that there may be an optimized coordination
number that results in an optimum H Gibbs free energy and
thus a better HER performance. Our comprehensive study
indeed identifies a Cu,N, atomic configuration that gives
a AGy+ of —0.09 eV, exhibiting superior catalytic performance
for HER. Therefore, the present study shows that by extending
the Cu SAC concept to the Cu mer catalyst concept, together
with an optimum coordination number of N, one can obtain
superior catalysts, which may outperform Pt-based electro-
catalysts, and potentially present as an active, stable and inex-
pensive alternatives.

2. Computational details

The density functional theory (DFT) method implemented in
the Vienna Ab initio Simulation Package (VASP) was used to
study the HER electrocatalytic activities of Cu mer catalysts.”>**
The Perdew-Burke-Ernzerhof functional under the generalized
gradient approximation®*** was applied to mimic the exchange-
correlation interaction. The cutoff kinetic energy was set to be
500 eV to expand the electronic wave functions. A gamma
centered 3 x 3 x 1 k-mesh was used for structural optimization.
The H adsorption energy (AEyx) is defined as:

AE‘H”‘ = Ecatalystfﬂ - Ecatalyst - 1/2E(H2) (1)

A positive AEy« indicates that the adsorption is not ther-
modynamically favorable while a negative AEy+ indicates that
the adsorption process is exothermic. Physically, the more
negative the AEy-+ is, the stronger the adsorption is.

It is well believed that the first step of HER is the electro-
chemical hydrogen adsorption, often known as the Volmer
reaction: H' + e~ = H* It is followed by either an electro-
chemical (Heyrovsky reaction: H* + H" + e~ = H,) and/or

© 2021 The Author(s). Published by the Royal Society of Chemistry
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chemical (Tafel reaction: H* + H* = H,) reaction to complete
the entire HER process. Thus, the catalytic activity for the HER
can be characterized by H Gibbs free energy:*

AGH* = AEH* + AEZPE - TASH* (2)

where AEy-is the hydrogen adsorption energy obtained directly
from DFT calculations. AE,pg is the difference in zero-point
energy between the adsorbed hydrogen and the gas-phase
hydrogen, and ASy- is the entropy difference between the
adsorbed state and the gas phase. T is the room temperature at
298 K. Both AE;pg and ASy+ can be calculated from vibrational
frequencies of the system. AE,pi can be calculated from AE,pp =
AEzpg(H*) — 1/2AE,pg(H,) obtained from the calculated vibra-
tional frequencies of the adsorbed hydrogen.*® AGy= is a key
descriptor of the HER activity of the catalyst.”® For an ideal
catalyst, the Gibbs free energy value for the hydrogen adsorp-
tion on the catalyst should be close to 0 eV, that is, AGy+ is close
to 0. As we defined, a catalyst with a large positive AGy+ value
means the adsorption of H is too weak such that it is not
kinetically favored for hydrogen adsorption. While a catalyst
with a large negative AGy+ value means that the adsorption of H
is too strong and thus difficult to release the adsorbed
hydrogen, causing poor HER activity.”” The p-band center (ep) is
defined as the energy with a width average value of the density
of states (p) with respect to the Fermi level:
+ o0
ey = _Lrwnp(s)ede @)
[ ny(e)de

where 7, and ¢ are projected-density of states (PDOS) and energy
of p states. It is calculated with the code of VASPKIT.*®

3. Results and discussions

Since the catalytic performance of Cu SACs is still not satisfac-
tory,” we performed a comprehensive study on the catalytic
performance of Cu mers coordinated with N atoms in graphene
by identifying the most favorable hydrogen adsorption sites and
calculating their respective AGy+ Before studying all possible
cases, we first examined two extreme scenarios: pure Cu mer
catalysts (monomer, dimer and trimer anchored on graphene)
without N coordination, and Cu mers with full N coordination.
It is expected that the results of these two extreme cases could
provide valuable guidelines in designing high performance
catalysts.

3.1 Cu mers with the lowest and highest N coordination
number

The computational models of Cu monomer, dimer and trimer
anchored on graphene (denoted as Cu;N,@graphene, Cu,-
No@graphene and CuzNo@graphene, respectively) are shown in
the upper panel of Fig. 1. To study the impact of N, we built
fully N atoms coordinated Cu monomer, dimer and trimer
anchored on graphene (denoted as Cu;N,@graphene, Cu,-
Ns@graphene and CuzNg@graphene, respectively) shown in the
lower panel of Fig. 1. The most stable Cu mer models obtained
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Fig. 1 Structure of (a) CuiNo@graphene, (b) Cu,No@graphene, (c) CusNg@graphene, (d) Cu;Ns@graphene, (e) Cu,Ng@graphene and (f) Cus-
Ng@graphene. Grey, navy and green spheres represent C, N and Cu atoms, respectively. The side view of these structures are summarized in

Fig. S2.+

from our calculations are shown in Fig. 1. All the possible
geometries and their relative formation energy are summarized
in Fig. S1 and Table S1.1 The AGy~ for HER for these two sets of
Cu mer catalysts (with the lowest and highest N concentration
number) were calculated, and the results are summarized in
Fig. 2. Without N atoms, the three Cu mer catalysts show a AGy~
of —0.68 eV, —1.89 eV and —0.58 eV, respectively (the solid lines
in Fig. 2). The negative AGy-+ values indicate that the catalysts
adsorb the H too strongly. To achieve a better HER catalytic
performance, we thus need to weaken the H Gibbs free energy.
With full N coordination however, H adsorption by the Cu-N
complexes varies dramatically: the Cu-N complexes show
a AGy+ of 0.49 eV, 0.42 eV and 0.38 eV, respectively (as show as
the dot lines in Fig. 2). The positive AGy+ values suggest that the
catalysts adsorb H too weakly. These results are consistent with
previous study on TM;N,@graphene SACs (TM = Co, Fe, Cu, Ni
and Pd), which showed that these SACs were not able to effec-
tively adsorb H due to the positive AGy+."® To achieve a better
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Fig. 2 AGy« diagram for HER on Cu monomer (navy), dimer (orange)
and trimer (green) with highest (dot line) and lowest (solid line) N
coordination number in graphene matrix.
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HER catalytic performance, we thus need to reduce AGy+ in Cu-
N complexes-based catalysts.

Clearly, at one extreme, Cu mer catalysts without N coordi-
nation (no N) adsorb H too strongly; while at the other extreme,
the Cu mer catalysts with full N coordination adsorb H too
weakly. Hence, it is expected that there would be an optimum
coordination number of N atoms on Cu between the two
extremes abovementioned that would result in an optimum
AGy+, which may in turn lead to an excellent performance.
Here, we focus on Cu dimer because the gap between Cu,-
No@graphene and Cu,Ng@graphene is the largest (Fig. 2), and
hence, the Cu dimer is most suitable for demonstrating the
synergic effect between Cu and N. Our reasoning is that if Cu
dimer shows the synergetic effect, Cu monomer and Cu trimer
should follow suit. To the best of our knowledge, it was reported
that Cu dimer catalyst on Pd has been synthesized and reported
promising catalytic performance for CO,RR." However, the
study of N-coordinated Cu dimer catalyst for HER is still absent,
which motivates us to perform comprehensive research on Cu
dimer catalysts with all possible N coordination geometries to
identify superior catalysts for HER.

3.2 Possible geometries of Cu,N,@graphene

Here, we aim to study Cu dimer catalysts with all possible N
coordination geometries (with different numbers and arrange-
ment of atoms). For Cu dimer on graphene, there can be up to 6
coordinated N atoms. In total, there are 22 possible Cu,N,
complexes and the optimized geometries are summarized in
Fig. 3. They all exhibit a 2D planar structure as shown in
Fig. S2.1

For Cu,@graphene (Fig. 3a), both Cu atoms prefer the
double carbon vacancies, and the neighboring six C atoms form
a stretched hexagon with the Cu atoms located in the middle of
two C atoms and the C-Cu-C forms the long side of the
hexagon. The calculated Cu-C bond length is 2.01 A and bond
angle of £ C-Cu-Cu is 65.9°. Cu,@graphene can host up to 6 N
atoms, that is, Cu,N¢@graphene (Fig. 3v). It keeps the stretched
hexagon shape with a Cu-N bond length of 1.93 A and £ N-Cu-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 All possible geometries of Cu,N,@graphene with x = 0 to 6. Grey, navy and green spheres represent C, N and Cu atoms, respectively. The
number on (a) shows all the possible adsorption sites for H on top of Cu,N,@graphene with x = 0 to 6.

Cu of 75.2°. There are 2 possible geometries of Cu,N;@-
graphene: N atom can either substitute the C atom next to Cu
but not within the hexagon (Fig. 3b), or substitute the C atom
next to Cu within the hexagon (Fig. 3c). Details of other possible
Cu,N,@graphene can be found in Fig. 3.

3.3 Adsorption of H

The adsorption of protons onto the catalyst is the first step in
HER. Therefore, we carefully examined all the possible
adsorption sites for H, aiming to find the most favorable
adsorption. It is then used to calculate AGy+, which is in turn
used to estimate its catalytic performance for HER. The H may
adsorb on top of either C, N or Cu sites. As shown in Fig. 3a, for
each Cu,N,@graphene geometry, we tested all the 7 possible
adsorption sites. The results are summarized in Table 1.

For Cu,@graphene, H prefers adsorption onto the C at #2 site
with strong chemical bonding and the AEy« is calculated to be
—1.94 eV. The C-H bond is as long as 1.10 A and C-H bond is not
vertical to the graphene sheet but tilted to the neighboring Cu
atom with a Z H-C-Cu of 79.7°. Upon substituting the C at the #1
site with a N atom (Fig. 3b), the H prefers adsorption onto #3 site
with an AEy« of —1.00 eV. On the other hand, if the N atom
substitutes the C at #6 site (Fig. 3c), H prefers adsorption onto #2
site with an AEy« of —1.15 eV. Moving onto Cu,N,@graphene,
there are 6 possible geometries. The strongest adsorption
happens on the geometry in which the two N atoms substitute #2
and #6 sites (Fig. 3e), and the #1 site is the most favorable
adsorption site with an adsorption energy as strong as —1.03 eV.

© 2021 The Author(s). Published by the Royal Society of Chemistry

The weakest stable H adsorption happens on top of geometry
shown in Fig. 3g, in which the two N atoms substitute #1 and #3
sites, and the #4 site is the most favorable adsorption site with an
adsorption energy as strong as —0.59 eV. There are 3 possible
geometries for Cu,N;@graphene (Fig. 3j-1), which give a similar
H adsorption energy from —0.63 to —0.74 eV, as shown in Table
1. Similar to Cu,N,@graphene, there are 6 possible geometries
for Cu,N,@graphene. The strongest adsorption happens when
the four N atoms substitute #1, #2, #4 and #6 sites (Fig. 31), with
#3 site being the most favorable adsorption site with an
adsorption energy as strong as —0.76 eV. The weakest stable H
adsorption happens on top of geometry p as shown in Fig. 3, in
which the four N atoms substitute #1, #2, #3 and #6 sites (Fig. 3g),
with #5 site being the most favorable adsorption site with an
adsorption energy of —0.23 eV. There are 3 possible geometries
for Cu,Ns@graphene and the strongest H adsorption energy is
up to —0.93 eV (Fig. 3t) and the weakest adsorption energy is
—0.46 eV (Fig. 3s). When both Cu atoms are fully bonded to N
atoms (Fig. 3v), the H prefers adsorption onto the Cu-Cu bridge
site rather than the N site. However, the adsorption is not stable
since the AEy+ is 0.35 eV, indicating that the adsorption of H onto
Cu,Ng@graphene is not favorable.

3.4 H Gibbs free energy AGy+«

After we identified the most favorable adsorption sites of H on
various Cu,N,@graphene (x = 0 to 6) substrates, the most
favorable adsorptions were used to calculate the AGy+ diagram
and we used the AGy+ to estimate the catalytic performance of

Nanoscale Adv., 2021, 3, 5332-5338 | 5335
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Table 1 H adsorption energy (AEy) at the most favorable site on top of Cu,N,@graphene with x = 0 to 6 (in eV)
Position of Favorable Favorable

#of N AEyy+ N site of H #of N AEy+ Position of N site of H
x=0 a —1.94 NA 2 x=3 1 —0.74 1,2,4 3
x=1 b —1.00 1 3 x=4 m —0.43 1,3,4,6 2

c —1.15 2 2 n —0.75 2,3,5,6 1
x=2 d —0.68 1,4 2 0 —0.64 1,2,3,4 6

e —1.03 2,6 1 p —0.23 1,2,3,6 5

f —0.75 1,2 6 q —0.41 1,2,5,6 4

g —0.59 1,3 4 r —0.76 1,2,4,6 3

h —0.75 2,3 1 x=5 s —0.46 1,2,3,4,6 5

i —0.95 3,6 4 t —0.93 2,3,4,5,6 1
x=3 j —0.63 1,2,6 4 u —0.62 1,2,4,5,6 3

k —0.71 1,2,3 4 X=6 v 0.35 1,2,3,4,5,6 7

these Cu,N,@graphene catalysts for HER. When the Cu atoms
are fully bonded to N atoms, Cu,Ns@graphene gives a AGy+ of
0.42 eV (orange line in Fig. 4), which indicates that the
adsorption of H on Cu,Ng@graphene is energetically unfavor-
able. This is in line with the AEy~ calculation that the AEy+ on
Cu,N¢@graphene is 0.35 eV (Table 1). When the Cu atoms are
fully bonded to C atoms, Cu,@graphene gives a AGy+ of
—1.89 eV (grey line in Fig. 4), which indicates that the adsorp-
tion of H on Cu,Ns@graphene is too strong. This is in line with
the AEy+ calculation that the AEy« of H on Cu,@graphene is
—1.94 eV (Table 1). For other geometries, the Cu and N atoms
work together and the relative AGy+ values are in between the
two extreme cases above.

We noted that the Cu,N,@graphene with the p configuration
gives a AGy+ of —0.09 eV, which is very close to zero. Hence, it is
expected that this atomic configuration can be a very active
catalyst for HER. This is also in line with the AEy~« calculations
where amongst designs that give negative AGyx, Cu,N,@-
graphene with the p configuration shows an exothermic and yet
weakest AEy+ (—0.23 eV). Our result is also consistent with
previous reports that TM-N@graphene SACs with the highest N
coordination number demonstrate a poor HER performance as

0.5 1

e ON-a
s 1N-b
e 1N-C
s 2N-dl
s 2N-€
s 2N-f
s 2N-g
e 2N-h
s 2N-i
s 3N
s 3N-K
s 3N-|
e 4N-M
w 4N-N
s AN-0
s AN-D
e 4N-q
“4N-r
e 5N-5
e 5N-t
5N-u
e GN-v

0.0

-0.5 4

AG (eV)

1.04

-1.5 4

-2.0

Reaction Coordinate

Fig. 4 AGy« diagram for HER on Cu,N,@graphene (x = 0 to 6)
substrates.
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their interactions with H* are too weak, while a relatively low-
er N coordination number results in a better HER catalytic
performance.*®?*°

3.5 Electronic structure analysis

To elucidate the synergistic effect that Cu dimer and N on gra-
phene substrate have on the electronic structure and chemical
properties, we calculated the atom-projected p-orbital density of
states of the substrate, as summarized in Fig. 5. For Cu,N,@-
graphene, the p-band center with respect to the Fermi level is
calculated to be at —5.09 eV. When the N coordination number
increase, the p-band center moves downwards to —5.69 eV for
Cu,N,@graphene (p configuration as shown in Fig. 3). The
redshift of the p-band center suggests that the hybridization
strength of substrate p-band and H-s orbital decreases, leading to
a decrease in H adsorption energy.***> The calculated p-band
centers are consistent with the computed H adsorption

a: Cu,N,@graphene :

b: Cu,N,@graphene

c: Cu,N;@graphene

T
-10 -5 0 5
E -Ef (eV)

-15

Fig. 5 Calculated PDOS of the p-band of the substrate (a) Cu,No@-
graphene, (b) Cu,Ns@graphene (p configuration as shown in Fig. 3)
and (c) Cu,Ng@graphene. The Fermi level is set at the zero of energy,
and the p-band center is marked by the red dashed line.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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energies, where the H adsorption weakens from —1.94 eV to
—0.23 eV when the N coordination number increases from Cu,-
No@graphene to Cu,N,@graphene. The p-band center of Cu,-
N¢@graphene is further down shifted to —5.92, which might be
responsible for its unfavorable adsorption (AEy« = +0.35 eV). We
further calculated the charge density difference map (Fig. S37).
For Cu,Ng@graphene, the charge redistribution results in more
antibonding states and fewer bonding states forming between
the adsorbed H and host atoms, which might be responsible for
its thermodynamically unfavorable adsorption. This suggests
that the Cu,N,@graphene with p configuration (shown in Fig. 3)
tunes the p-band center to the optimum level, which leads to an
ideal H adsorption strength (the AGy» value of —0.09 eV).

4. Conclusion

We have systematically investigated the synergistic effect between
the transition metal atoms and nitrogen atoms, and how they can
tune the performance of Cu,N,@graphene catalysts. The highest N
coordination number (with Cu binding to only N atoms) leads to
too strong H adsorption, while the lowest N coordination number
(with Cu binding to C atoms) leads to too weak H adsorption for
catalyzing HER. It is expected that there may be an optimized N
coordination number such that the Cu dimer and N atoms can
cooperate to give the optimum H Gibbs free energy, which in turn
provides us with a better catalyst for HER. We have studied all 22
possible Cu,N,@graphene geometries with different numbers and
arrangements of N atoms to identify the configuration with the
optimum AGy+«. We find that Cu,N,@graphene with the p
configuration exhibits a AGy+ of —0.09 eV, which shows
a remarkable improvement compared to the ones with the high-
est N coordination number (Cu,Ns@graphene, AGy+ = 0.42 eV)
and the lowest N coordination number (Cu,N,@graphene, AGy+ =
—1.89 eV). Our results are in line with previous reports showing
that TM-N@graphene SACs with the highest N coordination
demonstrate a poor HER performance as their interactions with H*
are too weak, while SACs with a relatively lower N coordination
show a better HER catalytic performance.'®*® By performing the
PDOS calculations, we find that this configuration is able to tune
the p-band center, which in turn leads to an optimum adsorption
strength. The idea of introducing metal mers together with coor-
dination number tuning may present a feasible route towards
designing superior catalysts not just for HER, but beyond, for
example, tackling CO,RR, N, reduction reaction and OER.
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