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Exploring durable, inexpensive and high-activity electrocatalysts for efficient water oxidation is a
challenge in current research. Transition metal single-atom catalysts (SACs) have been widely studied as
economical electrocatalysts. However, the oxygen evolution performances of SACs are unsatisfactory
because the strong bonding force between electron-donating intermediates and transition metal sites
weakens the catalytic performance. Herein, atomically dispersed Co/Ni dual sites embedded in nitrogen-
doped graphene (labeled as CoNi-DSA/NG) were successfully synthesized. The CoNi-DSA/NG catalyst
exhibits superior oxygen evolution reaction kinetics, performance, and stability owing to the atomic
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dual-metal sites and their intense synergism. This study presents a prospective way to remarkably
enhance the electrocatalytic performance of SACs by establishing heteronuclear dual-metal sites, and
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Introduction

The increasingly serious energy crisis and climate warming
have prompted urgent exploration of clean and renewable
energy. Hydrogen production from electrochemical water split-
ting is a promising sustainable development that can relieve
the reliance on fossil energy.' The difficult part of this process
is the oxygen evolution reaction (OER), a complex four-electron
transfer process that results in slow kinetics. Currently, Ru/Ir
catalysts are still regarded as the reference of OER electrocata-
lysts, but their extensive commercial application is limited by
their high prices, scarcity and low stability.*® Therefore,
exploring cheap and earth-abundant catalysts with excellent
performance toward the OER is urgently needed.

Transition metal single-atom catalysts (SACs) have aroused
much attention as electrochemical catalysts owing to their
effective atom utilization and high tunability of the electronic
states via modulating the coordination environment.” !
Among them, carbon-supported SACs have been extensively
studied because the layered structure of graphene nanosheets
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thus to expand their use into practical energy storing and converting techniques.

almost fully exposed the active centers, and thus is a perfect
target for mechanism research.'>"” Carbon-based SACs, parti-
cularly those with Fe centers (Fe SACs), perform well in the
ORR.'®2° Nevertheless, the OER abilities of SACs are unsatis-
factory because the strong binding energy of electron-donating
intermediates and transition metal sites decreases the catalytic
behavior in the OER, which is a severe issue for the achievement of
effective OER catalysis.>"** To strengthen the OER performance,
a tactic of heteroatom doping was put forward to construct dual-
single-atom (DSA) catalysts by utilizing the complementary func-
tionalities and synergistic effect of two adjacent atomic metal
species.>*® For example, Pei et al. rationally designed and pre-
pared atomically dispersed Ni/Co dual sites anchored on N-doped
carbon hollow prisms, which show excellent electrocatalytic per-
formance toward the OER.*® Sun et al. successfully synthesized
atomically dispersed N-coordinated Ni-Fe dual-metal sites with
higher electrocatalytic activity than mono-metal doped catalysts.*
Wu et al. reported atomically dispersed Fe-Co dual metal sites
(FeCo-NC) derived from Fe and Co co-doped ZIF-8, which showed
excellent bifunctional catalytic activity for the ORR and OER.*'
Dual-metal sites may offer new chances for designing DSA catalysts
with enhanced intrinsic activity and stability by optimizing the
local geometry and electronic structure compared to traditional
SACs.***® However, rationally constructing DSA catalysts with high
catalytic performance and clarifying their catalytic mechanisms
are still challenging.

Based on the statements and information above, herein, DSA
catalysts consisting of atomically dispersed Co/Ni dual sites
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anchored on nitrogen-doped graphene (labeled as CoNi-DSA/
NG) were rationally designed and synthesized by pyrolyzing
cobalt acetate, nickel acetate, r-alanine and melamine together
in an argon (Ar) atmosphere. Thanks to the numerous dual-
metal active sites and the cooperative effect from Co-Ni atomic
pairs, CoNi-DSA/NG exhibits extraordinary OER activity with an
overpotential of 214 mV at 10 mA cm™ >, and a Tafel slope of
only 81 mV dec™ ', which are much better than those of Co-SA/
NG and Ni-SA/NG.*” In addition, the stability of CoNi-DSA/NG
was evaluated by multi-cycle cyclic voltammetry (CV) curves,
and the overpotential only rose by 11 mV at 10 mA cm ™ after
3000 cycles. This study provides a prospective strategy to
rationally design the DSA catalysts and to significantly enhance
the electrocatalytic ability of SACs.

Experimental section

Chemicals and materials

Cobalt acetate tetrahydrate (Co(CH;COO),-4H,0), nickel acet-
ate tetrahydrate (Ni(CH3COO),-4H,0), ethanol (99.7%) (all AR),
t-alanine, melamine, and hydrochloric acid (HCl 36.0-38.0%)
(both CP) were all made by Sinopharm Chemical Reagent Co.,
Ltd. All reagents were used as received.

Preparation of CoNi-DSA/NG

Firstly, 2 g of melamine, 2 g of r-alanine, 25 mg of
Co(CH;3C00),-4H,0 and 25 mg of Ni(CH3;COO0),-4H,0 were
homogeneously mixed by grinding. Then, 15 mL of ethanol
and 3 mL of HC] were added, and the slurry was stirred on a
magnetic stirrer until the ethanol evaporated completely. The
resulting solids were dried in a vacuum oven at 60 °C for 24 h
and then ground again for 30 minutes. The obtained powder
was pyrolyzed in a tube furnace in an Ar atmosphere, heated to
900 °C at a rate of 3 °C min~ !, and held at this temperature for
2 h. The sample as-obtained was soaked in 3 M HCI to discard
metal grains, and then washed with water several times until
the supernatant was neutral. The black precipitates were oven-
dried under vacuum into a black power, and annealed at 900 °C
for 1 h in Ar to form CoNi-DSA/NG.

Melamine
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Scheme 1 Schematic preparation of CoNi-DSA/NG.
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Results and discussion

The preparation process of atomically dispersed Co/Ni dual
sites anchored on nitrogen-doped graphene (CoNi-DSA/NG)
was implemented by a two-step pyrolysis strategy, as exhibited
in Scheme 1. Firstly, cobalt acetate, nickel acetate, r-alanine
and melamine were mixed uniformly and then pyrolyzed at
900 °C for 2 h under an Ar atmosphere, in which melamine and
t-alanine were in situ decomposed and evolved into nitrogen-
doped graphene that can anchor Co and Ni atoms.*® The black
power was cleaned with a 3 M HCI solution to remove unstable
metal grains, and then re-annealed at 900 °C for 1 h in Ar to
restore the crystallinity, forming a CoNi-DSA/NG catalyst with
highly-dispersed Co/Ni dual sites. We also synthesized atom-
ically dispersed Co or Ni single atom sites anchored on
nitrogen-doped graphene (marked as Co-SA/NG or Ni-SA/NG,
respectively) using the same method.

Transmission electron microscopy (TEM) images of CoNi-
DSA/NG, Co-SA/NG and Ni-SA/NG exhibit the morphology of
graphene-like carbon sheets (Fig. 1a, b and Fig. S1, ESIt). The
TEM images show no evident metal grains, implying the
existence of atomically dispersed Co/Ni active sites. The high-
resolution TEM (HRTEM) of CoNi-DSA/NG shows the lattice
fringes of graphitic carbon, without obvious metal lattice fringes
(Fig. 1c). Therefore, we utilized the aberration-corrected high-
angle annular dark-field scanning TEM (AC-HAADF-STEM) to
explore the existing forms of Co and Ni in CoNi-DSA/NG. The
high-density bright spots in the AC-HAADF-STEM image reveal
the distribution of Co and Ni sites in the CoNi-DSA/NG (Fig. 1d).
Abundant atomic pairs can be observed (partially circled by the
red dashed lines), suggesting that Co/Ni dual-metal sites may be
generated. Besides, the metal contents of CoNi-DSA/NG, Co-DSA/
NG and Ni-DSA/NG were detected using inductively coupled
plasma optical emission spectrometry (ICP-OES) (Table S1, ESIT).
The total metal content in CoNi-DSA/NG is approximately double
those of Co-SA/NG and Ni-SA/NG. The larger metal-loading capa-
city of CoNi-DSA/NG may be ascribed to the Co and Ni interaction
for mutual stabilization.

For an exploration of the distributions of Co, Ni, N and C,
element mapping was used to investigate the CoNi-DSA/NG.
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Fig. 1 (a and b) TEM, (c) HRTEM, and (d) AC-HAADF-STEM images of
CoNi-DSA/NG.

The HAADF-STEM further reveals that CoNi-DSA/NG has a
sheet structure and no obvious metal particles (Fig. 2a). Accord-
ingly, the elemental mapping of CoNi-DSA/NG exhibits that the
atomically dispersed Co and Ni both are evenly spread through-
out the nitrogen-doped graphene nanosheets (Fig. 2b-f). The
presence of both Co and Ni signals proves the successful
embedding of diatomic sites into nitrogen-doped graphene.

L——1200 nm

L 1200.nm

Fig. 2
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The phase states and structures of the samples were char-
acterized by X-ray diffraction (XRD). The XRD patterns of CoNi-
DSA/NG, Co-SA/NG and Ni-SA/NG all show an intense peak at
~26° and a slight peak at ~44°, which are in accordance with
the (002) and (101) planes of graphitic carbon, respectively
(Fig. 3a). Moreover, the XRD patterns of all three catalysts show
no peak related to metal or metal compounds, which implies
the absence of any metal grain.** Raman spectra can well
uncover the orderly or disorderly crystal structures of carbon
materials. The Raman spectrum of CoNi-DSA/NG contains a
characteristic G band at 1590 cm ™" and a D band at 1362 cm ™"
(Fig. 2b), which match with graphitic carbon (G band) and
disordered carbon (D band), respectively.*>*! In addition, the
N, adsorption/desorption assays were conducted to test the
specific surface areas and porosity of CoNi-DSA/NG, Co-SA/NG
and Ni-SA/NG. The Brunauer-Emmett-Teller (BET) specific
surface areas of CoNi-DSA/NG, Co-SA/NG and Ni-SA/NG are
404.61, 330.56, and 304.35 m> g~ ', respectively (Fig. 2c). The
CoNi-DSA/NG, Co-SA/NG and Ni-SA/NG are mainly mesoporous
(about 3-4 nm), which facilitates electrolyte penetration and
the exposure of the active sites (Fig. 2d).**

The elemental composition and valence state of the CoNi-
DSA/NG were studied via X-ray photoelectron spectroscopy
(XPS). The high-resolution C 1s spectrum of CoNi-DSA/NG in
Fig. 4a is fitted into three peaks at 284.8 (C-C), 285.7 (C-N) and
288.2 (C-0) eV.* The high-resolution N 1s spectrum shows an
obvious metal-N peak (~399.2 eV), suggesting that the metal-
N bonds mainly coordinate the metal sites fixed on carbon
(Fig. 4b). The metal-N bonds will cause metal-N interactions,
which is pivotal in the stabilization and catalytic behavior of
single atoms. Besides, the N 1s spectrum also comprises

L1200 nm

Overlap

(a) HAADF-STEM image, EDX elemental mapping of (b) Co, (c) Ni, (d) N and (e) C, and (f) overlap of CoNi-DSA/NG.
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Fig. 3 (a) XRD patterns, (b) Raman spectra, (c) N, adsorption/desorption isotherms, and (d) the homologous pore distribution of CoNi-DSA/NG, Co-SA/

NG and Ni-SA/NG.
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Fig. 4 XPS survey spectra of (a) Cls, (b) N 1s, (c) Co 2p, and (d) Ni 2p of CoNi-DSA/NG.

pyridinic N (398.5 eV),

pyrrolic N (400.9 eV), quaternary

(401.6 eV), and oxidized (404.3 eV) N species, respectively.”**
Co 2p and Ni 2p of CoNi-DSA/NG uncover one chemical state
between zero and divalent of Co and Ni (780.4, 795.9, 854.8 and

808 | Energy Adv, 2023, 2, 805-812

872.1 eV for Co 2pz/s, Co 2pys, Ni 2ps,, and Ni 2p,,, respec-
tively, Fig. 4c and d) together with two wide satellite peaks,
which is in line with the reported valence of SACs.*>*® These
results demonstrate that the CoNi-DSA/NG is well synthesized

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) OER polarization curves, (b) overpotential contrast at the current density of 10 and 50 mA cm™2, and (c) Tafel slopes of Co-SA/NG, Ni-SA/NG
and CoNi-DSA/NG. (d) The polarization curves before and after 3000 CV of CoNi-DSA/NG (all tested in 1.0 M KOH solution).

and is a prospective OER electrocatalyst with abundant metal-N
active sites.

To assess the electrochemical behaviors of the catalysts, we
utilized a representative three-electrode system to measure the
OER performances of CONi-DSA/NG, Co-SA/NG and Ni-SA/NG in
a 1.0 M KOH solution. Fig. 5a exhibits the iR-compensated
linear scan voltammetry (LSV) curves, in which CoNi-DSA/NG
shows continually the largest current density in the whole
potential range. Obviously, CoNi-DSA/NG requires the lowest
overpotential of 214 and 332 mV at the current densities of 10
and 50 mA cm ™2, respectively (Fig. 5b), which surpass those of
Co-SA/NG (274 and 412 mV), Ni-SA/NG (377 and 499 mV) and
some of the reported catalysts in the literature (Table S2, ESIT).
The above results demonstrate that CoNi-DSA/NG possesses
higher catalytic activity than Co-SA/NG and Ni-SA/NG, which
may be attributed to the catalytic synergism between Co and Ni

slopes of catalysts were plotted by linearly fitting the polariza-
tion curves. The Tafel slope of CoNi-DSA/NG is 81 mV dec ™"
(Fig. 5c), which is lower than those of Co-SA/NG (125 mV dec™ )
and Ni-SA/NG (143 mV dec ). This result indicates that CoNi-
DSA/NG possesses a faster OER rate in alkaline solutions.*’
Additionally, the stability of CoNi-DSA/NG was tested by multi-
cycle CV (Fig. 5d). Comparing the LSV of this catalyst before
and after 3000 CV, the overpotential only rose by 11 mV at
10 mA cm™>. Those results demonstrate that CoNi-DSA/NG has
superior electrocatalytic effectiveness and stability in the OER
under alkaline conditions.

To explore the reasons for the superior catalytic activity of
CoNi-DSA/NG, the electrochemical double-layer capacitance
(Cq1) was detected using cyclic voltammetry (CV) at varying scan
rates in a non-faradaic zone, which can reflect the electroche-
mical active surface area (ECSA) (Fig. S2, ESIT).>° CoNi-DSA/NG

atoms.*”*® Moreover, to explore the catalytic kinetics, the Tafel ~possesses a Cq of 4.4 mF cm >, significantly larger than those
0.5 40
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Fig. 6 (a) The plots of charging current density differences of the catalysts against scan rates. (b) EIS plots at 1.62 V vs. RHE.
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of Co-SA/NG and Ni-SA/NG (3.5 and 1.4 mF cm ™~ respectively;
Fig. 6a), indicating that CoNi-DSA/NG has larger ECSA. Moreover,
electrochemical impedance spectroscopy (EIS) implies that CoNi-
DSA/NG has the smallest charge transfer resistance, which well
accords with the lowest Tafel slope.**”" In all, the considerably
better catalytic activity and kinetic procedure of CoNi-DSA/NG
fully verify the synergism of Co/Ni dual sites on enhancing the
OER performance.

Conclusions

We successfully synthesized atomically-dispersed Co and Ni
bimetal sites fixed in nitrogen-doped graphene (CoNi-DSA/NG).
Electrochemical measurements demonstrate that the CoNi-
DSA/NG catalyst exhibits superior OER kinetics, activity and
stability because of the excellent design and strong synergism
of atomic dual-metal sites. This study offers an outstanding
method to remarkably enhance the electrocatalytic behaviors of
single-atom catalysts by building heteronuclear dual-metal
sites and thus contributes to their extensive use in practical
energy storing and converting techniques.
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