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Abstract: Single-atom nickel dopants anchored to three-
dimensional nanoporous graphene can be used as catalysts of
the hydrogen evolution reaction (HER) in acidic solutions. In
contrast to conventional nickel-based catalysts and graphene,
this material shows superior HER catalysis with a low over-
potential of approximately 50 mV and a Tafel slope of
45 mVdec™ in 0.5m H,SO, solution, together with excellent
cycling stability. Experimental and theoretical investigations
suggest that the unusual catalytic performance of this catalyst is
due to sp—d orbital charge transfer between the Ni dopants and
the surrounding carbon atoms. The resultant local structure
with empty C-Ni hybrid orbitals is catalytically active and
electrochemically stable.

Sustainable hydrogen production from electrochemical
water splitting by the hydrogen evolution reaction (HER)
has attracted growing attention.!?! Although platinum-based
catalysts can dramatically reduce the overpotential of the
HER for fast reaction kinetics, practical implementations of
electrochemical hydrogen production have been thwarted by
the high costs and the natural scarcity of Pt.”! The transition
metal nickel is known to be a suitable catalyst for the HER in
alkaline solutions.*! Specially, nanostructured Ni alloys with
modified electronic structures are excellent HER catalysts in
alkaline electrolytes.”! However, the high catalytic activity of
the nickel-based alloys cannot be sustained in acidic solutions
because of Ni dissolution, limiting their applications in
feasible and operationally simple electrolytic processes that
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involve the use of proton-exchange membranes. Although
great efforts have been devoted to improving the stability of
Ni-based catalysts in acidic solutions, for example, by the
recent development of Ni,P nanoparticles!® and Ni/Mo/N
composites,” Ni-based catalysts still suffer from low stability
and/or insufficient catalytic activity in acidic solutions.
Whereas inert graphene itself is not an active HER catalyst,
it has recently been demonstrated that nitrogen and sulfur
doping can dramatically enhance the catalytic activity of
graphene by significantly reducing the overpotential of the
HER.® In this study, we developed single-atom Ni catalysts
anchored to nanoporous graphene (np-G) by incorporating
HER-active Ni atoms into chemically stable graphene. The
Pt-free single-atom catalysts exhibit superior catalytic activ-
ities and exceptional stability in water-splitting reactions in
acidic solutions.

Figure 1a shows a scanning electron microscopy (SEM)
image of np-Ni with an atomically thick graphene layer grown

Figure 1. a) SEM image of the as-prepared np-Ni/graphene composite.
b) SEM micrograph of Ni-doped np-G after Ni dissolution for six
hours. ¢) TEM image of Ni-doped np-G. Inset: SAED pattern.

d) HAADF-STEM image of Ni-doped graphene. Inset: Enlarged
HAADF-STEM image (red circle), which shows a substitutional Ni
atom (bright orange spot) occupying a carbon site in the graphene
lattice (white lines).

by chemical vapor deposition (CVD);*!”! approximately 100—
300 nm large nanopores are uniformly distributed across the
sample (Supporting Information, Figure S3a). Free-standing
np-G with doped Ni was chemically exfoliated by dissolving
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the np-Ni templates in 2.0 HCl solution. After complete np-
Ni dissolution, the nanoporous structure of the np-Ni had
been inherited by the graphene (Figure 1b). The dissolution
of the np-Ni templates with time was investigated by SEM
and energy-dispersive X-ray spectroscopy (EDS; Figure S4).
A rapid decrease in Ni content was observed at dissolution
times of less than five hours; afterwards, the residual Ni
concentration decreased only gradually and remained nearly
constant after seven hours, indicating that the residual Ni
atoms have a strong chemical affinity towards np-G in the
samples treated for longer periods of time. EDS analysis
confirmed that the Ni content was approximately 4-8 at. % in
the sample etched for six hours while the contrast from heavy
Ni elements cannot be identified from the SEM image
(Figure 1b), indicating the absence of Ni-rich particles. In
contrast, the samples that were etched for less than six hours
contained Ni particles (Figure S4). The structure of np-G with
Ni doping was characterized by transmission electron micros-
copy (TEM) and scanning TEM (STEM). A bright-field TEM
image (Figure 1c) shows the complex 3D morphology of
np-G with concave and convex curvatures and nanopores.
Except for a small number of dark Ni clusters with sizes of 1-
3 nm, Ni nanoparticles were not observed, indicating the full
dissolution of the Ni templates. Selected area electron
diffraction (SAED; Figure 1c, inset) analysis revealed that
the np-G sample had multiple crystallographic orientations,
which is associated with the random distribution of the
interconnected graphene sheets in the 3D porous structure.
Notably, additional diffraction spots from nickel and nickel
oxides or hydroxides could not be seen, implying that most Ni
dopants in the graphene layer are present as single atoms,
rather than as Ni-rich individual phases. A high-resolution
TEM (HRTEM) image (Figure S3c) shows that the flat parts
of 3D np-G have a perfectly hexagonal structure, the same as
for 2D graphene sheets, while topological lattice defects
appear in the curved regions to accommodate the large
curvature gradients.'!) The atomic structure of Ni-doped
graphene, imaged by high-angle annular dark field (HAADF)
STEM, is shown in Figures 1d and S3d. Aside from a small
number of 1-2 nm Ni clusters, single Ni atoms with a bright
contrast can be observed, and the number density was
determined to be approximately 10*-10" m 2 confirming
that most of the residual Ni is present in the form of individual
atoms.” A zoomed-in image with atomic resolution (Fig-
ure 1d, inset) shows that the monoatomic Ni species occupy
carbon sites in the graphene lattices. Theoretically, these
isolated Ni atoms may be viewed as absorption atoms located
in the hollow centers of the six-membered C rings, or as
single-atom dopants in substitutional lattice sites or anchored
to the lattice defects of graphene (Figure S5). Density func-
tional theory (DFT) calculations show that the binding
energies of absorbed, substitutional, and anchored Ni atoms
are —0.94eV, —7.54 eV, and —8.97 eV, respectively. Appa-
rently, substitutional and anchored Ni dopants are energeti-
cally favorable because the binding energies are even lower
than the cohesive energy of bulk Ni (—4.44 eV).["¥
Ni-doped np-G was further characterized by Raman
spectroscopy. As shown in Figure 2a and Table S1, the
broad 2D bands (2705 cm™'), together with a low intensity
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Figure 2. a) Raman spectra of graphene@np-Ni (before etching), sub-
stitutional Ni-doped graphene (after etching to dissolve the np-Ni
template), and Ni-doped graphene after 120 h HER testing. b) XPS
spectrum for all elements in Ni-doped np-G. Inset: Enlarged O 1s
spectrum. c) High-resolution C 1s XPS spectrum. Inset: Additional
peak towards lower energies resulting from C—Ni bonding. d) High-
resolution Ni 2p XPS spectra of pristine graphene@np-Ni (black
curve), Ni/np-G with 3 h Ni dissolution (red curve), and Ni-doped
graphene with 6 h dissolution (blue curve).

ratio for the 2D and G bands (/,p/I; =1.5), demonstrate that
the 3D nanoporous structure is mainly constructed of bilayer
and few-layer graphene. The appearance of weak D bands in
the Raman spectra indicates the presence of structural
defects,™™! which are geometrically required to coordinate
high curvature gradients in 3D nanoporosity.'" !l The valence
state of np-G with Ni doping was determined by X-ray
photoelectron spectroscopy (XPS). A Ni-doped np-G sample
(6 h dissolution) contained C, O, and Ni as the main elements
with a very small amount of residual Mn (Figure 2b). The
main peak in the C1s spectrum (Figure 2¢) is located at
284.8 eV and due to graphite-like sp*-hybridized carbon. A
small amount of carbon functional groups, including hydroxy
(C—OH), carboxy (COOH), and ketone/aldehyde (C=0)
moieties, can be detected.'"" The enlarged C 1s spectrum in
Figure 2c, inset shows a slight bump at the low-energy side,
indicating a low fraction of C—Ni bonding.! The main peak
in the O1s spectrum (Figure2b, inset) is observed at
approximately 533.2 eV, with a shoulder towards higher
binding energies. The peak at 533.2eV is mainly due to
H,0O adsorbed on the sample while the shoulder peak may
originate from carboxy and hydroxy groups. The binding
energy of the Ni 2p;, peak is 853.6 eV (Figure 2d) and thus
higher than that reported for Ni’ (852.5-853.0eV) and
pristine, graphene-coated np-Ni, but similar to that of Ni in
nickel carbides.!”>! Thus, the Ni2p;, and C 1s XPS spectra
indicate a chemical interaction between the Ni dopants and
graphene with possible formation of C—Ni bonding. The peak
at about 870.9 eV was assigned to the 2p,, spin-orbit
component of zero-valent metallic nickel, suggesting that
the atomic Ni residues are in the metallic state and not
present as Ni oxides or hydroxides. For comparison, we also
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H,SO, solution was evaluated with
a three-electrode setup. As shown
in Figures 3a and S7a, samples with
short Ni dissolution times (3-5h)
exhibited a high current response
owing to the large amount of resid-
ual metallic Ni’. However, an obvi-
ous current response was observed
between 0 and 0.1 V, which corre-
sponds to the dissolution of excess
Ni and hence indicates insufficient
electrochemical stability. After Ni
dissolution in 2.0 M HCl solution for
six hours, the current response between 0 and 0.1 V com-
pletely disappeared, indicating that the residual Ni in the form
of substitutional dopants has become electrochemically
stable. To further test the stability of the samples with
different Ni dissolution periods, cyclic voltammetry (CV)
experiments between 0.1 and —0.2 V were run for 200 cycles.
The electrodes obtained with short Ni dissolution periods of
three to five hours showed poor current retention. After Ni
dissolution for six hours, the Ni-doped graphene became
stable with nearly 100% retention and retained a high
electrode current at —0.2V (Figure S7b). The catalytic
performance of the Ni-doped np-G samples (4, 6, and 9 h
dissolution) in the HER was compared with Pt and reduced
graphene oxide (1-GO) under the same testing conditions.
The polarization curve of Ni-doped graphene (6 h dissolu-
tion) showed a very low overpotential (1) of approximately
50 mV for the HER (Figure 3a) and a rapid increase in the
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Figure 3. a) Polarization curves of Ni-doped graphene samples with different Ni dissolution periods
(4, 6, and 9 h) along with those of Pt and reduced graphene oxide (r-GO) electrodes for comparison.
b) Tafel plots of Ni-doped graphene (6 h dissolution) and Pt. c) Overpotential (left) and Tafel slope
(right) analysis of different HER catalysts in acid solutions. d) Durability of Ni-doped graphene at

a constant overpotential of 150 mV for 120 h (green line) and cycling stability tests (red line:
polarization curve of pristine Ni-doped graphene (6 h dissolution); black dashed line: after

1000 cycles). e) Hydrogen adsorption sites and configuration of the Ni,,,/G model with
AG,.=—0.10 eV (left) and calculated Gibbs free energy diagram (right) of the HER at equilibrium
potential for a Pt catalyst and Ni-doped graphene (Ni,,/G, Nig,/G, and Nige/G) samples. The free
energies for hydrogen adsorption on pristine graphene and Pt metal are plotted for comparison, with
AG-=0.79 and 0.09 eV, respectively.

cathodic current with applied potential. In contrast,
r-GO without any Ni dopants exhibited a very low HER
activity, which is consistent with a previous report.'’] The
HER activity of Ni-doped graphene strongly depends on the
concentration of the substitutional Ni dopants. A very low Ni
concentration (0.38 at. %; 9 h dissolution) leads to a much
lower HER activity (Figure 3a). These results demonstrate
that the Ni dopants play a crucial role in determining the
HER activity. The overpotential of the Ni-doped graphene
catalyst is much lower than or comparable to the best values
achieved with Pt-free monolithic catalysts, such as MoS,
nanosheets (ca. 100-120 mV),l”"¥ chemically exfoliated 2D
WS, (80-100 mV),™ and metal-free chemically doped gra-
phene (130-290 mV).®l Moreover, the achieved overpotential
is also comparable to those of the best Ni-based catalysts, such
as Ni/NiO/CoSe, in 0.5M H,SO, solution,”! but the Ni-doped
graphene has a much better stability.

www.angewandte.org

Chemie

14033


http://www.angewandte.org

14034 www.angewandte.org

Angewandte

Communications

The HER kinetics of the Ni-doped graphene were
analyzed by Tafel plots. The linear portions of the Tafel
plots were fitted to the Tafel equation: n = blog(j) + a, where j
is the current density, and b is the Tafel slope. The Tafel slope
of Ni-doped graphene (6 h dissolution) shows a very low value
of about 45 mV dec ™' (Figure 3b), which is comparable to the
lowest values (41 and 50 mV dec™") reported for MoS,-based
catalysts.'” 81 A comparison of the Tafel slopes and over-
potentials of Ni-doped graphene and previously reported
highly efficient HER catalysts is given in Figure 3¢ and
Table S2. Apparently, substitutional Ni doping dramatically
changes the chemical activity of graphene from inertness to
being one of the best HER catalysts. The intrinsic catalytic
activity of Ni-doped np-G was assessed in terms of the
exchange current density (j,), which was calculated from the
extrapolated x intercept at #=0. The j, value of Ni-doped
graphene is about 5.3x102mAcm 2, which is obviously
higher than those of Ni/NiO/CoSe, (1.4x 1072 mA cm %)
and MoS, based catalysts (5.1 x107° mA cm™2).%! Based on
the number of Ni atoms, the calculated turnover frequency
(TOF) is approximately 0.8 s™' at 7=0.3 V, which is higher
than those of most MoS,-based catalysts (ca. 0.01-0.3 s71) !
demonstrating the high intrinsic catalytic activity of the
substitutional monoatomic Ni dopants with a Faradaic effi-
ciency close to 100 %.

Electrochemical impedance spectroscopy (EIS) measure-
ments (Figure S7c¢) show a low internal resistance of 9 ohm
(6 ohmcm?), indicating that the high electrical conductivity
of np-GI" was well retained after Ni doping. At a constant
overpotential of 150 mV, Ni-doped graphene showed an
excellent HER performance with about 90% retention of
the initial activity after running for 120 h (Figure 3d). A
Raman spectrum of the cycled sample showed that the long-
term testing only led to slight increase in the D band intensity
(Ip/I5=0.6; Figure 2a) in comparison with the as-prepared
sample. We also analyzed the cycling stability of Ni-doped
np-G under continuous potential scanning. After 1000 cycles,
the catalyst only showed negligible cathodic current loss
(Figure 3d), and the sample was analyzed by STEM and
electron energy loss spectroscopy (EELS; Figure S8). The
distribution of the atomic Ni dopants was very similar to that
in the as-prepared sample (Figure S3), demonstrating that the
single-atomic Ni dopants in np-G are stable under the acidic
electrochemical conditions. Separate XPS measurements of
the sample after 1000 cycles showed no obvious chemical
structure changes of the Ni dopants, further corroborating the
high chemical stability of Ni-doped np-G (Figure S9).

The HER reaction mechanism in acidic solutions has been
described as a three-stage process consisting of 1) an initial
stage of H" and e~ generation, 2) an intermediate stage of H*
adsorption, and 3)a final stage of 1/2H, generation.['"*!
Highly efficient HER catalysts have a Gibbs free energy of
H* adsorption, |AGy;|, close to zero;'*! this property
depends on the geometric and electronic structures of the
catalysts. To understand the reasons for the exceptional
catalytic activity of single-atomic Ni-doped graphene, we
investigated the characteristic structural features and the
Gibbs free energy profiles of graphene—Ni catalysts with three
possible configurations: The nickel dopants can be present as

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1) interstitial atoms in the hollow centers of the benzene rings
(Ni,,), 2) substitutional dopants occupying Csites in the
graphene lattice (Nig,,), or as 3) anchoring atoms on defect
sites (Nig; Figure S5). The | AGy- | values of pure graphene
and Ni,-doped graphene (Figure 3¢) are positive, indicating
that H* cannot be efficiently adsorbed onto the catalysts, and
therefore, their catalytic activities are impeded. However, the
| AGy-| values of Nig,- and Nigrdoped graphene are
negative, and in particular, Nig,-doped graphene has the
smallest | AGy: | value of 0.10 eV, which is similar to those of
Pt catalysts (| AG™4. |~ 0.09 eV). For Nig-doped graphene
with different topologic defects (Figure S10), negative Gibbs
free energies, AGy:, from —0.40 to —0.26 eV were obtained,
which are significantly smaller than that of the Pt catalyst.
These results demonstrate that single Ni atoms occupying
carbon sites of graphene are the most efficient HER catalysts
and therefore play a critical role in the outstanding HER
activities.

The exceptional catalytic activity of single-atom catalysts
usually arises from unique electronic structures that are due
to chemical interactions with the supports.”®! The electronic
structure of graphene with Ni,, and Niy, was investigated
with DFT calculations (Figure S11). The Ni, optimized
structure showed that the Ni atoms lie out of the graphene
plane by 0.173 nm and revealed an impurity binding energy of
only —0.94 eV. The partial density of states (pDOS) projected
to the Ni,, atom indicates that the electrons of the impurity
occupy nearly degenerate 3d levels, which are just below the
Fermi level (E;) and largely retain the isolated atomic orbital
characteristics (Figure S11a). Therefore, the Ni,, atoms are
physically adsorbed onto the hollow centers of the graphene
surface, and the electronic state of the Ni,,—graphene system
is similar to that of pristine graphene with a positive Gibbs
free energy of H* adsorption (Figure 3¢). However, the Nig,
optimized structure shows that the Ni atom lies out of the
graphene plane by only 0.108 nm. The pDOS projected to the
Ni atom and the three surrounding C atoms, together with
their overlapping (Figure S11b,c), indicates strong C—Ni
binding, which is in good agreement with the XPS data. As
a result, the binding of the Ni dopant with graphene becomes
much more stable with a binding energy of —7.54¢eV. In
particular, sp—d orbital-charge transfer between the Ni dopant
and the surrounding carbon atoms results in an empty C-Ni
hybrid orbital close to E; (Figure S11c), which turns the local
structural unit consisting of the Ni dopant and the surround-
ing C atoms into a catalytically active site because the
chemical bond between the H* atom and the hybrid orbital
significantly reduces the H* adsorption energy (Figure 3e).
Moreover, the chemical bonding that is due to the charge
transfer between the Ni dopants and the carbon surrounding
apparently stabilizes the Ni species in acidic solutions.
Therefore, the interplay between the substitutional monoa-
tomic Ni dopants and the surrounding C atoms leads to
exceptional HER catalysis and renders the Ni-doped gra-
phene highly stable.
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