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Realizing large-scale electrochemical hydrogen evolution in alkaline and neutral media by robust and
non-noble-metal heterogeneous catalysts is highly ambitious due to the sluggish reaction kinetics at
low H+ conditions. Herein, highly efficient hydrogen evolution reaction (HER) catalysts, comprising Ni,
NiO clusters, and defective carbon, are successfully constructed via a facile and large-scale route.
Multiple synchrotron radiation-based X-ray spectroscopic characterizations, combining high-
resolution transmission electron microscopy measurements, indicate the formation of ternary
interfacial superstructure with intimate interfacial coupling through abundant NiAOAC bonds.
Impressively, the optimized catalyst loaded onto the usual glass carbon electrode exhibits exceptional
catalytic activities with overpotentials of 64 and 76 mV to reach 10 mA cm�2 in 1 M KOH and 1 M
phosphate buffer solution (PBS), respectively, representing one of the best non-noble-metal HER
electrocatalysts to date. Insights into the metal/oxide interfacial effects through density functional
theory calculations reveal that the interface sites could efficiently lower the energy barrier of the rate-
determining step (RDS), contributing to the fast reaction kinetics. This work not only provides
comprehensive insights into interfacial feature of highly active HER catalysts but also broadens the
fundamental understanding of interfacial effects toward HER catalysis.
Introduction
Hydrogen evolution by water electrolysis is generally considered
as a very promising way to realize large-scale hydrogen produc-
tion [1–4]. It holds the key to developing highly efficient and
cost-effective catalysts as alternatives to high-cost Pt group mate-
rials [5,6]. Although some non-Pt catalysts show comparable and
even surpassing catalytic performance with respect to Pt-based
catalysts in acidic conditions [7–9], the development of non-Pt
catalysts with satisfactory catalytic performance in alkaline and
neutral media for alkaline water and sea-water electrolysis is still
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a challenge [10–17]. For hydrogen evolution reaction (HER) in
alkaline and neutral media, the so-called Volmer step, the water
dissociation, is identified as the rate-determining step (RDS)
[18–22]. However, its high-energy barrier leads to the sluggish
reaction kinetics and hinders the overall HER process [23]. In this
regard, the researchers have developed various highly active HER
catalysts [24–27]. In particular, the binary metal/oxide interfacial
structures compared to the single-phase ones exhibit synergistic
effects on the water dissociation and thus remarkably enhance
HER catalytic performance [28–31]. Compared to other catalysts
[32–34], nickel-based materials generally exhibit unique HER per-
formance with low overpotential and gain extensive attention
due to earth-abundant reserves and unique eight electrons in
the 3d electron orbital that contributes to facile structural
1
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FIGURE 1

Schematic illustration for the formation process of Ni/NiO@C. The direct
annealing reduction in inert atmosphere was employed with ethylenedi-
aminetetraacetic acid nickelous salt (EDTA–Ni) as precursors. The red dotted
circles illustrate carbon defect sites.

R
ESEA

R
C
H
:O

rig
in
al

R
esearch

RESEARCH Materials Today d Volume xxx, Number xx d xxxx 2018
regulation [13]. Moreover, carbon supports are generally
employed as electronic conductor [10,29]. Nevertheless, the effi-
cient integration of the metal/oxide/carbon components and the
investigation of the interaction of these components are rare.
Therefore, developing synthesis strategies with precise structure
designs are highly desirable but challenging to fabricate highly
efficient ternary HER catalysts, i.e., metal/oxide/carbon interfa-
cial structures. Furthermore, probing the ternary interfacial inter-
actions is of great significance to unravel the catalytic
mechanisms and enhance the catalytic performance.

On the other hand, material-characterization methods with
the atomic level precision are crucial to obtain an in-depth
understanding of the above-mentioned interfacial structure and
effects by combining multiple characterization techniques and
theoretical calculations [35–39]. However, the complexity of
the metal–oxide–carbon ternary structure impedes exhaustive
structure identification. Currently, synchrotron radiation-based
X-ray absorption spectroscopy (XAS) techniques gain popularity
due to the unique advantages in analyzing atomic and electronic
structures [40–44]. For instances, the soft XAS is highly effective
to analyze the interfacial interaction between the carbon sup-
ports and metal/oxide species [44]. The hard XAS, X-ray absorp-
tion fine structure (XAFS) and the extended X-ray absorption fine
structure (EXAFS), can precisely analyze the atomic coordination
structure and coordination number of the metals and oxides
[45]. Thus, the combination of the soft and hard XAS would
obtain distinctive superiorities in facilitating the understanding
of the metal–oxide–carbon interfacial structure.

In the present work, unique ternary interfacial structures were
elaborately obtained by thermal treatments of simple coordina-
tion compounds. The as-prepared materials consisted of ultra-
small Ni nanoparticles, mounted NiO clusters, and defective
ultrathin carbon layers (marked as Ni/NiO@C), forming
‘pomegranate’-like nano-superstructure. More particularly, acces-
sible ternary interfacial nanostructure with intimate interfacial
contact was formed among the three components, as revealed
by material-characterization methods with the atomic level pre-
cision, especially the soft and hard XAS measurements. The cat-
alytic performance of the ternary interfacial structure materials as
the HER electrocatalysts was evaluated by systematic electro-
chemical tests. Furthermore, density functional theory (DFT) cal-
culations were performed to understand the Ni/NiO interfacial
effects on the overall HER process.
Results and discussion
Synthesis of ternary interfacial superstructure
The precursor, ethylenediaminetetraacetic acid nickelous salt
(EDTA–Ni, Figure S1), was readily prepared by the coordination
process of Ni2+ and EDTA acid (see the Materials and Methods
for details). The analysis (Figure S2) toward element composi-
tions of the EDTA–Ni indicates that the valence state of Ni ele-
ment is determined to be mainly +2, with the content of 19.2
wt%. Then, direct thermal treatments of EDTA–Ni at the
designed temperature (400 and 500 �C) were performed to obtain
the target NiAC-based structure through the reduction process of
Ni2+ and organic ligands in inert atmosphere, as schematically
illustrated in Figure 1. Finally, on account of the instability of
2
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ultrasmall transition metal nanoparticles in the air, the two
annealed fresh samples were placed in the air for one month,
then the relatively stable ternary structures (denoted as
Ni/NiO@C-1 and Ni/NiO@C-2 which are from the 400 and
500 �C-annealed fresh samples, respectively) were obtained. For
full consideration, the control sample (denoted as Ni/NiO@C-3)
was also prepared by placing the 500 �C-annealed fresh sample
in the inert atmosphere at room temperature.

Chemical compositions and microstructures of ternary
interfacial superstructure
Typically, the powder X-ray diffraction (PXRD) and electron
microscopy were conducted to investigate the compositions, as
summarized in Figure 2. From Figure 2a, the XRD patterns of
the Ni/NiO@C-2 and Ni/NiO@-3 could be indexed to the charac-
teristic diffraction peaks of the cubic Ni (JCPDF 65-0380). Note
that for the 400 �Cannealing obtained Ni/NiO@C-1, besides the
diffraction peaks from the Ni, the NiO component could also
be found probably due to inadequate reduction in Ni2+ at rela-
tively low annealing temperature. The transmission electron
microscopy (TEM) images of the three Ni/NiO@C (Figures S3,
2b, and c) suggest that these nanoparticles with the size of about
5 nm were well embedded in graphene cages. Meanwhile, these
Ni-contained graphene cages were covalently connected, form-
ing typical ‘pomegranate’-like nano-superstructure. Furthermore,
the Ni/NiO@C-2 as a representative, high-resolution TEM
(HRTEM) was performed (Figures 2d, S4, and S5). As shown in
Figure 2d, the lattice fringe distances of 2.04, 1.78, 2.11 and
3.41 Å coincide well with the Ni(111), Ni(200), NiO(200) and
C(002) facets, respectively. This result is further confirmed by
selected area electron diffraction (SAED) pattern (inset of Fig-
ure 2d). One could see that, besides the binary interfacial struc-
tures of Ni nanoparticles and carbon layers, ternary interfacial
structures could also be observed among Ni, NiO, and carbon lay-
ers, which are further verified in Figure S4. Specially, NiO
nanoparticles (about 5 nm) without coated carbon layers also
existed at the outside edge of materials (Figure S5). From the
above TEM analysis, it can be inferred that the formation of
the NiO composition in the Ni/NiO@C-2 was probably ascribed
018.01.033
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to the oxidation of metal Ni in air such that the Ni/NiO interfa-
cial structure mainly existed at the carbon defect sites. Mean-
while, the existing carbon layers could protect the Ni
nanoparticles from excessive oxidation; thus, the stable ternary
interfacial structure was formed. In order to further probe the
chemical compositions and their distributions, the energy dis-
persive X-ray (EDX) mapping of the Ni/NiO@C-2 was presented
(Figure 2e), which indicates the uniform distribution of Ni, C,
O, and N elements. N elements derived fromN-contained organic
ligands of EDTA. Notably, the uniform presence of O elements
into overall superstructure suggested that the NiO component
was not just at the outside edge of materials. The NiO probably
exists on each Ni-contained graphene cage such that abundant
ternary NiANiOAC interfaces are formed, as illustrated in Fig-
ure 1. In order to verify the feature of carbon layers, the control
sample without the NiO component (marked as Ni/NiO@C-2 acid
treatment) was also prepared through the acid treatment of the
Ni/NiO@C-2 in room temperature (see theMaterials andMethods
for details). From thermogravimetry analysis (TGA) results
(Figure S6) of the Ni/NiO@C-2 and Ni/NiO@C-2 acid treatment,
we can conclude that the Ni species in the Ni/NiO@C-2 with
FIGURE 2

Chemical compositions and microstructure of ternary interfacial superstructure o
of the Ni/NiO@C-2. (d) HRTEM image (Inset: the SAED image) and (e) STEM EDX

Please cite this article in press as: H. Jiang et al., (2018), https://doi.org/10.1016/j.mattod.2
the Ni content of 55.0 wt% could be efficiently removed through
acid leaching, suggesting the accessibility of most of carbon lay-
ers. Such accessibility of carbon layers also contributes to the for-
mation of the above unique ternary interfacial structure due to
the entering of oxygen from carbon defect sites. Next, it holds
the key to further exploring the interfacial properties and effects,
as discussed in the following sections.

Investigation of interfacial properties
In order to achieve the precise characterization of ternary inter-
face properties, synchrotron radiation-based spectroscopy tech-
nologies, including synchrotron radiation X-ray photoelectron
spectroscopy (SRXPS) and the XAS, were introduced. First,
surface-sensitive spectroscopic techniques, XPS, and soft X-ray
absorption near edge structures (XANES) measurements were
employed to explore the local structure (Figure 3). As shown in
Figure 3a, the dominant feature A assigned to metallic Ni in
the high-resolution Ni 2p XPS spectrum suggests that the NiO
compositions are not detected probably due to the extremely
low content in the Ni/NiO@C-2 and Ni/NiO@C-3 [46]. However,
for the Ni/NiO@C-1, another feature B assigned to Ni2+ could be
f Ni/NiO@C. (a) PXRD patterns of the three Ni/NiO@C. (b and c) TEM images
mappings of the Ni/NiO@C-2.

3
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FIGURE 3

Interfacial identifications of ternary interfacial superstructure of Ni/NiO@C. (a) Ni 2p XPS spectra of the three Ni/NiO@C. (b) O 1s XPS spectra of the three Ni/
NiO@C (c) XAS spectra of Ni foil, Ni/NiO@C-1 and Ni/NiO@C-2 at Ni L-edge. (d) XAS spectra of Ni/NiO@C-2 and Ni/NiO@C-2 acid treatment at C K-edge.
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also observed due to the relatively high NiO content, in accor-
dance with the previous XRD analysis. Furthermore, the high-
resolution O 1s XPS spectra (Figure 3b) clearly show two main
peaks that were recognized as O species of the NiO compositions
(feature A) and the absorbed O species from air (feature B),
verifying the co-existence of Ni and NiO [47,48]. Additionally,
the peak area of the characteristic peak (feature A) implies
that the NiO content followed the sequence: Ni/NiO@C-1 >
 Ni/NiO@C-2 > Ni/NiO@C-3. The high-resolution C 1s and N 1s
XPS spectra reveal the N-doping in the defective carbon layer
(Figure S7). To further shed light on the chemical environments
of Ni sites, the soft XANES spectra at Ni L2,3 edges were recorded.
As shown in Figure 3c, compared to the Ni foil, the shoulder peak
A at the high-energy side of the L3 peak and splitting of the L2
peak are assigned to those of the L2,3 edge spectrum, further cor-
roborating the interface structure of Ni and NiO [49]. Then, the
next question is how the interface of carbon layers and Ni species
interact. From the C K-edge XAS spectrum in Figure 3d, three
main peaks located at 287.2 eV, 284.2 eV, and 291.3 eV are
observed and marked as A, B, C, respectively. Feature B and fea-
ture C are typically assigned to the p⁄ states and r⁄ states of
the carbon ring structure [50]. And, feature A is assigned to the
interfacial interaction between Ni species and carbon layers
[51]. Meanwhile, the feature A also indicates the defective feature
of carbon layer, which is further demonstrated by the D and G
bands in the Raman spectrum (Figure S8). In our control
experiments, the feature A completely disappeared for the case
4
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of Ni/NiO@-C-2 after acid treatment, which revealed that the fea-
ture A mainly ascribed to the NiAOAC bonds and meanwhile
verified the accessibility of carbon layers in the Ni/NiO@-C-2.
Besides, compared to that of the Ni/NiO@-C-2 acid
treatment, the significantly decreased features B and C of the
Ni/NiO@-C-2 also confirm the interfacial electron transfer from
the Ni species to carbon layers due to strong interfacial interac-
tion, further revealing the formation of the ternary NiANiOAC
interfaces with high-density level [52]. These interface investiga-
tion results strongly verify the formation of ternary interfacial
structures with intimate interfacial contact and high-density
level.

To further identify the coordination structure of Ni species in
samples, XAFS measurements were conducted. As exhibited in
Figure 4a, obvious differences in intensity and position of the
characteristic peak for three Ni/NiO@C could be observed in ref-
erence to the standard Ni foil and NiO foil, implying different
chemical environments of Ni species in these Ni/NiO@C sam-
ples. Moreover, the absorption threshold of the Ni/NiO@C-2 is
close to that of the Ni foil and also positively shifted (the inset
of Figure 4a), further suggesting that the Ni/NiO@C-2 typically
consisted of dominated metal Ni with tiny oxides [53]. With
respect to the relative amount of the NiO composition in the
Ni/NiO@C samples, the above XRD and XPS are unable to
achieve the request due to very low NiO content. On account
of high penetrability of XAFS measurements in transmission
mode, the content ratios of Ni and NiO were estimated by linear
018.01.033
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FIGURE 4

XANES and EXAFS spectra of ternary interfacial superstructure of Ni/NiO@C. (a) Normalized Ni K-edge XANES spectra of the three Ni/NiO@C as well as the Ni
foil and NiO foil reference samples. (b) Linear combination fitting spectra of the Ni/NiO@C-2 based the spectra of the measured Ni/NiO@C-2, the Ni foil, and
the NiO foil. (c) The corresponding k3-weighted w(k)-function of the Ni K-edge EXAFS spectra. (d) EXAFS fitting curves of the Ni/NiO@C-2.
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combination fitting of Ni foil and NiO foil standard patterns [46]
(Figures 4b, S9, and S10). As summarized in Table S1, the NiO
content is 21.3 wt% for the Ni/NiO@-C-1, 9.8 wt% for the
Ni/NiO@-C-2, 5.2 wt% for the Ni/NiO@-C-3, respectively, which
is consistent with the above O 1s XPS results. The EXAFS and fit-
ting curve results (Figures 4c and d, S11) are obtained to extract
bond lengths and coordination numbers (CNs). In reference to
the standard NiO foil and Ni foil, the significantly decreased
CN for NiAO bonds and slightly decreased CN for NiANi bonds
in the three Ni/NiO@C-2 samples further confirm that the NiO
clusters were mounted on the dominated metal Ni (Table S2).

HER performance evaluation in alkaline and neutral media
Developing efficient HER electrocatalysts operated in alkaline
and neutral media is of great importance for alkaline water elec-
trolysis, microbial and sea-water electrolysis [31]. Here, the HER
catalytic performance of these Ni/NiO@C was evaluated in a
standard test system (see the Materials and Methods for details).
For better comparison, the control sample with 79.9 wt% NiO
content (Figures S12–S14) was also obtained through oxidizing
Ni/NiO@C-2 (marked as Ni/NiO@C-2 oxidation, see the Materials
and Methods for details). From Figure 5a and b, these polariza-
tion curves reveal that the onset overpotential of these
Ni/NiO@C catalysts is close to that of Pt/C catalyst, implying
superior HER catalytic performance at the very beginning.
Please cite this article in press as: H. Jiang et al., (2018), https://doi.org/10.1016/j.mattod.2
Furthermore, the overpotentials at a current density of 10 mA
cm�2 for the Ni/NiO@C-2 catalyst are as low as 64 and 76 mV
in 1 M KOH and 1 M PBS, respectively (Figure 5c and d), which
are very impressive and comparable with that of the state-of-
the-art non-precious metal catalysts (Tables S3 and S4). The opti-
mized catalytic activities of the Ni/NiO@C-2 catalyst are ascribed
to appropriate Ni/NiO ratio, which is further demonstrated by
the poor catalytic activities of the Ni/NiO@C-2 oxidation with
excessive NiO content. Moreover, to estimate the reaction kinet-
ics and the rate-determining steps (RDSs) of these electrode mate-
rials, the Tafel slopes of these samples were further analyzed
(Figure 5e and f). Clearly, the Ni/NiO@C-2 displays the smallest
Tafel slope (55 mV dec�1 in 1 M KOH and 53 mV dec�1 in 1 M
PBS) among these Ni-based catalysts, suggesting the fastest reac-
tion kinetics. Notably, the Tafel slope of all catalysts is more than
30 mV dec�1, revealing that the Volmer step (water dissociation)
is RDS. Additionally, the double-layer capacitance (Cdl) of Ni/
NiO@C-2 is significantly smaller than that of the Ni/NiO@C-2
acid treatment (Figures S15–S17), which is ascribed to porous
structure due to Ni removing (Figure S18). As reported by Bao
and co-workers [54], the interfacial electron penetration from
the metal Ni to the graphene surface in the Ni@C structure could
efficiently promote the HER in acid media. However, poor cat-
alytic activities of the Ni/NiO@C-2 acid treatment without
exposed Ni/NiO interfaces indicated that the interfacial charge
5
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FIGURE 5

HER performance of ternary interfacial structures of the Ni/NiO@C and control samples. (a, c and e) HER performance in 1 M KOH: LSV polarization curves (a),
overpotentials at a constant current density of 10 mA cm�2 (c), and Corresponding Tafel plots (e). (b, d and f) HER performance in 1 M PBS: LSV polarization
curves (b), overpotentials at a constant current density of 10 mA cm�2 (d), and corresponding Tafel plots (f).
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penetration is not the key in alkaline and neutral media. The
high catalytic performance of the Ni/NiO@C-2 catalysts mainly
stems from the accessible interface structures. Moreover, com-
pared to previously reported metal/oxides interfacial structures
[28–31], the better catalytic performance of ternary interfacial
superstructures indicates that the high-density interfacial struc-
tures and metal/oxide ratios played crucial roles. The high-
density interfacial structure possesses abundant metal/oxide
active sites for HER. Suitable metal/oxide ratios optimized the
catalytic activities. Furthermore, the accessible 3D carbon net-
work around these Ni species with intimate contact could act
as electron acceptors to facilitate the catalytic process, enabling
accelerated reaction kinetics. To investigate the electrical behav-
ior of the Ni/NiO@C-2 [45], the temperature-dependent resistiv-
ity measurement (Figure S19) reveals that the electrical resistivity
6
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of the Ni/NiO@C-2 increased with the increasing temperature,
displaying typical metallic character with low resistivity at a
given temperature. The metallic character facilitates electron
transfer. The durability tests were also conducted using
chronopotentiometry method at a constant current density of
10 mA cm�2 (Figure S20). The excellent long-term durability of
the Ni/NiO@C-2 catalyst made it a potential candidate for practi-
cal applications. Moreover, the XRD patterns and Ni K-edge
XAFS k3(w(k)) oscillation curves of the Ni/NiO@C-2 catalyst after
HER test demonstrate the maintainment of the long-range and
local structure during the HER process (Figures S21 and S22).
For the practical application, the Ni/NiO@C-2 catalyst was also
loaded onto the carbon fiber paper with a mass loading
3 mg cm�2, and also exhibits high activity and long-term stabil-
ity (Figure S23).
018.01.033
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FIGURE 6

(a) HER reaction pathway of on the Ni(111) surface and Ni(111)NiO interface interfaces. DG(H2O) and DG(H) are related kinetics energy barriers of Volmer and
Tafel steps. Optimized TSs for water dissociation on: (b) Ni(111), (c) Ni(111)NiO interface. Color codes: Light blue and yellow represent Ni atoms in metal Ni
and NiO, respectively. Red and white represent O and H atoms. The OH bond length (Å) at the TS is indicated.
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Theoretical exploration of the interfacial effects
Considering that the water dissociation has been previously
demonstrated to be identified as the RDS in the alkaline and neu-
tral media [18–22], we employed DFT calculations to further
understand the promotional effects of the Ni–NiO interface on
the water dissociation. The Ni and NiO models were first con-
structed, where the cubic lattice parameters and the magnetic
moments were in good agreement of the previous experimental
and theoretical results (See Figure S24, Tables S5 and S6 for
details). Then, we further modeled the Ni(111) and NiO(100)
surfaces that have been observed in the HRTEM images. For the
NiANiO interface, a chain of NiO nanoparticles was deposited
on the Ni(111) surface, similar to previously reported models
for oxide/Cu systems [55,56]. The atomic configurations of water
dissociation step at the bare Ni(111) surface, NiO(100), and Ni
(111)ANiO interface are shown in Figures S25–27, and the corre-
sponding potential energy for HER on them are plotted (Figures
6a and S27). It is noted that on the NiO(100) surface, the water
dissociation is strongly endothermic, and the free energy of
hydrogen adsorption(DG(H)) is as high as 0.44 eV (Figure S27).
This means that the bare NiO catalyst is catalytically inactive
for HER, which is consistent with poor catalytic performance of
the Ni/NiO@C-2 oxidation with 79.9 wt% NiO content. For the
bare Ni(111) surface and the Ni(111)ANiO interface (Figures
S25 and 26), water adsorbs on the atop sites of the surface Ni
atoms. The Gibbs free energy of the water dissociation step (DG
(H2O)) for water dissociation on the NiANiO interface is found
to be 0.68 eV, which is lower than that on bare Ni(111) surface
(0.87 eV). Additionally, both the values of the free energy of
hydrogen adsorption (DG(H)) at the bare Ni(111) surface and
Ni(111)ANiO interface are very small (Table S7), further imply-
ing that the water dissociation is the RDS for the HER. The
decreased energy barrier of RDS at the NiANiO interface is
mainly due to the formation of a more favorable transition state
(TS) compared to the bare Ni(111) surfaces [57]. As shown in Fig-
ure 6b and c, on the bare Ni(111) surface, the OAH bond of the
H2O needs to be stretched to 1.55 Å from 0.98 Å at the adsorbed
states. For the TS on the Ni-NiO interface, the OAH bond is
stretched to 1.40 Å, which is less than that on the Ni(111)
Please cite this article in press as: H. Jiang et al., (2018), https://doi.org/10.1016/j.mattod.2
surfaces with a lower energy cost for OAH bond breaking. There-
fore, it can be inferred that the NiANiO interface decreases the
energy barrier by the formation of a more favorable TS and thus
facilitates the formation of absorbed hydrogen on the interface
sites through water dissociation in alkaline and neutral media,
thereby leading to the fast reaction kinetics. These carbon layers
around the metal/oxide interfaces enable fast electron transfer to
facilitate the water dissociation.
Conclusion
In conclusion, we have realized highly efficient hydrogen evolu-
tion electrocatalysis in alkaline and neutral media by unique
ternary interfacial superstructure. The features of the unique
ternary interfacial superstructure include that (i) the intercon-
nected carbon layers protect the excessive oxidation of Ni
nanoparticles so that stable interfacial structures could be
obtained; (ii) the abundant metal/oxide interfaces could act as
highly active sites for water dissociation; and (iii) these carbon
layers around the metal/oxide form three dimensional conduc-
tion network to enable fast electron transfer. Furthermore, this
work has presented an excellent demonstration to shed light
on the interfacial properties and consequent effects toward effi-
cient electrocatalysts via synchrotron radiation-based X-ray spec-
troscopic characterizations and DFT calculations.
Materials and methods
Synthesis of the Ni/NiO@C and control samples
EDTA–Ni was prepared according to previous reports with some
modifications [58]. First, A solution: H4EDTA (3.54 g, 10.0 mmol)
and triethylamine (10.0 mL, 72.0 mmol) were dissolved 150 mL
of N,N-dimethylformamide (DMF) and stirred at 50 �C to obtain
uniform solution. B solution: Ni(NO3)2 6H2O (5.80 g, 20.0
mmol) was added to 100 mL of DMF and stirred to achieve the
dissolution of Ni salts. Then, B solution was added to A solution
under sustainable magnetic stirring. Finally, the resulting solid
was washed with neat DMF, and was collected after drying in
100 �C. Yield: 5.74 g, 94.9%. The synthesis of the EDTA–Ni is
facile and can be large-scale production. For the synthesis of
7
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the Ni/NiO@C, the as-prepared EDTA–Ni (5.74 g) was grounded
to powder and heated to designed temperature (400 and 500
�C) with a heating rate of 5 �C min�1 under an Ar flow rate of
500 mL min�1 for 180 min. Then, the two annealed fresh sam-
ples were deposited in the air for one month so that the relatively
stable ternary structures (1.71 g, Yield: 29.8%), the Ni/NiO@C-1
and Ni/NiO@C-2, were obtained. For comparison, the
Ni/NiO@C-3 was obtained by depositing the 500 �C-annealed
fresh sample into the Ar-protected glove box at room tempera-
ture. In addition, the Ni/NiO@C-2 encountered 1 M HCl acid
etching at room temperature for 8 h to the Ni/NiO@C-2 acid treat-
ment. Moreover, the control sample, the Ni/NiO@C-2 oxidation,
was obtained by oxidizing the Ni/NiO@C-2 at 250 �C for 2 h.
Materials’ characterization
PXRD was carried out with a Philips X’Pert Pro Super diffrac-
tometer with Cu Ka radiation (k = 1.54 Å). The morphology
and microstructures were observed by a JEM-2100F field emission
TEM with an acceleration voltage of 200 kV. The EDX elemental
mapping characterizations were also taken with JEM-2100F field
emission transmission. The TGA data were obtained in TGA/DSC
(TGA Q5000) instrument with a heating rate of 10 �C min�1 at
air. X-ray photoelectron spectroscopy (XPS) measurements were
undertaken at the Catalysis and Surface Science End Station at
the BL11U beamline of National Synchrotron Radiation Labora-
tory (NSRL) in Hefei, China. The binding energies were calibrated

using the C 1s level at the energy of 284.5 eV as a reference. The

Raman spectrum was recorded with a Bruker RFS 100/S spectrom-
eter to analyze the carbon. The Ni L-edge and C K-edge XANES
spectra were recorded in BL12B-a of the NSRL. The XAFS mea-
surements at the Ni K-edge were performed in transmission
mode at the BL14W1 of the Shanghai Synchrotron Radiation
Facility (SSRF). The X-ray was monochromatized by a double-
crystal Si(111) monochromator. The storage ring of SSRF was
operated at 3.5 GeV with the current of 300 mA. The
as-obtained XAS data were processed according to the standard
procedures using the WinXAS3.1 program. Linear combination
fitting (LCF) in Athena program was performed to determine
the ratios of Ni and NiO components. The electrical conductivity
was recorded using a Keithley 4200-SCS semiconductor charac-
terization system by a four-point probe configure.
Electrochemical measurements
All electrochemical measurements were carried out on a conven-
tional three-electrode system with an electrochemical worksta-
tion (CHI 760E). Ag/AgCl (saturated KCl) electrode was used as
the reference electrode and a graphite rod was used as the coun-
ter electrode. 4 mg of the samples and 40 lL 5% Nafion solution
were put in 1 mL mixture of water/isopropanol with a volume
ratio of 3:1 and dispersed by ultrasonication for at least 60 min
to form a homogeneous ink. After that, 5 lL of this ink was care-
fully dropped onto a glassy carbon electrode (GCE) with a diam-
eter of 3 mm and dried in air atmosphere to form a catalyst mass
loading of about 0.272 mg cm�2. Also, the ink was loaded onto a
carbon fiber paper, achieving a catalyst loading of 3 mg cm�2.
The potentials were converted to reversible hydrogen electrode
(RHE) using this equation: ERHE = EAg/AgCl + 0.059 pH + 0.197 V.
8
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The polarization curves were recorded with a scan rate of
5 mV s�1 in N2-saturated 1 M KOH and 1 M PBS (purged with
pure N2 for at least 60 min) with a 90% IR compensation. The
double-layer capacitance Cdl was determined by taking cyclic
voltammetry in the potential windows 0.024–0.222 V versus
RHE under different scan rates ranging from 20 to 120 mV s�1.
By plotting Dj = (ja � jc) at 0.123 V versus Ag/AgCl reference elec-
trode against the scan rate.

Theoretical calculations
All periodic spin-polarized DFT calculations were carried out
using the Vienna ab initio simulation package (VASP) [59–61].
The interactions between ion cores and valence electrons were
performed by the projector-augmented wave (PAW) method
[62], and the exchange–correlation energy of the electrons was
dealt with the functional of GGA-PBE [63,64]. For the calculation
of the nickel oxide catalyst, which is a correlated system, the
DFT + U approach was further adopted with the use of the Hub-
bard term (U) of 6.3 eV [65]. The energy cutoff was set to 400 eV,
and the atomic positions were allowed to relax until the energy
and force were less than 10�5 eV and 0.03 eV/Å, respectively.
The Brillouin zone sampling was performed using a Mon-
khorst–Pack grid [66], and electronic occupancies were deter-
mined in light of a Methfessel–Paxton scheme with an energy
smearing of 0.2 eV [67]. The Dimer method [68] was used to
determine the transition states of the elementary step of water
dissociation. The zero-pointenergy and entropic corrections at
298.15 K were taken into account for the Gibbs free energies dia-
gram of hydrogen evolution. The Ni(111), Ni(100), and NiO
(100) surfaces were all calculated on p(3 � 3) supercell slabs with
four layers and a 10-Å vacuum spacing between slabs. The Ni
(111)/NiO and Ni(100)/NiO interfaces were modeled with a
chain of NiO nanoparticles deposited on Ni(111) and Ni(100)
surfaces, similar to previously reported model for oxide/Cu sys-
tems [55,56].
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