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Abstract: The realization of efficient water electrolysis is still blocked by the requirement for a high
and stable driving potential above thermodynamic requirements. An Ni-based electrocatalyst, is
a promising alternative for noble-metal-free electrocatalysts but tuning its surface electronic struc-
ture and exposing more active sites are the critical challenges to improving its intrinsic catalytic
activity. Here, we tackle the challenge by tuning surface electronic structures synergistically with
interfacial chemistry and crystal facet engineering, successfully designing and synthesizing the
carbon-encapsulated Ni (111)/Ni3C (113) heterojunction electrocatalyst, demonstrating superior
hydrogen evolution reaction (HER) activities, good stabilities with a small overpotential of −29 mV
at 10 mA/cm2, and a low Tafel slope of 59.96 mV/dec in alkaline surroundings, approximating a
commercial Pt/C catalyst and outperforming other reported Ni-based catalysts. The heterostructure
electrocatalyst operates at 1.55 V and 1.26 V to reach 10 and 1 mA cm−2 in two-electrode measure-
ments for overall alkaline water splitting, corresponding to 79% and 98% electricity-to-fuel conversion
efficiency with respect to the lower heating value of hydrogen.

Keywords: electrocatalyst; nickel-based materials; interfacial electronic rearrangement; overall
water splitting

1. Introduction

As a clean and renewable energy, hydrogen has been widely admitted as a substitute
for decreasing fossil fuel. A hydrogen evolution reaction (HER) in electrocatalytic overall
water splitting (OWS) is widely admitted as a practical and appealing route to produce
high purity hydrogen [1]. Unfortunately, the large kinetic barrier and slow kinetics of OWS
usually leads to higher overpotentials [2], which determines that an efficient OWS electro-
catalyst should be used to reduce the associated energy losses. By now, noble metal-based
catalysts are still the most active and stable ones for it, although their high cost and scarcity
greatly block their large-scale water splitting utilization. Thus, scientists show solicitude
for developing different sorts of cost-effective and sustainable alternatives, such as non-
precious metal, transition metal hydroxides [3,4], transition metal oxides [5–7], transition
metal sulfides [8,9], transition metal carbides [10,11], and metal phosphides [12,13].

Routinely, the mechanism of alkaline HER in OWS consists of a water dissociation step
through breaking the HO-H bond (Volmer step), followed by H2 generation (Heyrovsky
step or Tafel step) [14]. According to the “volcanic effect” curve, transition metals, such
as Ni, Co, Mo, and Fe, have higher current density and lower overpotential due to their
unoccupied d orbitals and unpaired d electrons [15–20]. However, the reported volcano
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plots for HER kinetics as a function of M-H bond energies generally do not consider
actual acidity and alkalinity in the atmosphere. For example, the Volmer step in alkaline
conditions not only depends on the adsorption energy of hydrogen but is also related to
the adsorption energy of water and the desorption energy of the hydroxide anion. Low
water adsorption energy can lead to insufficient reactants, whereas high hydroxide anion
adsorption energy causes a poisoning effect because of a loss of catalytically active sites.
Therefore, their activities towards the OWS needs to be improved through tuning their
electronic structures and exposing more active sites to cater to the above needs. Until now,
no single non-precious metal has been proven to possess the suitable electronic structures
needed to meet the above conditions by itself, although their selected crystal plane with
the lowest surface energy were presented, as (111) with fcc Ni or (001) for hcp Co, Zn, and
Cd [21]. Naturally, many researchers turn their attention to exploring new strategies to tune
the catalyst’s surface electronic structure and active sites to elevate their electrocatalytic
activities, such as surface engineering, doping, single-atom anchoring, phase structures, and
defects. Nevertheless, most strategies inevitably decrease the metal’s electronic transport
capacity and phase stability. To solve these puzzles, the OWS activity of a pure metal
phase could be improved by constructing a robust heterogeneous boundary, in which the
electronic structure of metal electrocatalyst is optimized and new complementary active
sites are simultaneously introduced without matrix changing. This is also more practical
and feasible for large-scale industrial production.

Metal nickel is well-known as an HER catalyst and persistent efforts have been under-
taken to ameliorate Ni-based catalysts as alkaline electrolysers. Therefore, it is expected to
be able to further enhance its HER performance and stability via electrode design, Recently,
more efforts have been undertaken to optimize the chemical structures and morphology of
Ni-based heterojunction catalysts, which display promising HER or/and oxygen evolution
reaction (OER) catalytic activity for an efficient water splitting process. For example, Xiong
et al. developed a novel core-shell nanorod array for pH-universal HER application, in
which an amorphous Rh(OH)3 shell provided rich active sites promoting reactants and
the crystalline NiTe nanorod core enhanced conductivity [22]. The activity of Ni(OH)2/Ni
structures is increased by about four times compared to nanostructured Ni, in which
Ni(OH)2 not only promotes H2O dissociation, but also stabilizes the H2O-surrounded
cations [23]. A similar mechanism has also been realized in an NiO/Ni heterojunction
where a 10 mA cm−2 at <100 mV overpotential was achieved [24]. An obvious decay in
current density was observed, suggesting the instability of the NiO-Ni nanostructures
under HER operation conditions, which came from the obvious oxidation of the Ni core
and phase separation between NiO and Ni [25]. All the above works indicate that a direct
exposure to the alkaline environment of metal Ni and Ni-based compounds inevitably
brought about unsatisfactory catalytic stability due to alkaline corrosion, which urgently
needs a protective mechanism, such as new complementary active sites and carbon protec-
tion. In summary, although the heterojunction-phase catalyst further improves HER and
OER activity, the construction of a highly stable heterostructure and the understanding
and regulation of its surface electronic structure and active sites on the interface are still
huge challenges.

Recently, DFT calculations certify that coupling Ni with Ni3C can rearrange their
electronic structures and optimize the adsorption energies of OER intermediates, hydrogen
and water molecules [26]. Therefore, experimentally, we try to tune metal Ni electronic
structure through a Ni-Ni3C heteroconjunction synergistic with nitrogen contained car-
bon (NC) protection, and then successfully design and prepare a series of high-density
heterojunction-interface electrocatalysts (denoted Ni-Ni3C/NC) with outstanding HER,
OER, and OWS activities and stabilities in alkaline surroundings. Starting from a hydrother-
mally synthesized Ni-NTA (nitrilotriacetic acid) precursor, we develop a simple surface
electronic structure modulation strategy of constructing NC-coated multi-heterogeneous-
phase interface Ni (111)-Ni3C (113)/NC electrocatalysts (Scheme 1) by a secondly controlled
thermal decomposition. Our approach can realize not only the rearrangement of electronic
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structures and new complementary active sites, but also mesoporous NC protection. Addi-
tionally, the as-prepared Ni-Ni3C/NC multi-heterogeneous catalyst exhibits remarkable
HER catalytic activity, achieving low overpotentials of −29 mV for HER at a current den-
sity of 10 mA/cm2. They also have a Tafel slope of 59.96 mV/dec in 1.0 M KOH media,
and good stability during testing for 100 h in the media. The catalysts showed superior
activities with Tafel slope values and overpotentials lower than the values reported for
Ni-base HER catalysts in alkaline media [27–29]. More importantly, the as-synthesized
Ni-Ni3C/NC catalyst also exhibits excellent OER and OWS catalytic activity. In OWS, the
material system operates at 1.55 V and 1.26 V to reach 10 and 1 mA cm−2 in two-electrode
measurements, corresponding to 79% and 98% electricity-to-fuel conversion efficiency with
respect to the lower heating value of hydrogen. DFT calculation results further confirm that
the heterojunction between Ni (111) and Ni3C (113) can regulate their electronic structure
effectively for lowering the Gibbs free energy of H2O dissociation. The in-situ Raman
spectra and FT-IR spectra indicate that the presence of Ni3C has the function to inhibit Ni
self-oxidation and promote water dissociation into H2 in the hydrogen evolution reaction
(HER) process by the formed OHad-Ni2+ and Had-Ni0 species, whereas OH−ad-Ni3+ and
Had-Ni0 were created during the oxygen evolution reaction (OER). This work provides
an easy-to-accomplish engineering strategy for nonprecious metal-based heterostructures
with excellent and stable electrocatalytic activity.
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Scheme 1. A surface electronic structure modulation strategy of constructing multi-heterogeneous-
phase interface Ni-Ni3C/NC electrocatalysts.

2. Results
2.1. Structural and Composition Characterization of Ni-Ni3C/NC

Firstly, as shown in Figure S1 (ESI†), nanorod-like Ni-NTA samples with a smooth
surface have been obtained and the corresponding measurement results agree well with
our previous work [30], which confirms that the linear polymerization between NTA
molecules had been formed, leading to the one-dimensional structure of the Ni-NTA prod-
uct. After carefully controlled calcination at different temperatures by us, rhombohedral
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Ni3C and crystalline carbon were formed beside metal Ni (Figure 1a) once the tempera-
ture was reached 450 ◦C, which was analyzed by X-ray diffraction (XRD) measurements.
The samples calcined at 400, 450, 500, 550, and 600 ◦C are named as Ni-Ni3C/NC-400,
Ni-Ni3C/NC-450, Ni-Ni3C/NC-500, Ni-Ni3C/NC-550, and Ni-Ni3C/NC-600, respectively.
As shown in Figure 1a, the diffraction peaks coincided well with the rhombohedral Ni3C
(JCPDS No. 72-1467), cubic Ni (JCPDS No. 87-0712), and crystalline carbon (JCPDS
No. 50-1084). Then, field emission scanning electron microscopy (FESEM) and transmis-
sion electron microscopy (TEM) characterizations were implemented to gather morphology
information of the as-prepared Ni-Ni3C/NC-500 sample, because it was proven to show
the best activity in the following electrocatalytic measurements.
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Figure 1. Microstructure and composition characterizations of the samples prepared under differ-
ent thermal decomposition temperatures (400–650 ◦C). The Ni-Ni3C/NC-500 sample had the best
activity in the following electrocatalytic measurements. (a) XRD patterns of various as-prepared
Ni-Ni3C/NC samples. (b,c) SEM and TEM images of Ni-Ni3C/NC-500. Insets are its N2 adsorption-
desorption isotherm and pore-size distribution curve, respectively. (d–h) HRTEM and SAED im-
ages of Ni-Ni3C/NC-500. (d) shows Ni-Ni3C/NC-500 composition distribution (yellow section:
Ni3C, blue section: metal Ni) and heterojunction interface. (e) shows the heterostructure’s lattice
fringes. (f–h) show Ni3C, Ni, and C lattices. (i,j) EDX elemental mappings and EDS spectrum of
Ni-Ni3C/NC-500. Scale bars are 100 nm.

As shown in Figure 1b, Figures S2 and S3 (ESI†), Ni-Ni3C/NC samples calcined at
400–550 ◦C can still maintain a uniform nanorod shape. However, when the calcination
temperature exceeds 550 ◦C, the nanorods begin to crack. Interestingly, nanorods are
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composed of many spherical nanoparticles (~10 nm). These nanoparticles accumulate and
exhibit good mesoporous properties, which will surely enhance the molecular/ion diffu-
sion in the catalyst and provide more catalytic active sites [31]. These mesopores are further
characterized by N2 adsorption-desorption analysis (Insets in Figure 1b,c; Figure S4, ESI†),
which provides their Brunauer-Emmett-Teller (BET) surface areas, which in this case ranged
from 143 to 160 m2/g with a same 9.5 nm mesopore size, as summarized in Table S1 (ESI†).
According to the IUPAC classification, all the Ni-Ni3C/NC samples show type III isotherms
with minimal hysteresis curves, indicating the formation of external macropores [32,33].
The pore sizes of the samples obtained under different calcination temperatures are similar.
However, their specific surface area display certain differences [34,35], which may be due
to their different aggregation degree of nanospheres induced by distinct nucleation rates
under different calcination temperatures. The mesopore size indicated in BET measure-
ments matches well with the diameter of the hollow carbon shell (~10 nm) (Figure 1d). In
addition, the Ni-Ni3C/NC-500 sample displays the largest BET surface area, which implies
that it could act as an excellent reaction platform with abundant heterogeneous interfaces
and active sites conducive to mass transfer. In order to have a clear understanding of
the microstructure and composition of the sample, we carried out high-resolution TEM
(HRTEM) analysis. As shown in Figure 1d, the high-resolution TEM (HRTEM) images of a
presentative Ni-Ni3C/NC-500 nanosphere clearly show multi-hybrid interfaces between
Ni3C and metal Ni, suggesting the formation of a tight Ni/Ni3C heterostructure. The forma-
tion of the hybrid catalyst mainly pertains to the simultaneous occurrence of agglomeration
and atomization under high temperature carbonization. The polycrystalline nature of each
nanosphere is also confirmed by the corresponding SAED, as presented in Figure 1e. Their
microstructures are further studied by HRTEM measurements, as shown in Figure 1f–h.
The well-resolved lattice fringes with inter-planar distances of 0.228 and 0.201 nm can be
unambiguously assigned to the (113) crystal planes of Ni3C and the (111) crystal planes of
cubic Ni, respectively. Moreover, it is depicted that the carbon frameworks are composed
of a ~9 layered (002) plane of graphite with an inter-planar spacing of 0.337 nm. The
EDX elemental mapping images (Figure 1i) display the uniform distribution of massive
elemental C and Ni across the entire nanorod, illustrating the coupling characteristics of Ni
and Ni3C. Sprinkled elemental N is also exposed. The above elemental information agrees
with its energy-dispersive X-ray spectroscopy (EDS) characterization (Figure 1j).

Then, we performed an X-ray photoelectron spectroscopy (XPS) measurement to assess
the elemental valence states of the as-synthesized Ni-Ni3C/NC-450, Ni-Ni3C/NC-500, and
Ni-Ni3C/NC-550 samples due to their hybrid compositions and integrated structures.
Their full XPS spectra (Figure S5, ESI†) showed similar atomic ratios of C, N, and Ni, and
that the ratio of Ni-Ni3C/NC-500 is equal to 87.46%, 6.37%, and 6.17%, respectively. Their
high-resolution spectra of Ni 2P3/2 are shown in Figure 2a,b, in which, interestingly, two
obvious binding energies of Ni0 2p3/2 are detected at 851.9 and 852.9 eV. the latter peak
located at the normal position of Ni0 2p3/2 in metal Ni, which belongs to the ones buried in
the internal, and the former should be the Ni0 atoms on the heterostructure interface [36].
Their area ratios are about 0.52:1, 0.65:1, and 0.45:1, which means that Ni-Ni3C/NC-500
has the highest density Ni0 atoms on the heterostructure interface and it is about 1.25
and 1.44 times that of the other two samples. At the same time, the binding energy of
Ni2+ shifts to a higher position (856.2 eV) compared with the literature of Ni2+ in Ni3C
(855.4 eV) [37], indicating the interfacial electronic rearrangement in the Ni (111)/Ni3C
(113) heterostructure. At the same time, as shown in Figure 2c, the deconvoluted core-level
C 1s XPS spectrum reveals the characteristic peak of C-Ni bonds at 284.0 eV, verifying
the formation of Ni3C [38,39]. A small amount of N element introduced by the Ni-NTA
precursor (Figure 2d) is also observed at 398.8 and 399.8 eV, which is ascribed to pyridinic
N and pyrrolic N, respectively.
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Figure 2. Chemical state characterizations of the as-obtained samples. (a–d) XPS spectra of Ni-
Ni3C/NC prepared at 450, 500, and 550 ◦C. (a) Ni 2p spectra, (b) enlarged Ni0 2p spectra. (c) C 1s
spectra. (d) N 1s spectra. (e,f) Raman and FT-IR spectra of the samples.

It has been proven that N doping in carbon can improve its conductivity by optimiz-
ing the electronic structure [40–42], which often exists in pyridine N and pyrrole N form.
Comparatively, pyridine N is more conducive to enhance the conductivity of a carbon
skeleton [43,44]. Therefore, the nitrogen in Ni-Ni3C/NC, as confirmed by our XPS measure-
ments, can further improve the overall conductivity. Furthermore, three samples’ chemical
states are characterized by their Raman spectra in a 200~3800 cm−1 range (Figure 2e), where
only D band (1332 cm−1), G band (1587 cm−1), and a broad fluorescence peak (2828 cm−1)
of NC shell are found, with an absence of Ni-based oxides, such as Ni(OH)2, NiO, and
NiOOH, which have obvious Raman peaks at 400–560 cm−1 [45–51]. The FT-IR spectra
of the Ni-Ni3C/NC samples in the range of 700 to 4000 cm−1 were recorded, as shown
in Figure 2f. In addition to the C-N and C=C signals belonging to CN in the range of
1300 cm−1-1635 cm−1 and C-H of CN shell at 3430 cm−1, an obvious absorption at about
2050 cm−1 is also detected, which is ascribed to the conjugated νCN bands of Ni-C in
Ni3C [52]. All the above results confirm that an interfacial electronic rearrangement in the
Ni (111)/Ni3C (113) heterostructure is really performed.

2.2. Electrochemical HER of Ni-Ni3C/NC

The alkaline HER activities of the as-obtained Ni-Ni3C/NC samples were investi-
gated in 1 M KOH solution, as shown in Figure S6 (ESI†). In the HER measurements
(Figure 3a), Ni-Ni3C/NC-500 has an amazingly low overpotential of −29 mV at a cur-
rent density of 10 mA cm−2, nearly comparable to that of Pt/C. Ni-Ni3C/NC-400, Ni-
Ni3C/NC-450, Ni-Ni3C/NC-550, and Ni-Ni3C/NC-650 also exhibit low overpotentials
of 133, 41, 66, and 128 mV, respectively. Similar to the above overpotential trend, the
resulting Tafel slope of Ni-Ni3C/NC-500 (Figure 3b) has a minimum value of 59.96 mV
dec−1, which is much less than other Ni-Ni3C/NC samples (82.76~159.34 mV dec−1).
In alkaline media, the HER on the surface of metal (M) or metal composites contains
two primary steps, involving an electron transfer process that forms the adsorbed hy-
drogen, (H2O + M + e− ↔M-Had + OH−, Volmer reaction) along with an electrochemi-
cal desorption process (H2O + M-Had +e− ↔ M + H2 + OH−, Heyrovsky reaction) or a
chemical desorption process (2M-Had ↔ 2M + H2, Tafel reaction). According to the HER
kinetic model [53], the Tafel slope of 59.96 mV dec−1 on the surface of Ni-Ni3C/NC-500
is between the theoretical values for the rate-determining Volmer (120 mV dec−1) and
Heyrovsky (40 mV dec dec−1) cases and thus indicates that the HER is proceeding via a



Catalysts 2022, 12, 1367 7 of 17

Volmer-Heyrovsky reaction. According to the Tafel equation, the samples’ HER intrin-
sic activities are depicted in Figure 3c by the exchange current densities (j0). Obviously,
Ni-Ni3C/NC-500 exhibits a maximum j0 value of 4.13 mA cm−2, much higher than other
as-prepared Ni-Ni3C/NC catalysts (0.83~2.94 mA cm−2) (Figure S7, ESI†), indicating a
large surface area, fast electron transfer rate and favourable HER kinetics. Based on elec-
trochemical double-layer capacitance (Cdl) measurements by cyclic voltammetry (CV) at
different scan rates (Figures S8–S10, ESI†), the effective electrochemically active surface
area (ECSA) can be studied as well. The ECSA of Ni-Ni3C/NC-500 is 1990 cm2, much
larger than those of the other Ni-Ni3C/NC catalysts (586~1162 cm2). Importantly, from the
ECSA-normalized LSV curves (Figure 3d), the Ni-Ni3C/NC-500 catalyst still exhibits the
highest activity. Moreover, the Ni-Ni3C/NC-500 electrode has such excellent HER activity
comparable to those of as-reported Ni-based materials (Figure 3e) and composites and
various representative catalysts (Table S2, ESI†). Thus, the Ni-Ni3C/NC-500 electrode is a
catalyst with the best HER activity in alkaline solutions.

The electrochemical impedance spectra (EIS) (Figure 3f) confirms that Ni-Ni3C/NC-500
has a smaller reaction resistance for HER due to its lowest charge transfer resistance
(Rct = 4.4 Ω) compared with other samples, which is ascribed to the multi-heterostructures
of Ni and Ni3C and carbon coating to adjust the electronic structure and enhance the
electron transfers. The Nyquist plots of Ni-Ni3C/NC-500 were also measured at differ-
ent potentials. As shown in Figure S11 (ESI†), the Rct value obviously decreases with
the increase of the overpotentials, suggesting that under high overpotential, the electron
transfer process of HER at the catalyst surface is accelerated. The electrochemical sta-
bility of Ni-Ni3C/NC-500 was also measured using a long-term cyclic voltammetry test
and time-dependent current density curves, as shown in Figure 4g,h. After 2000 and
5000 cycling tests, the polarization curve of Ni-Ni3C/NC-500 shows no obvious potential
decay. In addition, Ni-Ni3C/NC-500 retains a stable current density over 100 h under
a −0.2 V overpotential. Its stability is better than the other samples (Figure S12, ESI†),
which should be related with its high-density heterostructure to maintain structural in-
tegrity. Various post-mortem characterizations, such as SEM, TEM, and XPS, reveal no
evidence for the structure and phase changes of the Ni-Ni3C/NC-500 after the HER dura-
bility test, as shown in Figures S13 and S14, which further proves the sample’s superior
electrochemical stability for long-term electrochemical processes in an alkaline electrolyte.
Compared with other Ni-Ni3C/NC samples, Ni-Ni3C/NC-500 exhibits unceasing stability
and structural robustness for HER in an alkaline solution. Meanwhile, the thermal stability
of Ni-Ni3C/NC-500 was also investigated by thermo-gravimetry. As shown in Figure S15,
Ni-Ni3C/NC was relatively stable in the temperature range of 100~800 ◦C, also meaning
that few impurities remained.

2.3. Electrochemical OER and OWS of Ni-Ni3C/NC

Then, the OER activity of Ni-Ni3C/NCs is also investigated and recorded after 20 CV
cycles in a 1 M KOH solution. As shown in Figure 4a, Ni-Ni3C/NC-500 shows a very
small onset overpotential of 267 mV for the OER process at 10 mA cm−2, smaller than
Ni-Ni3C/NC-400 (341 mV), Ni-Ni3C/NC-450 (322 mV), Ni-Ni3C/NC-550 (323 mV), and
Ni-Ni3C/NC-650 (370 mV). The peaks located at 1.35~1.40 V are due to the transform of
Ni2+ to Ni3+ [54]. A similar trend is also observed when the current density is increased
to 100 mA cm−2 (Figure 4b). These potentiometric responses are consistent with the
LSV results (Figure 4a), which reflects that Ni-Ni3C/NC-550 possesses excellent mass
transport properties and a lower activation barrier. It is noteworthy that the OER catalytic
performance of Ni-Ni3C/NC is superior to all the Ni3C-based electrocatalysts reported
so far and is comparable to the most efficient nonprecious metal-based OER electrodes
(Figure 4c and Table S3, ESI†). Meanwhile, Ni-Ni3C/NC-500 exhibits the smallest Tafel
slope of 81.99 mV dec−1 among the samples obtained by us (Figure 4d), indicating its
most rapid OER reaction kinetics. To gain further insight, OER reaction kinetics and EIS
measurements were carried out, as shown in Figure 5e. The Nyquist plots disclose that
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the interface charge transfer resistance of Ni-Ni3C/NC-500 is the lowest, suggesting that
Ni-Ni3C/NC-500 owns the fastest charge transfer process during the OER process among
all the samples investigated herein. Moreover, the chronopotentiometry (CP) measurement
was performed to further investigate the stability. Ni-Ni3C/NC-500 retains a stable over
potential over 25 h of continuous operation at a current density of 25 mA cm−2 with
negligible change (Figure 5f). The potential retention rate from the initial time period of
the stability test to the final time period is 105.3%. All the above results clearly illustrate
that Ni-Ni3C/NC-500 shows significantly enhanced electrocatalytic water oxidation in
comparison with other Ni-Ni3C/NC catalysts because of its sufficient heterostructure for
interfacial electronic rearrangement and carbon coating.
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Figure 3. Electrochemical Property of Ni-Ni3C/NC for HER. (a) Polarization curves of various
Ni-Ni3C/NC and Pt/C in 1.0 M KOH. (b) Tafel plots obtained from the polarization curves in (a).
(c) Overpotentials at 10 mA cm−2 (left) and exchange current densities (right). (d) ECSA-normalized
LSV curves of various Ni-Ni3C/NC. (e) The comparison of HER overpotentials at 10 mA cm−2

for different catalysts. (f) The EIS plots of Ni-Ni3C/NC measured at an overpotential of 150 mV
(g) Polarization curves before and after 2000 and 5000 CV cycles of Ni-Ni3C/NC-500. (h) A long-term
current stability measurement of Ni-Ni3C/NC-500 at a −0.2 V overpotential for 100 h.

In view of the excellent activity and durability of Ni-Ni3C/NC heterostructures toward
both OER and HER in an alkaline medium, the OWS performance was also evaluated in a
two-electrode configuration (Figure S16, ESI†) employing Ni-Ni3C/NC as the bifunctional
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catalyst by LSV (Figure 4g,h). The Ni-Ni3C/NC-500 catalyst shows that only 1.55 V
and 1.26 V are required to achieve 10 mA cm−2 and 1 mA cm−2 water splitting current
density in a two-electrode configuration. Their corresponding electricity-to-hydrogen
efficiencies are 79–98% with respect to the lower heating value of hydrogen (237.18 kJ
per mol produced H2 or 1.229 V), whereas current commercial electrolysers operate at an
efficiency between 60 to 73% [55]. Ni-Ni3C/NC-500 retains a stable overpotential (~1.82 V)
without compensation resistance iR over 25 h of continuous operation at a current density
of 25 mA cm−2 (Figure 4i). The potential retention rate of the stability test is as high as
99.7%, which confirms the sample’s good stability in water electrolysis. In its OWS process,
the volume-time curves (Figure S17, ESI†) reveal a volume ratio of 2.11:1 for the collected
H2 and O2, which approaches the theoretical 2:1 ratio for water electrolysis. Based on
the measured gases ratio, the faradic efficiency is estimated to be nearly 100%. These
results undoubtedly demonstrate the importance of constructing heterostructures and the
potentiality of Ni-Ni3C/NC serves as a candidate catalyst for alkaline OWS.
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Figure 4. Electrochemical Properties of Ni-Ni3C/NC for OER and OWS. (a) Polarization curves,
(b) overpotential plots at 10 mA cm−2 and 100 mA cm−2, (c) The comparison of OER overpotentials
at 10 mA cm−2 for different catalysts. (d) Tafel slopes, (e) The EIS plots of Ni-Ni3C/NC measured
at an overpotential of 300 mV. (f) The long-term stability measurement of Ni-Ni3C/NC-500 at a
current density of 25 mA cm−2 for 25 h. (g,h) The overall water splitting bi-functional activities were
measured on Ni-Ni3C/NC in a two-electrode configuration. The comparison of the cell voltage at 1
and 10 mA cm−2 for Ni-Ni3C/NC. (i) Time-dependent current density curve of Ni-Ni3C/NC in 1 m
KOH for 25 h without iR compensation.
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2.4. Interfacial Electronic Rearrangement and the Heterostructure’s Synergistic Catalysis for HER
and OER

To further reveal the relationship of HER activity of the catalysts with the phase
structure and heterojunction interface, we used DFT to calculate the optimized structures
and free-energy diagrams for HER on Ni (111), Ni3C (113), and Ni (111)/Ni3C (113) catalysts
(the structures are shown in Figure S18, ESI†). As shown in Figure 5a, an obvious charge
rearrangement is observed around the Ni (111)/Ni3C (113) interface and a large number
of electrons are transferred from Ni3C to metal Ni in the heterostructure, which means
that metal Ni can provide electrons for hydrogen reduction. This result also agrees with
the XPS peak shift in Figure 2. In the HER process, it has been well accepted that H2O
dissociation to form adsorbed H* and OH* is the key step to evaluate overall catalytic
activity [56,57] and, therefore, H2O dissociation free energies (∆Gdiss) on the surfaces of
Ni (111), Ni3C (113), and Ni (111)/Ni3C (113) are calculated. As shown in Figure 5b, it is
concluded that H2O dissociation on Ni (111) and Ni3C (113) are endothermic processes
with the ∆Gdiss values of 0.37 and 2.89 eV, respectively. In contrast, the H2O dissociation
on Ni (111)/Ni3C (113) heterostructures is an exothermic process with the ∆Gdiss value
of −0.10 eV. Therefore, the Ni (111)/Ni3C (113) heterostructure shows much better HER
activity than Ni (111) or Ni3C (113) under alkaline conditions and performs as the active
site for H2O dissociation. Compared with the optimized H2O molecular structures on
Ni (111), Ni3C (113), and Ni (111)/Ni3C (113) (Figure 5c), it is found that for metal Ni
(111) both the two hydrogen atoms of H2O are close to the metal Ni atom because of its
empty d orbitals capable of binding H atoms, and for the Ni3C (113) oxygen atom of H2O
lurching to the Ni2+ atom. They are different from the Ni (111)/Ni3C (113) heterostructure,
in which a hydrogen atom and oxygen atom in −OH of H2O bound to the metal Ni atom
and Ni2+ atom in the heterostructure, respectively. Undoubtedly, the paired active sites in
the heterostructure should have a stronger ability for cleaving HO-H bonds and weaker
interaction of Ni-H. In this way, the multi-heterointerface will accelerate the subsequent
generation of H2.

To experimentally understand the Ni-Ni3C/NC heterostructure electrodes during
the HER and OER process, we used in-situ Raman spectroscopy to study it, as shown
in Figure S19 (ESI†). The as-prepared Ni-Ni3C/NC-500 sample, Hg/HgO, and Pt wires
were used as working electrode, reference electrode, and counter electrode in the 1.0 M
KOH electrolyte, respectively. As shown in Figure 5d, the in-situ Raman spectra of the
Ni-Ni3C/NC-500 electrode were collected at stepped potential values from −0.15 V to
+0.5 V. The results show two gradually stronger characteristic peaks (486 and 542 cm−1)
of Ni3+-OH− matched well with the spectral features of γ-NiOOH where the average
oxidation state of Ni is +3.3 to 3.7 [58,59], a characteristic peak (1600 cm−1) of Ni-H band
and a vibrational peak (1634 cm−1) of −OH bending mode in H2O in HER and/or OER
processes [60,61]. The gradually increasing signal of −OH bending mode in H2O during
HER is also detected in its in-situ FT-IR spectra, as shown in 5e. All the above signals of
HER agree with the DFT calculation results in Figure 5c that the hydrogen atom and the
oxygen atom in −OH of H2O bound to the metal Ni atom and Ni2+ atom in the Ni-Ni3C
heterostructure, which resulted in the strengthened signal of the −OH bending mode.
Similarly, in the OER process, the hydrogen atom and the oxygen atom of OH− bound to
the metal Ni atom and Ni3+ (transformed from Ni2+, which agrees with the LSV results in
Figure 4a) in the Ni-Ni3C heterostructure. These effects undoubtedly elevated the water
adsorption energy and lower −OH or OH− anion adsorption energy, while leading to
sufficient water adsorption and eliminating the −OH or OH– poisoning effect attributed to
a loss of the catalytically active site. The presence of Ni3C has the function to inhibit Ni
self-oxidation and promote water dissociation into H2 in the HER process by the formed
OHad-Ni2+ and Had-Ni0 species, whereas OH−ad-Ni3+ and Had-Ni0 were created during
the OER. Based on the above chemical state analysis from the in-situ Raman and FT-IR data,
most importantly, the active surface species emerging at different potentials, and the overall
working mechanism and active surface layers can be summarized (Figure 5f). The results



Catalysts 2022, 12, 1367 11 of 17

show that Ni and Ni2+ species contribute equally to catalytic activity at different applied
overpotentials, forming a synergistic effect beneficial for both the HER and OER reaction
and resulting in the most effective bi-functional Ni-based heterostructure electrocatalysts
to date.
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Figure 5. Interfacial electronic rearrangement and synergistic catalysis for alkaline water splitting.
(a) Charge density difference map of Ni (111)/Ni3C (113) with an iso-surface value of 0.03 e Å−3.
(b) and (c) Gibbs free energy diagrams and the adsorption-dissociation of H2O on Ni (111), Ni3C
(113), and Ni (111)/Ni3C (113) in an alkaline solution. Red and white balls represent oxygen and
hydrogen atoms, respectively. (d,e) In-situ Raman spectrum and FT-IR spectrum measurements of
Ni-Ni3C/NC-500 under different electrochemical potentials. (f) Schematic representation of the elec-
trocatalytic OWS in alkaline media. −OH and Ni-H are the formed surface adsorbed intermediates
during the HER process, whereas Ni-H and Ni3+-OH− are the observed surface intermediates during
the OER process. The heterostructure electrocatalyst reduces the required driving energy and provides
paired synergistically catalytic sites, and thus realizes a highly versatile energy conversion efficiency.

3. Materials and Methods
3.1. Materials

Nickel chloride (NiCl2·6H2O, 98.5%), Isopropyl alcohol (C3H8O, 99.9%), Nitrilotri-
acetic acid (N(CH2COOH)3, 95%), sodium chloride (NaCl, 99.8%), sodium hydroxide
(NaOH, 96%), ethanol (EtOH, 99.7%), and potassium hydroxide (KOH, 95%) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd, Shanghai, China. All chemical reagents
were of analytical grade and used without further purification.

3.2. Synthesis of Ni-NTA Nanorods

In total, 0.35 g NiCl2·6H2O was added into 10 mL water and stirred until it was
completely dissolved. Then, 0.2 g NTA and 20 mL isopropanol (IPA) were added into the
solution and transferred to a 50 mL Teflon-lined stainless-steel autoclave. It was placed in
an oven and maintained at 180 ◦C for 6 h. After the reaction, the product was poured into
a centrifuge tube and centrifuged. The collected sample was then washed with distilled
water and an ethanol solution several times and dried at 60 ◦C for 12 h.

3.3. Synthesis of Ni-Ni3C/NC Porous Nanorods

The as-prepared Ni-NTA precursor was calcined in a Quartz tube furnace at different
temperatures (400~650 ◦C) for 2 h in an argon atmosphere and collected.
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3.4. Characterization

The X-ray powder diffraction (XRD, Bruker, Karlsruhe, Germany) test used a Cu-
Kα radiation source with a wavelength of λ = 0.15405 nm. The Voltage and current in
the process of testing were 40 kV and 150 mA, respectively. The scanning speed was
10◦ s–1 and the scanning area was from 20◦ to 80◦. The field emission scanning electron
microscopy (FE-SEM) images and energy dispersive X-ray spectrum (EDS) were taken
on a SU8000 cold emission field scanning electron microanalyzer (Hitachi, Tokyo, Japan).
Transmission electron microscopy (TEM), high-resolution transmission electron microscopy
(HRTEM, FEI, Hillsboro, OR, USA), and scanning transmission electron microscopy with
an energy dispersive X-ray (STEM-EDX) experiments were performed on a FEI Talos
F200X G2 transmission electron microscope with a field emission gun operated at 200 kV.
Fourier transform infrared (FTIR, Thermo Fisher Scientific, Waltham, MA, USA) spectra
of the products were recorded on a Perkin-Elmer 580B IR spectrophotometer using the
KBr pellet technique. N2 adsorption/desorption examinations were conducted with a
Micromeritics TriStar 3020 to characterize the Brunauer-Emmett-Teller (BET, Micromeritics,
Atlanta, GA, USA) ratio of the sample. The test temperature was−196.15 ◦C (liquid nitrogen
temperature), and the samples were heated at 120 ◦C for 2 h before the test. Raman spectra
were taken using a Raman spectrometer (LABRAM HR800, HORIBA Jobin Yvon, Paris,
France) with a 325 nm laser excitation. The samples were dispersed in ethanol for 30 min.
X-ray photoelectron spectroscopy (XPS, (Kratos, Stretford, UK) was used to characterize
the atomic composition content and the chemical valence state, which was equipped with
an excitation source of 1486.6 eV of A1Kα target. The Operando ATR-IR measurement,
the attenuated total reflectance surface enhanced infrared absorption spectroscopy (ATR-
SEIRAS) experiments were taken with a Nicolet iS50 FT-IR spectrometer equipped with an
MCT detector and PIKE VeeMAX III variable angle ATR sampling accessory. The spectral
resolution was set to 4 cm−1 and 64 interferograms were co-added for each spectrum.
The spectra are given in absorption units defined as A = −log(R/R0), where R and R0
represent the reflected IR intensities corresponding to the sample and reference-single beam
spectrum, respectively. A 60◦ Si face-angled crystal was used as reflection element. The
angle of incidence was set as ca. 70◦. In-situ Raman spectroscopic measurements were
performed at room temperature using a HORIBA Lab Ram (HORIBA Jobin Yvon, Paris,
France) spectrometer with a 785 nm excitation wavelength at 0.5 mW between 200 and
2500 cm−1. To avoid laser-induced deintercalation and photochemistry, the laser power
was kept below 0.5 MW and a laser spot size of 1 mm (Olympus LMPlanFl 50*, NA 0.50).
A charge-coupled device was used to detect the signal after analyzing the signal via a
monochromator. The spectrometer was calibrated in frequency using a HOPG crystal.
A thermogravimetric analysis (TGA) experiment was carried out with a Perkin-Elmer
TGA-7 thermogravimetric analyzer (PerkinElmer, Waltham, MA, USA) at a heating rate of
5 ◦C·min−1 from 60 ◦C to 800 ◦C under nitrogen atmospheres.

3.5. Electrochemical Measurement

Electrochemical characterizations of these as-prepared catalysts were conducted on a
CHI 660E electrochemical station using a three-electrode configuration. A Pt net was used
as the counter electrode, a Hg/HgO electrode was used as the reference electrode, and the
as-prepared catalyst was used as the working electrode. The stable polarization curve of
each catalyst was recorded at a scan rate of 5 mV s−1 with iR compensation after running
at least 100 cyclic voltammetry (CV) cycles for activation and stabilization. An Hg/HgO
electrode and graphite rod were used as the reference electrode and counter electrode,
whereas various samples served as the working electrode. The potential (EHg/HgO) was
calibrated to the reversible hydrogen electrode (RHE) using the equation:

ERHE = EHg/HgO + 0.098 + 0.059 × pH
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and the overpotential (η) was calculated by:

η(V) = ERHE − 1.23 V

The Tafel slope (b) was calculated by:

η = a + b log (j)

in which j is the current density. Electrochemical impedance spectroscopy (EIS) was
performed from 100 kHz to 0.01 Hz. To evaluate the electrochemically active surface
area (ECSA) of each catalyst, CV cycling was performed in the potential range from 0.724
to 0.824 V vs. RHE with scan rates ranging from 20 to 140 mV s−1. By plotting the
capacitive current at 0.78 V vs. RHE against the scan rates, the double-layer capacitance
(Cdl) was obtained as half of the corresponding slope, and then the ECSA was derived from
the equation:

ECSA = Cdl/Cs

in which Cs is the specific capacitance for a flat surface (40 µF cm−2).

4. Conclusions

In summary, we tackled the challenge by tuning surface electronic structures syn-
ergistically with interfacial chemistry and crystal facet engineering, and successfully de-
signing and synthesizing electrocatalysts with a carbon-encapsulated Ni (111)/Ni3C (113)
heterojunction, demonstrating superior HER activities and good stabilities with a small
overpotential of −29 mV at 10 mA/cm2, and a low Tafel slope of 59.96 mV/dec in alka-
line surroundings, approximating a commercial Pt/C catalyst and outperforming other
reported Ni-based catalysts. In OWS, the material system operates at 1.55 V and 1.26 V
to reach 10 and 1 mA cm−2 in two-electrode measurements, corresponding to 79% and
98% electricity-to-fuel conversion efficiency with respect to the lower heating value of
hydrogen. Theoretical calculation and experiments verified that the heterojunction of Ni
(111)/Ni3C (113) can effectively regulate its electronic structure for lowering the Gibbs
free energy of H2O dissociation and form a synergistic effect beneficial for both HER and
OER reactions. Additionally, the carbon shell as an effective protection layer holds the
Ni/Ni3C core active site and prevents oxidation by dissolved oxygen or oxygen generated
from the counter electrodes. The system can be applied as a low-cost, efficient, and durable
bi-functional catalyst, which bears promises for integration into renewable technologies,
such as fuel formation from wind- or solar-based electricity in alkaline for sustainable
production of hydrogen.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/catal12111367/s1. Figure S1: Microstructure and composition characteriza-
tions of the as-obtained Ni-NTA precursor. (a) FT-IR spectrum; (b) SEM images; (c,d) TEM im-
ages. Figure S2: SEM images of (a) Ni-Ni3C/NC-400, (b) Ni-Ni3C/NC-450, (c) Ni-Ni3C/NC-550,
and (d) Ni-Ni3C/NC-650. Figure S3: TEM images of the (a) Ni-Ni3C/NC-400, (b) Ni-Ni3C/NC-
450, (c) Ni-Ni3C/NC-550 and (d) Ni-Ni3C/NC-650. Figure S4: (a–c) N2 adsorption-desorption
isotherms and (d–f) pore-size distribution curves of the Ni-Ni3C/NC-450, Ni-Ni3C/NC-500 and
Ni-Ni3C/NC-550. Figure S5: XPS spectra of Ni-Ni3C/NC-450, Ni-Ni3C/NC-500 and Ni-Ni3C/NC-
550: (a–c) Full XPS spectra; (d-f) Their entire Ni 2p spectra. Figure S6: The equipment picture of
alkaline HER test in 1 M KOH solution. Figure S7: Exchange current densities (j0) of Ni-Ni3C/NC-400,
Ni-Ni3C/NC-450, Ni-Ni3C/NC-500, Ni-Ni3C/NC-550, Ni-Ni3C/NC-650 and Pt/C, are determined
by using extrapolation method. Figure S8: The extraction of the Cdl and CV with different rates
(20~120 mV/S) for Ni-Ni3C/NC-500. Figure S9: CV curves for calculation of double-layer capaci-
tance. CV curves of Ni-Ni3C/NC-400, Ni-Ni3C/NC-450, Ni-Ni3C/NC-550, Ni-Ni3C/NC-650 at scan
rates ranging from 20 mV S−1. Figure S10: The capacitive current densities measured at 0.25 V vs.
RHE with different scan rates. Figure S11: The corresponding Nyquist plots of Ni-Ni3C/NC-500
at various voltages in 1M KOH. Figure S12: Polarization curves before and after 2000 CV cycles
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and the long-term stability measurements of Ni-Ni3C/NC-400, Ni-Ni3C/NC-450, Ni-Ni3C/NC-550
and Ni-Ni3C/NC-650 at 25 mA cm−1 constant current density. Figure S13: (a, b) SEM micrograph,
(c, d) TEM micrograph of Ni-Ni3C/NC-500 after a 100 h HER measurement. Figure S14: XPS spectra
of Ni-Ni3C/NC-500 after a 10 h long-term HER test. Figure S15: Thermogravimetric analysis (TGA)
curve of Ni-Ni3C/NC-500. Figure S16: The equipment picture of alkaline OWS test in 1 M KOH
solution. Figure S17: The volumes of H2 and O2 as a function of time in the electrocatalytic overall
water splitting. Figure S18: Side (top) and top (bottom) view of three surfaces, including Ni (111),
Ni3C (113) and Ni (111)/Ni3C (113). Figure S19: The equipment picture of in-situ electrochem-
ical Raman spectrum. Table S1: N2 adsorption-desorption isotherms and pore-size distribution
curves of the Ni-Ni3C/NC-450, Ni-Ni3C/NC-500 and Ni-Ni3C/NC-550. Table S2: Comparison of
catalytic parameters of Ni-Ni3C/NC-500 and other Ni-based HER composite-catalysts in alkaline
media. Table S3: Comparison of catalytic parameters of Ni-Ni3C/NC-500 and other Ni-based OER
composite-catalysts in alkaline media. [62–70].
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