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ABSTRACT: We report a facile nitrogenation/exfoliation
process to prepare hybrid Ni—C—N nanosheets. These
nanosheets are <2 nm thin, chemically stable, and
metallically conductive. They serve as a robust catalyst
for the hydrogen evolution reaction in 0.5 M H,SO,, or
1.0 M KOH or 1.0 M PBS (pH = 7). For example, they
catalyze the hydrogen evolution reaction in 0.5 M H,SO,
at an onset potential of 34.7 mV, an overpotential of 60.9
mV (at j = 10 mA cm™2) and with remarkable long-term
stability (~10% current drop after 70 h testing period).
They are promising as a non-Pt catalyst for practical
hydrogen evolution reaction.

lectrocatalytic water splitting is considered a green and

sustainable way of producing hydrogen (H,) as a
promising alternative to fossil fuels for future energy needs.'
Platinum (Pt) has been the most active catalyst studied for this
splitting, especially for the electrochemical reduction of proton
to H,, which is commonly referred to as hydrogen evolution
reaction (HER), with high current density at low over-
potentials.” However, Pt does have its limitation in serving as
the catalyst for large-scale H, production due to its poor
abundance and high cost.” To solve this problem, numerous
efforts have been devoted to developing non-Pt catalysts,
including tungsten-,4 molybdenum-,5 cobalt-® iron-,” and
nickel-based® catalysts, for the HER in acidic media.’
Considering the inevitable proton concentration change during
the HER process, the ideal catalyst should perform equally well
in different pH solutions so that the water splitting process can
be more energy-efficient.'” Unfortunately, this has not been an
easy goal to achieve.

Recent studies indicate that transition metal carbides
(TMCs) have a low energy barrier for hydrogen adsorption,""
and its density of states (DOS) near the Fermi level resemble
some of the noble metals."” This leads to the attention to nickel
carbide (NiC), which is chemically stable in solutions of a
broad pH range, as a promising new noble-metal-free catalyst
for the HER." Further studies show that the activity of NiC
can be improved by doping another element, such as nitrogen
(N), due to the favorable tuning of the electronic structure of
Ni,"* and the electron conductivity of NiC may be enhanced by
reducing the catalyst dimension from bulk to 2D sheet
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structure.'> Herein, we take advantage of the easy formation
of nickel nitride (Ni;N)'® and synthesize a new form of hybrid
Ni—C—N nanosheets (NSs) containing NiC and Ni;N. The
ultrathin (<2 nm) Ni—C—N NSs show intrinsic metallic
conductivity and function as a highly active and durable
elecrtocatalyst for the HER in 0.5 M H,SO,, or 1.0 M KOH or
1.0 M PBS (pH = 7).

A two-step process (see details in the Supporting
Information (SI)) was developed to synthesize the Ni—C—N
NSs. First, the bulk Ni—C—N was obtained by annealing Ni—
polyoxometalate metal—organic framework (Ni-POMMOF)"’
in a NH; atmosphere at 380 °C for 3 h and washed with 3.0 M
HCI. Then, the bulk Ni—C—N was exfoliated to Ni—C—N NSs
through a combination of sonication and wet chemical
exfoliation process in formamide."® The NiC NSs and Ni;N
NSs were also synthesized (SI) and used as controls. Figure 1a
shows the X-ray diffraction (XRD) patterns of the Ni—C—N
NSs, NiC NSs, and NizN NSs. The diffraction peaks of the NiC
NSs indicate the presence of the cubic NiC structure with a
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Figure 1. (a) XRD patterns of the hybrid Ni—C—N NSs, NiC NSs,
and Ni;N NSs. (b) TEM image of the Ni—C—N NSs. Inset: Tyndall
effect of the colloidal Ni—C—N NSs in water. (c) Elemental mapping
of a selected area of the Ni—C—N NS. (d) High-resolution TEM
image of a selected area of the Ni—C—N NS. (e) AFM image and (f)
height profiles of the exfoliated Ni—C—N NS. The profiles 1, 2, and 3
correspond to the numbered lines in panel e, respectively.
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space group of Fm3m (JCPDS No. 14-20; a = b = ¢ = 3.539 A).
The peaks of the Ni;N NSs are from the hexagonal Ni;N with a
space group of P6,22 (JCPDS No.10-280; a = b = 4.621 A; c =
4.304 A). The peaks of the Ni—C—N NSs contain both NiC
and NizN peaks, suggesting the formation of the NiC—Ni;N
hybrid structure. The NS structure of Ni—C—N is further
confirmed by the transmission electron microscopy (TEM)
analysis (Figure 1b) and elemental mapping of the selected
sheets (Figure 1c). The near transparency image of the sheets
in Figure 1b is an indicative of the formation of the thin
structure.'” The elemental mapping in Figure lc shows the
uniform distribution of C, N, and Ni across the sheet area. The
HRTEM image of a selected area of the NS (Figure 1d) shows
lattice fringe spacing of 0.203 and 0.231 nm, corresponding to
the interplanar distance of (111) and (110) of NiC and Ni;N,
respectively. Atomic force microscopy (AFM) was used to
evaluate the thickness of the Ni—C—N NSs (Figure lef). The
heights of the Ni—C—N NSs measured across lines 1—3 range
from 1.05 to 1.70 nm. The NS structures of NiC and NizN
were also characterized by TEM and HRTEM (Figure S1).
The electron conductivity of the NS films was measured via
the common 4-probe method and the room temperature
resistance of the 1 mm thick film was calculated to be 0.4 Ohm
(SI) that is close to 0.1 Ohm obtained from a copper slice. The
NS film also had a temperature-dependent resistance behavior
(Figure 2a). These indicate that the Ni—C—N NSs are
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Figure 2. (a) Temperature-dependent electrical resistivity of the Ni—
C—N NSs and Ni—C—N bulk. (b) Ni K-edge EXAFS oscillation and
(c) the corresponding Fourier transforms. XPS spectra of (d) Ni 2p,
(e) N 1s, and (f) C 1s of the Ni—C—N NSs.

metallic.”” Extended X-ray absorption fine structure spectros-
copy (EXAFS) of the Ni—C—N at the Ni K-edge (Figure 2b)
shows that the Ni—C—N NS sample presents an oscillation
similar to the bulk Ni—C—N but with a slightly different kyy(k)
function. The corresponding Fourier Transforms (FTs) (Figure
2c) present two peaks in the range of 1—3 A. The first one
ranging from 1.0 tol.4 A correspond to Ni—C/N pair (the
scattering of C or N cannot be distinguished), and the second
one in the range of 1.4—3 A is due to the scattering pair of Ni—
Ni. Intensity of the Ni—C/N pair in the Ni—C—N NS structure
is stronger than that from the bulk Ni—C—N, but this is
reversed when the Ni—Ni peaks from two different samples are
compared. Further fitting (Table S1) confirms that the local
atomic arrangement in the NSs is indeed different from that in
the bulk Ni—C—N and the Ni—C—N NS is structurally more
disordered than the bulk one.”’ X-ray photoelectron spectra
(XPS) of the Ni—C—N NSs (Figure 2d) show two spin—orbit
doublets of Ni 2p and two shakeup satellites (denoted as

“Sat.”), which are characteristic of Ni** and Ni**.”** The N 1s
spectrum (Figure 2e) is the sum of three different types of
nitrogen species in pyridinic N, graphitic N, and N—Ni."”* Four
different C species are also identified from the C 1s spectrum
(Figure 2f), in which the peak at 283.3 eV is related to NiC.>**

The catalytic performance of the Ni—C—N NSs for the HER
was evaluated by using the linear scan voltammogram (LSV).
For comparison, the electrocatalytic activity of the commer-
cially available benchmark Pt/C catalyst (20 wt % Pt on carbon
black from Premetek. Co, mass loading of 0.2 mg cm™?), Ni-
POMMOF, NiC NSs, and Ni;N NSs were also measured.
Figure 3a shows the LSV curves of the HER in 0.5 M H,SO,
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Figure 3. (a) LSV HER curves for the Ni—C—N NSs, Ni-POMMOF,
NiC NSs, Ni;N NSs, and Pt/C (20%) in 0.5 M H,SO,, (scan rate of 2
mV s7). (b) RRDE measurements of H, evolution on different
catalyst-modified electrodes. The Pt-ring electrode was maintained at
0.7 V for the oxidation of the H, that was evolving on the disk
electrode. (c) Tafel plots of different catalysts in 0.5 M H,SO,. (d)
Summary of onset potential, Tafel slope and overpotential at j = 10
mA cm ™ for the HER catalyzed by Ni—C—N NSs in an acid (0.5 M
H,S0,), or neutral (1.0 M PBS), or basic (1.0 M KOH) solution. (e)
Chronopotentiometric curves of the Ni—C—N NSs with the constant
current density of 10 mA ecm™2 (f) TOF plots of the Ni—C—N NSs in
different pH conditions.

catalyzed by the Ni—C—N NSs, Ni-POMMOF, NiC NSs, Ni;N
NSs, and Pt/C catalysts. The Ni—C—N NS catalyst has an
onset potential of 34.7 mV, close to the value from the Pt/C
and much smaller than the values from Ni-POMMOF (129
mV), NiC (105 mV), and NizN (110 mV). The overpotential
() at j = 10 mA cm™ for the Ni—C—N is 60.9 mV, much
lower than that observed on the NiC (141 mV) and Ni;N (190
mV) (Figure S2). The rotating ring disk electrode (RRDE)
test”> confirms that H, is produced selectively by all catalysts
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(Figure 3b). Figure 3c displays the Tafel plots (logj ~ #) of the
HER. The HER on the Pt/C with a Tafel slope of 30 mV dec™!
follows the known Tafel mechanism (H,4 + H,4 — H,1).>*
The Ni—C—N has a very similar Tafel slope of 32 mV dec”’,
suggesting that the HER on this catalyst is also dominated by
the Tafel mechanism. The exchange current density (j,) of the
Ni—C—N was calculated to be 1.36 X 107> A cm™* (Figure S3).
This value is close to that obtained from the most active porous
1T-MoS, NS catalyst (1.58 X 10~ A cm™2).”> The Ni—C—N
catalyzed HER at 04 V has a nearly quantitative faradaic
efficiency after a period of 60 min, confirming that the
reduction current is from the HER (Figure S4). The Ni—C—N
NS catalyst performs slight higher activity in 1.0 M KOH, but
less so in 1.0 M phosphate buffered saline (PBS, pH = 7)
(Figure 3d), and its catalysis behavior is similar to the Pt/C but
much better than the controls (Figures S5 and S$6) and many
other non-noble-metal HER catalysts reported (Table S2). Our
data show that in 1 M KOH, the Ni—C—N NSs becomes the
most efficient catalyst to promote the H, formation via
Heyrovsky process H,O + M—H,4y = M + H, + OH".**

The stability of the Ni—C—N NS catalyst was evaluated by
time-dependent potential change in 0.5 M H,SO,, 1.0 M PBS,
and 1.0 M KOH (Figure 3e). In these tests, the current drop
after a 70 h testing period is ~10% and the morphology and
structure of the catalyst is well-preserved (Figure S7). Assuming
all Ni’s on the NS surface are active and are accessible to the
electrolyte, we estimated that the Ni—C—N has ~1.26 X 10"
sites cm™>. We could calculate the catalytic turnover frequency
(TOF) of the HER in different solutions (Figure 3f and SI).
The TOF of the Ni—C—N NSs catalyst is 6.67, 8.52, and 0.95
s~'at 7 =200 mV in 0.5 M H,SO,, 1.0 M KOH and 1.0 M PBS
respectively, much better than any of those obtained from other
known catalysts (Table S3).

To confirm that Ni-sites are indeed active for the HER, we
studied thiocyanate ion (SCN™) effect on the HER activity.
Different from the study in PBS (pH = 7) where the number of
active sites can be examined by CV,”® when performing the test
in an acid solution, SCN™ is known to poison the metal-sites.””
In our test, once 10 mM SCN~ was introduced in 0.5 M
H,SO,, the j values decrease significantly from 196.6 to 77.3
mA cm™ at 7 = 150 mV (Figure 4a), inferring that 61% of Ni-
sites are blocked by the SCN™ ions. In the same test condition,
much more Ni-sites on the bulk Ni—C—N, NiC, and Ni;N
surfaces are blocked (Figure S8). XPS analysis of the Ni—C—N
NSs (Figure 4b) shows that the Ni—C—N NSs structure has
the weaker Ni 2p binding energy than either the NiC NSs or
the Ni;N NSs structure. It confirms that the hybrid formation
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Figure 4. (a) LSV HER curves of the Ni—C—N NSs with or without
10 mM KSCN in 0.5 M H,SO,. Inset: illustrations of Ni-centers
blocked by the SCN™ ions. (b) XPS spectra of Ni 2p for the Ni—-C—N
NSs, NiC NSs, and Ni;N NSs.

of NiC and Ni;N renders the Ni-sites prone to attacking by an
electrophile, i.e, the Ni-sites in the Ni—C—N NSs structure
become more active as the catalyst for HER.

In summary, starting with a Ni—polyoxometalate metal—
organic framework (Ni-POMMOF) and using the common
nitrogenization/sonication/exfoliation method, we have pre-
pared the hybrid Ni—C—N NSs that are <2 nm thin and
chemically stable. The Ni—C—N NSs show the metallic
characters and can serve as a new kind of robust catalyst for
the HER in 0.5 M H,SO,, or 1.0 M KOH, or 1.0 M PBS (pH =
7). The catalytic behavior of the Ni—C—N NSs is similar to that
of the common Pt catalyst and it can work well in all pH values
for more than 70 h without obvious current drop. Our work
demonstrates that it is indeed possible to hybridize NiC with
Ni;N to enhance HER activity and stability to a level that is
comparable to Pt. Judging from the overall catalytic perform-
ance, we can conclude that our Ni—C—N NS catalyst is one of
the most active non-Pt catalysts ever reported. The concept of
hybridization of NiC with NizN to enhance NS catalysis is
certainly not limited to Ni—C—N, but should be extended to
other metal carbides as well, providing a promising new
approach to M—C—N hybrid NSs for important functional
materials and catalytic applications.
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