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Abstract

Development of efficient and affordable electrocatalysts towards water oxidation is important for the large-scale production
of hydrogen. Herein, for the first time, we report a two-dimensional (2D) ultrathin NiTe nanosheets as a highly effective
catalyst for electrochemical oxygen ewolution reaction (OER) via a facile one-pot in-situ hydrothermal approach by using
three-dimensional (3D) nickel foam (NF) as both catalyst support and source of nickel. The morphology, electrochemical
active surface area (ECSA) and the catalytic activity can be easily engineered by the reaction conditions. The prepared 2D
NiTe ultrathin nanosheets have large number of exposed active sites and 3D hierarchical porous structure, which offer
superior activity for water oxidation. The electrode only needs an overpotential of 410 mV to afford an extraordinarily high
current density of 300 mA cm=2 and exhibits excellent long-term water catalysis durability. This facile approach for
preparation of highly active ultrathin NiTe catalyst is novel and applicable to a wide range of functional materials for various

applications including catalysis, energy conversion and energy storage. Copyright © 2017 VBRI Press.
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Introduction

Nowadays, global energy crisis and environmental
pollution compel us to explore highly efficient and
affordable catalysts for clean and sustainable energy
generation [1]. Hydrogen has been considered as a
clean energy resource to replace the diminishing fossil
fuels. In the electrochemical water splitting system which
converts electricity into chemical energy in form of
hydrogen fuel, the owerpotential associated with the
oxygen ewvolution reaction (OER) limits the efficiency of
hydrogen production [2-3]. To overcome the large water-
splitting overpotential and make the process more energy-
efficient, effective oxygen evolution electrocatalysts are
thus needed to accelerate the reaction, reduce the
overpotential, and enhance the whole energy conversion
efficiency.

Currently, scarce and costly RuO: and IrO. are
commonly used as efficient catalysts for OER [4-5].
Howewer, large-scale application of water electrolysis
system requires the search of efficient alternative catalysts
based on inexpensive and earth abundant elements.
Recently, low-cost metal-based oxides [6-7], hydroxides
[8-10], sulfides [11], selenides [12] and phosphates [13-
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14] etc hawe been studied and exhibited good
electrocatalytic activity for OER in alkaline solution.
Especially, transition metal chalcogenides such as metal
sulphides and metal selenides materials represent a new
family of catalyst materials for water oxidation, due to
their unique electronic configuration and comparatively
high catalytic activity. NiTe, as a member of metal
chalcogenide family and conventionally fabricated in the
morphology of nanorods, are regarded as environmentally
friendly nanomaterials and used as enzyme mimics to
detect glucose and mercury in blood [15-16]. Howewer, its
electrochemical activity towards water splitting has never
been known to date, to the best of our knowledge. It is
shown that good water oxidation catalytic performances
have been reported on NiS [11], NiSe [12], CoS[17] and
CoSe [18]. Thus, excellent OER performance can be
anticipated for NiTe. More importantly, active sites play a
key role in catalytic processes. Therefore, exposing more
active sites in a catalyst could be an effective way to
enhance electrocatalytic performance. Recently, Two-
dimensional (2D) materials have emerged as one type of
promising electrocatalysts for energy-related reactions.
2D nanosheets with a thickness of a few nanometers or
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less can provide a large number of accessible
electroactive sites and also decrease the diffusion paths of
electrolytes to the material [19-20].

In this study, we report an ultrathin crystalline
hexagonal NiTe nanosheet structure grown in-situ from
nickel foam (NF) substrates via a one-pot hydrothermal
method. The electrode can be directly used as a highly
efficient, free-standing electrocatalyst for OER in alkaline
media. NF is used not only as the catalyst support but also
as the source of nickel for the growth of NiTe nanosheets.
Moreover, the in-situ fabricated NiTe from NF can
facilitate fast electron transfer between the active NiTe
composite and the NF charge collector, while the NiTe
ultrathin nanosheet provide abundant active sites. Further,
the morphology, the electrochemical active surface area
(ECSA) and the catalytic activity can be engineered easily
by changing the reaction conditions. The non-precious
NiTe OER electrode exhibits excellent catalytic
activity and durability for water oxidation, demonstrating
its promising electrocatalytic applications in water
splitting.

Experimental

Material synthesis

The 2D ultrathin NiTe nanosheet was in situ anchored on
NF through a facile hydrothermal process. A piece of NF,
different amount of NaTeOs (0.125 mmol, 0.25 mmol
and 0.5 mmol) and various amount of hydrazine hydrate
(0 mmol, 3 mmol, 7.5 mmol and 15 mmol) dissolved in
10 mL deionized water were put into a Teflon-lined
autoclave of 20 mL capacity. After stirring for 10 min, the
autoclave was heated at 180 °C for 6 h. After that, the
system was allowed to cool to room temperature naturally
and the electrode was collected, washed with deionized
water and absolute ethanol, and then dried at room
temperature.

Physical characterization

Scanning electron microscope (SEM, JSM-7001F) and
X-ray diffraction (XRD, Empyrean PANalytical
diffractometer, CuKa radiation) were employed for
characterizing the prepared sample. Transmission
electron microscopy (TEM), high-resolution TEM
(HRTEM), and energy-dispersive X-ray spectroscopy
(EDS) mapping images were obtained from Philips
CM200. Chemical compositions of the samples were
analyzed by X-ray photoelectron spectroscopy (XPS,
Thermo ESCALAB250i). Atomic force microscopy
(AFM) was carried out on a Dimension ICON SPM
scanning probe microscope (Bruker AXS S.AS.).

Electrochemical measurement

All electrochemical measurements were carried out
with a CHI 660 electrochemical workstation. As-prepared
NiTe catalyst on NF was directly used as the working
electrode without further treatments. A graphite carbon
plate and Ag/AgCl (1 M KCI) were used as counter
electrode and reference electrode, respectively. All
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potentials measured were calibrated to rewersible
hydrogen electrode (RHE) wusing the following
equation: ErHe = Eagagar + 0.235 V + 0.059 pH. OER
linear sweep voltammetry (LSV) polarization curves were
recorded at a scan rate of 5 mV s1. Before recording,
the NiTe electrode was scanned for 20 cycles in
1 M KOH solution from 1.061 V to 1.661 V (vs. RHE)
until a stable cyclic voltammogram (CV) was recorded.
All the OER polarization curves were measured in 1 M
KOH with 90% iR compensation. Chronoampermetric
measurement was obtained under the same experimental
setup without iR compensation. Electrochemical
impedance spectra (EIS) of samples were measured
at 163 V (vs. RHE) in the frequency range of
0.1-100,000 Hz with amplitude of 10 mV in 1 M KOH
electrolyte.

Calculation of electrochemically active surface area
(ECSA)

The calculation of ECSA is based on the measured double
layer capacitance (CoL) of the synthesized electrodes in 1
M KOH. Briefly, a potential range where no apparent
Faradaic process happened was determined firstly using
the static CVs. The charging current ic which equals to the
product of the scan rate (v), and the electrochemical
double-layer capacitance, CpL, was measured from the
CVs at different scan rates and follows the equation:

ic=v CpoL

Thus, the ECSA is positively correlated with the derived
curve slope from the equation.

—0 mmol N_H,
—7.5mmol NH,
—15 mmol NH,

Intensity / a.u.
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Fig. 1. (a) Photograph of NF (left) and NiTe on NF (right). (b) SEM
image of NiTe by using 7.5 mmol N,H, as reductant. (c) XRD spectra of
NiTe on NF synthesized with different amount of N,H,.

Results and discussion

The ultrathin NiTe nanosheet was in situ grown from NF
through a facile hydrothermal process following the
reactions below (Equations 1 & 2):
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Na,TeO, + N,H, —2 5 Te+ N, +2NaOH +H,0 (1)

Ni+Te —2C 5 NiTe )

Firstly, the NaTeOs, a highly reactive Te source, was
sonicated and dissolved into deionized water. Then,
different amount of N2Hs4, which used both as reducing
agent and complexing agent to form a uniform and
transparent aqueous solution before the reaction, was
slowly added into the NaxTeOzs solution [21]. Finally, it
was heated in the autoclave at 180 °C for 6 h where the
generated Te from equation (1) and Ni from NF were
reactedto form NiTe.

Fig. 2. (@) Low and (b) high magnification TEM images of the ultrathin
NiTe nanosheet prepared using 7.5 mmol N,H, as the reducing agent. (c)
Fast Fourier transform (FFT) from the area in Fig. 2b. (d) and (e)
STEM-EDS elemental mapping of Ni and Te, respectively.

The formation of NiTe can be visually detected from

the color change of NF before and after reaction. As
shown in Fig. 1a, the photograph of bare NF (left) and
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NiTe on NF (right) reveals an apparent color change from
silver-white to black after the reaction, implying the
generation of NiTe. From the scanning electron
microscopy (SEM) images of as-obtained product in
Fig. 1b, ultrathin nanosheets vertically grown on the NF
substrate with a length of hundreds of nanometers are
observed and the thickness of the nanosheets is only
several nanometers. The morphology of the NiTe product
can be easily tuned by changing the amount of N2Hs. The
influence of different N2H4 on the morphology of the
NiTe was investigated and the results were shown in Fig.
S1. The nanosheet morphology can only be obtained
when 7.5 mmol N2Hs was used. No obvious morphology
could be detected in the absence of the N2Hs reductant,
while densely packed NiTe nanoplates or nanoparticles
were gained when treated with less (3 mmol) or more (15
mmol) N2Ha. It should be noted that the morphology has a
significant influence on the OER, which will be evaluated
later.

s "8 =050 60 90 120 150 180
Position / nm

0.0 500.0 nm

Fig. 3. AFM height image and the corresponding height as a function of
position curve (inset) of NiTe in the area indicated by the solid line in
the AFM image.

X-ray diffraction analysis (XRD) was used to
investigate the crystal structure of NiTe. As shown in
Fig. 1c, the XRD patterns of various N2H4 synthesized
samples grown on NF showed peaks of (101), (102),
(110), (201) and (103) at 30.9°, 42.8°, 45.7°, 56.2° and
58.2°, respectively, which matched with the hexagonal
NiTe phase and peaks at 44.4° and 51.7° arise from the
underlying NF substrate. Unsurprisingly, the diffraction
peaks of NiTe cannot be detected in the absence of N2Ha
(0 mmol), which means Na2TeOs could not be reduced to
Te without N2Ha and therefore, no NiTe was produced.

The morphology of the NiTe ultrathin nanosheet was
also characterized by transmission electron microscopy
(TEM). As shown in Fig. 2a, the TEM image of the
product exhibits freestanding sheet-like morphology with
relatively low contrast, rewealing the ultrathin
configuration. Furthermore, the highly parallel and
ordered lattice planes in high-resolution TEM (HRTEM)
images of NiTe are clearly visible (Fig. 2b). The d-
spacing of 0.29 nm corresponds to the (101) planes of
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hexagonal NiTe crystals. Fast Fourier transform (FFT)
performed from the area in Fig. 2b further shows the
ultrathin nanosheets have a hexagonal crystal structure
(Fig. 2c). Elemental mapping analysis showed that Ni
and Te were homogenously distributed (Fig. 2d and e),
and the atomic ratio of Ni/Te is about 1:1, revealing the
formed product was single-phase NiTe. The thickness of
the ultrathin nanosheet was evaluated further by atomic
force microscopy (AFM). The AFM image and its
corresponding height profile displayed the sheet-like
morphology with an average thickness of approximately
2.5 nm (Fig. 3). Taken together, all of the results confirm
that ultrathin 2D NiTe nanosheets have been successfully
synthesized.
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Fig. 4. (a) Survey and high-resolution XPS spectra of (b) Ni2p and
(c) Te3d core level regions.

To probe the chemical composition and element
valence on the surface of the NiTe electrode, X-ray
photoelectron spectroscope (XPS) was performed. The
XPS survey spectrum of NiTe on NF clearly shows the
characteristic peaks of Ni and Te as shown in Fig. 4a. The
high-resolution core spectrum of Ni2p (Fig. 4b) shows
Ni2p1r and Ni2ps2 peaks centered at 873.1 and 8554 eV
with a 6 eV satellite at 861.4 eV, indicating the oxidation
state of nickel is Ni?*, while the peaks at 852.7 and 870.1
eV can be assigned to metallic Ni2p arising from the NF
substrate [14]. The Te3ds2 XPS spectrum of the catalyst
gives two peaks at 572.4 and 575.8 eV (Fig. 4c). The
higher binding energy at 575.8 eV is due to Te associated
with oxygen on the surface and the lower binding energy
at 572.4 eV is due to Te bonding to nickel. The Te3dz:
XPS shows peaks at 582.8 and 586.3 eV. Similar to the
Te3ds2 XPS spectrum, the lower binding energy at 582.8
eV indicates the nickel telluride bond with a Te-? valence
in the composite [22]. The atomic composition of the
NiTe surfaces determined by the XPS is around 1:1, in
consistent with XRD and TEM results, further confirming
the formation of NiTe.
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The fabricated samples were used as water oxidation
catalysts under an alkaline condition. To optimize the
OER performance, a set of NiTe electrodes were prepared
by changing the amount of Na.TeOs or N2Hs precursor in
the reaction solution. As shown in Fig. S2a and b, the
highest OER performance was obtained for the NiTe
electrode prepared with 0.25 mmol NaTeOs and 7.5
mmol N2Hs. The less or excess usage of the abowe
reaction precursors result in highly packed nanoplates or
nanoparticles structures (Fig. S1). Consequently, lower
water oxidation performance was achieved. Furthermore,
deliberately adding additional nickel source into the
reaction solution NF to prepare NiTe lead to slightly
decreased OER performance (Fig. S2c), indicating NF
itself can provide sufficient nickel source for the
generation of NiTe nanosheet. We also prepared the NiTe
powder and loaded it onto NF, however, much worse
OER performance was gained (Fig. S2c), demonstrating
the in-situ synthetic strategy is vital. Thus, the optimal
synthesis condition using 0.25 mmol NaTeOs and 7.5
mmol N2H4 to prepare NiTe on NF was adopted hereafter
(denoted as NiTe).

500 0.60 -
—NiTe (@) s, |—Nie
o 400{_—NiTecontrol < 0851 _NiTecontrol 150 mv dec”

W g.50] —NF gl
0300 E 0 ~~—123 mV dec”
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0 0.30 : ‘
1 ¥ 150 175 200 22§ 250
Log (J/mA cm™)
2.2 19
18 (d)
w20 4
& i 1.7
g“ 8 g 1.61 Constant current =20 mA cm®
> >15
316150 mA cm? w14
1

6 8 10

4 v - r - : 1.3 : .
0 200 400 600 80010001200 0 2 &
Timels Time/

Fig. 5. (a) OER polarization curves of NiTe, NiTe control and NF with
90% iR correction and (b) Corresponding Tafel plots. (c) Multi-current
chronopotentiometry response for NiTe without iR compensation. (d)
Chronopotentiometric curve of NiTe electrode with constant current
density of 20 mA cm? without iR correction.

After optimization, the OER activity of NiTe, NiTe
control (prepared without N2H4) and NF were compared
and investigated under the same condition. As seen from
Fig. 5a, bare NF and NiTe control shows negligible OER
current, while the polarization curve of NiTe exhibits the
lowest onset potential of 1.51 V (vs. RHE) and much
greater catalytic current density. The owerpotential (r)
required for delivering a current density of 50 mA cm?2 is
330 mV, which is even lower than the Ni(OH)2/NF (372
mV) [23], NiOX/C (335 mV) [24], NiOOH (525 mV) [25],
NiCo204 (391 mV) [26], Ni/NisN (399 mV) [27] and
NiCo LDH (393 mV) [28] electrodes to achieve a current
density less than 20 mA cm-2. Moreower, to deliver a
current density as high as 300 mA cm?2, the overpotential
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is only 410 mV. In comparison, only 34 mA cm2 and
24 mA cm2 can be obtained for NiTe control and NF
electrodes, respectively, at the same overpotential. Such
catalysts that can achieve large current densities at low
overpotentials are highly demanded in water electrolysis
industry.

0.4
® 0 mmol NH, (@)
3 mmol NH,
0.3 w 7.5 mmoINH, 1.37 mF
< 1w 15 mmol N_H
£ 0.2
~ ] ‘;ﬂ#;,,,,ér”’*ﬁﬁﬁi;F
. 0.29 mF
0.0—m—m—m—————
0.08 0.10 0.12 10.14 0.16
viVs
60 -=-0 mmol N H, (b)

1-e-3 mmol NzH4

40- —+-7.5 mmol N H,

E —~15mmol N H,
N

0 10 20 30 40 50 60
Z'/Q

Fig. 6. (@) Comparison of the ECSA sloped measured in a non-Faradaic
region and (b) Electrochemical impedance spectra recorded at
overpotential of 400 mV (vs. RHE) on different NiTe electrodes.

An important metric for viability of an OER catalyst is
its Tafel slope, which could allow for the evaluation of
the OER kinetics. As shown in Fig. 5b, the Tafel slope for
NiTe is 88 mV dec, which is much smaller than that of
NiTe control (150 mV dec?) and NF (123 mV dec?),
respectively, indicating rapid OER rates using NiTe
electrocatalyst. In addition, the excellent mass transport
and charge transfer properties, and robust stability
of the NiTe catalyst is evidenced by multi-step
chronopotentiometric responses. As seen from Fig. 5¢, the
current density is increased from 50 mA cm-2 to 300 mA
cm2 with an increment of 50 mA cm-2 per 200 s. For each
increment, an immediate level off OER potential is
observed without detectable fluctuation, demonstrating
excellent mass transport and charge transfer, fast bubble
removal, and the robustness of the NiTe electrode.

The long-term stability of an electrocatalyst is another
crucial parameter to consider for its future practical
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applications. As shown in Fig. 5d, with continuous OER
at a constant current density of 20 mA cm?, the
owerpotential of the NiTe electrode remains stable at
around 1.64 V for over 10 h. Furthermore, there is no
visible change in morphology for NiTe after the stability
test (Fig. S3), suggesting the NiTe ultrathin nanosheet is a
class of highly active and stable catalyst for the OER.

To understand the origin of the enhanced OER
performance of NiTe, we investigated the electrochemical
active surface area (ECSA) by determining the double
layer capacitance of the different amount N2Hs treated
samples and the slopes were used to compare their ECSA
(Fig. 6a). As expected, the NiTe electrode using
7.5 mmol N2H4 shows the largest ECSA slope of 1.37 mF,
which is around 1.5 times that of 3 mmol and 15 mmol
N2H4 treated electrodes and 4.7 times that of 0 mmol
N2H4 fabricated sample, indicating the important role of
the 2D ultrathin nanosheet which could expose additional
active sites for water oxidation. The enhanced OER
activity from the increased ECSA provided by the
ultrathin nanosheets could be further confirmed from the
electrochemical impedance spectroscopy (EIS) where the
charge transfer behavior between the solution and the
electrode was evaluated. As seen from Fig. 6b, the charge
transfer resistance (R«) of different amount N:Ha4
synthesized NiTe are all around 12 Q, which are much
smaller than the control electrode without using N2Hs as
reductant. The small Rt of all the prepared NiTe
electrodes reweals fast charge transfers during OER
between NiTe electrode and the electrolyte, and also
implies that higher ECSA provided by the ultrathin
nanosheet structure was one of the main factors attributed
to the enhanced OER activity.

Conclusion

In conclusion, we have demonstrated a facile in-situ
hydrothermal route for the synthesis of hierarchically
structured, ultrathin 2D NiTe nanosheet on 3D porous NF
substrate. The 2D ultrathin nanosheet together with the
3D configuration of NF can buffer electrolyte to reduce
ion transport resistance and facilitate the evolution of O..
Sample characterizations indicate the higher ECSA
provided by the ultrathin nanosheet structure was the
main factor for the enhanced OER activity. The resultant
NiTe electrode  demonstrates  excellent  OER
electrocatalytic activities (an onset potential of 1.51 V vs.
RHE and overpotential of 410 mV to afford a high current
density of 300 mA cm2). This work may provide a new
pathway for the design of advanced OER catalysts.
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Fig. S2. (a) OER polarization curves of NiTe synthesized by using
different Na,Te O; with fixed N,H, (7.5 mmol) and (b) OER polarization
curves of NiTe synthesized by using different N,H,with fixed Na,TeO;
(0.25 mmol). (c) NiTe electrodes prepared under different conditions.

Fig. S1. (a)-(c) SEM image of NiTe synthesized by using 0 mmol, 3
mmol and 15 mmol N,H, as reductant, respectively.

Fig. S3. SEM image of NiTe after stability test.
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