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Exploring and designing efficient non-noble catalysts formed by element doping and
nanostructure modification for the hydrogen evolution reaction (HER) is of critical impor-
tance with respect to sustainable resources. Herein, we have prepared a three-dimensional
binary NiCo phosphide with hierarchical architecture (HA) composed of NiCoP nanosheets
and nanowires grown on carbon cloth (CC) via a facile hydrothermal method followed by
oxidation and phosphorization. Due to its unique hierarchical nanostructure, the NiCoP
HA/CC electrocatalyst exhibits excellent performance and good working stability for the
HER in both acidic and alkaline conditions. The obtained NiCoP HA/CC shows excellent HER
activity with a low potential of 74 and 89 mV at 10 mA cm 2, a small Tafel slope of 77.2 and
99.8 mV dec ' and long-term stability up to 24 h in acidic and alkaline electrolyte,

Electrocatalyst respectively. NiCoP HA/CC, a non-noble metal material, is a promising electrocatalyst to
HER replace noble metal-based electrocatalysts for the HER.
© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
N hydrogen evolution reaction (HER), since the electrocatalyst
Introduction

can significantly reduce the energy barrier and achieve
favorable reaction efficiency [6—8]. Unfortunately, the rarity

Hydrogen has generally been considered to be one of the most
promising sources of renewable energy given that traditional
fossil fuel sources of energy are diminishing [1,2]. Electro-
chemical water splitting to produce hydrogen gas has attrac-
ted more attention due to the high efficiency, simplicity and
environmental friendliness of the method [3—5]. In large-scale
applications, the electrocatalyst plays a vital role in the
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and high cost of noble metal-based catalysts limits their
widespread application in electrochemical water splitting [9].
Therefore, earth-abundant transition metals (Fe, Co, Ni, Mo, V,
etc.), and their chalcogenides [10—12], nitrides [13,14] and
phosphides [15] have been widely explored to replace noble
metal-based catalysts [16]. Among these alternative materials,
transition-metal phosphides (TMPs) have attracted particular
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attention due to the high catalytic activity originating from
their hydrogenase-like catalytic mechanism [17,18]. However,
the poor catalytic performance in alkaline media relative to
that in acidic environments may be problematic for practical
application because the oxygen evolution reaction (OER) often
needs to be implemented in alkaline environments [19].

In the recent past, numerous studies have been performed
to improve the electrocatalytic performance of TMPs in both
acidic and alkaline conditions [20—22]. There are three major
approaches to improve the HER activity of TMPs: (1) increasing
the number of active sites on the catalyst, (2) improving the
electrical conductivity of the catalyst, and (3) improving the
catalytic effects of the active sites [23,24]. The performance of
TMPs could be increased by metal doping [25—27]. Thus,
compared with monometallic phosphides, bimetallic phos-
phides usually exhibit more abundant morphology and su-
perior activity due to synergistic effects [28,29]. In addition,
the regulation and control of the hierarchical architecture of
the catalyst could effectively increase the number of active
sites and further improve the electrical conductivity of the
catalyst [30—32].

In this work, we describe a facile and effective method for
fabricating binary NiCo phosphide with a unique three-
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dimensional hierarchical architecture (NiCoP HA/CC) to
serve as a highly efficient HER electrode material. The hier-
archical architecture of the catalyst can be controlled by a
hydrothermal process. The 3D NiCoP HA/CC can be directly
used as an electrode for the HER. NiCoP HA/CC shows excel-
lent HER activity and long-term stability up to 24 h, as well as a
high cathodic current density in both acidic and alkaline
electrolyte. The non-noble metal material NiCoP HA/CC is a
promising electrocatalyst to replace noble metal-based elec-
trocatalysts for HER.

Experiments
Preparation of NiCoP HA/CC

In a typical procedure, Ni(NOs),-6H,0O (1.5 mmol), Co(N-
03),-6H,0 (1.5 mmol), CO(NH,), (15 mmol) and NH4F (8 mmol)
were dissolved in 30 mL of distilled water and stirred to form a
homogeneous solution. A piece of carbon cloth (CC)
(2 cm x 3 cm) was pretreated by nitric acid for 2 h and then
ultrasonically cleaned with alcohol and deionized water for
10 min in sequence. The solution and CC were transferred into

Fig. 1 — SEM images of the NiCo precursor obtained at different reaction times: (a, d) 2 h, (b, €) 4 h, (c, f) 6 h. (g) XRD patterns of
bare CC and the NiCo precursor obtained at different reaction times. (h) SEM image of NiCoP HA/CC.
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Fig. 2 — SEM images of NiCo precursor synthesized with different contents of NH,F: (a, d) 4, (b, €) 8, (c, f) 12 mmol.

a 50 ml Teflon-lined stainless autoclave, which was sealed and
maintained at 120 °C for 6 h in an oven and then cooled down
to room temperature naturally. The NiCo precursor was taken
out and washed with deionized water before being dried at
60 °C. After this, the NiCo precursor was calcined at 450 °C for
2 h to ensure good crystallinity and close contact between the
sample and the substrate. The as-prepared NiCoO precursor
and 0.5 g NaH,PO, were placed separately in a porcelain boat
before being heated in a tube furnace at 300 °C for 2 h under Ar
flow. After washing with deionized water, the as-prepared
NiCoP HA/CC was dried at 60 °C.

The hierarchical architecture was constructed by regu-
lating the content of NH,F and the reaction time of the hy-
drothermal process. The products with different reaction time
(2h, 4 h and 6 h) and content of NH,F (4 mmol, 8 mmol and
12 mmol) were synthetized and investigated.

For comparison, Co,P/CC and Ni,P/NisP,/CC were prepared
in a similar way without adding Ni(NOs),-6H,O or Co(N-
03),-6H,0, respectively. NiCoP/CC (2:1) and NiCoP/CC (1:2)
were fabricated in the same way using different initial molar
ratios of Ni(NO3),-6H,0 to Co(NOs),-6H,0, namely, 2:1 and 1:2,
respectively.

Instruments

The morphology and structure of the samples were charac-
terized using field-emission scanning electron microscopy
(FE-SEM, ULTRASS, Zeiss, Germany) and transmission elec-
tron microscopy (TEM, JEM-2100, JOEL, Japan) at the acceler-
ation voltage of 200 kV. Phase analysis of the samples was
performed by X-ray diffractometer (XRD, Bruker AXSD8
DISCOVER). The X-ray photoelectron spectroscopy (XPS)
measurements were recorded with an X-ray photoelectron
spectrometer (Kratos Axis Ultra DLD) using a monochromatic
Al K,, source (1486.6 eV). High-angle annular dark-field scan-
ning TEM (HAADF-STEM) images, STEM mapping and line-
scan energy dispersive X-ray spectroscopy (EDX) spectra
were recorded by an STEM (Tecnai G2 F30S-Twin, Philips-FEI)
at an acceleration voltage of 300 kV.

Electrochemical characterization
All electrochemical experiments were carried out using

an electrochemical analyzer (IviumStath, Ivium Tech,
Netherlands) with a standard three-electrode cell testing

Fig. 3 — SEM images of (a, f) Ni,P/NisP4/CC, (b, g) NiCoP/CC (2:1), (c, h) NiCoP HA/CC, (d, i) NiCoP/CC (1:2), and (e, j) Co,P/CC.
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Fig. 4 — (a) XRD patterns of Ni,P/NisP,/CC and CGo,P/CC. (b) XRD patterns of NiCoP/CG (2:1), NiCoP HA/CC and NiCoP/CC (1:2).

system at room temperature. A graphite rod and a saturated
calomel electrode were used as the counter and reference
electrodes, respectively. Electrochemical characterization
was performed in an aqueous solution of 0.5 M H,SO4 or 1 M
KOH. Prior to data collection, the working electrodes were
preprocessed under a continuous Ar flow by cyclic voltam-
metry to bubble away the surface contaminants. The poten-
tials were calibrated against a reversible hydrogen electrode
(RHE).

Results and discussion

The binary NiCo phosphide hierarchical architecture grown
on CC (NiCoP HA/CC) was prepared by a hydrothermal method
and an oxidation process, followed by low-temperature
phosphorization using NaH,PO, as a P source. Reaction time
of the hydrothermal process directly affects the construction
of hierarchical architecture. A time-dependent experiment
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Fig. 5 — HRTEM of (a) NiCoP nanowire, (b) TEM of NiCoP HA and (c) NiCoP nanosheet on NiCoP HA. (d) HAADF-STEM and
(e) STEM-EDX mapping images of NiCoP HA. (f) Line-scan EDX spectra of NiCoP HA.
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was firstly performed to investigate the evolution of the hy-
drothermal process. Fig. la—g shows the scanning electron
microscopy (SEM) images and X-ray diffraction (XRD) patterns
of NiCo precursors obtained at different reaction times of 2 h,
4 h and 6 h. Before 2 h, a few scattered sheets started to grow
on the carbon cloth (Fig. 1a, d), and the major phase was
Co(OH), (red line in Fig. 1g). At 4 h, the carbon cloth was
covered with multidirectional nanosheets, and several burr-
like nanowires were observed on the nanosheets (Fig. 1b, e).
The diffraction peaks of (Ni,Co)O(OH) and Ni(OH),-0.75H,0
appeared at this time, coexisting with Co(OH), (blue line in
Fig. 1g). When the reaction time reached 6 h, numerous
nanowires had grown along the direction of the growth of the
nanosheets to finally form a hierarchical architecture (Fig. 1c,
f). The diffraction peaks of Co(OH), disappeared, and the major
phases were (Ni,Co)O(OH) and Ni(OH),-0.75H,0 (green line in
Fig. 1g). By controlling the reaction time of the hydrothermal
process, the morphology of the NiCo precursor changed from a
single structure to hierarchical architecture. Moreover, the
NiCoP HA/CC materials retained their morphology well after
oxidation and phosphorization (Fig. 1h).

In hydrothermal experiments, the content of NH4F in so-
lution plays a very important role in the regulation and control
of hierarchical architecture. To further investigate the
detailed formation mechanism, we carefully studied the ef-
fects of different NH,F contents at 4 mmol, 8 mmol and
12 mmol on morphology. Fig. 2 shows the morphology of the
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NiCo precursors obtained under various contents of NH,F.
When the content of NH4F was 8 mmol, forest-like NiCo HA
nanowire was clearly obtained (Fig. 2b, e). However, at
4 mmol, the density of the nanowire on CC increased with a
lower content of NH,4F (Fig. 2a, d). As the content increased to
12 mmol, the bunched NiCo nanowires tended to assemble
into nanosheet-like structures (Fig. 2c, f). In the reaction pro-
cess, the morphology of the product strongly depends on the
growth kinetics and the regulating effect of NH4F is mainly
attributed to F~. Owing to the hydrolysis of F~ [33], the com-
bination of F~ and H,O reduces the concentration of water
molecules. This effect inhibits the movement of water mole-
cules and leads to an increase in the average activity coeffi-
cient of ions in solution. The result is an increase in reaction
rate and a rapid build-up of product particles. Besides, F~ can
adsorb on the surface of the primary particles, hinder the
orderly growth of the particles, and eventually make them
grow disorderly in many directions into a higher dimensional
structure [34].

Based on the experimental results and discussions, we can
draw the conclusion: the content of NH,F plays an important
role in the formation of hierarchical structure. At the begin-
ning of hydrothermal reaction, higher amounts of NH4F could
lead to the growth of two-dimensional nanosheet-like NiCo
bunched nanowires on CC in aqueous solution. As the reac-
tion continued, CO(NH,), and metal salts were gradually
consumed. Low reaction rate promoted the growth of
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Fig. 6 — XPS spectra of NiCoP HA/CC: (a) survey, (b) Ni 2p, (c) Co 2p and (d) P 2p regions.
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nanowires and loading on nanosheets, resulting in the for-
mation of NiCo HA structures.

To obtain the optimal ratio of metal salts, we fabricated
contrasting samples in the same way using different initial
molar ratios of metal salts. The surface morphology of the
different as-prepared samples was characterized by SEM. As
shown in Fig. 3, Ni,P/NisP,/CC nanosheets, NiCoP HA (2:1),
NiCoP nanowire arrays (1:2) and Co,P nanowire arrays were
grown on CC. The successful formation of TMPs after subse-
quent two-step posttreatment was confirmed by XRD anal-
ysis. Fig. 4b shows the XRD patterns of NiCoP HA/CC and
contrasting samples fabricated in the same way using
different initial molar ratios of metal salts. The characteristic
peaks at41.0°,44.9°,47.6° and 75.4° can be indexed to the (111),
(201), (210) and (212) planes of NiCoP (JCPDS No. 71-2336),
respectively. Fig. 4a presents the XRD patterns of two mono-
metallic phosphides grown on CC. The Co,P/CC exhibits three
main characteristic peaks, indexed to the (201), (121) and (401)
planes of Co,P (JCPDS No. 74-0287). The XRD pattern of Ni,P/
NisP,/CC is in good accordance with the standard Ni,P (JCPDS
03-0953) and the standard NisP, (JCPDS 18-0883).

The TEM image in Fig. 5b further shows multilayer NiCoP
nanosheets and connected nanosheets and nanowires, which
is consistent with the results of SEM. Fig. 5a and c presents
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high-resolution transmission electron microscope (HRTEM)
images of a typical nanowire and nanosheet, indicating high-
quality crystallinity with lattice fringes of 0.220 nm, which is
in good agreement with (111) lattice planes. To unambigu-
ously determine the distribution of elements, we employed
elemental mapping by scanning transmission electron mi-
croscopy (STEM). High-resolution EDX elemental mapping
images are shown in Fig. 5e. This confirms the homogeneous
distribution of Ni, Co and P elements, and a high spatial cor-
relation is presented over the entire mapped area. Line-scan
EDX spectra extending across NiCoP nanosheets along NiCoP
nanowires in the selected region are shown in Fig. 5f. The
spectra indicate that the Ni, Co and P elements are concomi-
tant in the nanowire while the P element is relatively scarce in
the nanosheet. Combined with the above characterization, we
conclude that the component of the nanowire and the surface
of nanosheets is NiCoP, which formed during phosphating
process and contributed to catalysis for hydrogen evolution
reaction.

X-ray photoelectron spectroscopy (XPS) analysis was then
utilized to probe the surface chemistry of NiCoP HA/CC. As
shown by the XPS survey spectra in Fig. 6a, Ni, Co, P, C, and O
coexisted in the as-prepared NiCoP HA/CC. Fig. 6b—d displays
high-resolution spectra of the Co 2p, Ni 2p, and P 2p core
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Fig. 7 — Hydrogen evolution reaction electrocatalysis in 0.5 M H,SO,. (a) LSV curves of HER, (b) corresponding Tafel plots
and (c) electrochemical impedance spectra at n = 100 mV of NiCoP HA/CG, along with Pt/C, Ni,P/NisP,/CC, NiCoP/CC (2:1),
NiCoP/CC (1:2), Co,P/CC and CC for comparison. (d) Time-dependent current density of NiCoP HA/CC at a constant voltage

of —74 mV vs. RHE.
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levels. In the high-resolution Ni 2p region (Fig. 6b), the peaks at
853.5 and 856.5 eV are attributed to Ni 2ps/5, while the peak at
861.7 eV belongs to the satellite of the Ni 2ps/; peak. In the Co
2p spectrum (Fig. 6c), the peaks at 778.7 and 781.8 eV are
attributed to Co 2ps/», while the peak at 786.1 belongs to the
satellite of the Co 2ps/, peak. For Co 2ps/,, the peak located at
778.7 eV is assigned to Co—P. The peak at 781.8 eV can be
ascribed to an oxidized state of Co [17]. The high-resolution P
2p spectrum (Fig. 6d) shows two peaks at 129.5 and 133.6 eV.
The peaks at 853.5 €V for Ni 2ps/,, 778.7 eV for Co 2ps,, and
129.5 eV for P 2ps/, are associated with the typical binding
energies for Ni 2p, Co 2p and P 2p contributions in NiCoP,
respectively [18]. All of the above characterizations and ana-
lyses confirm the successful conversion of the NiCo precursor
to NiCoP HA on CC.

Subsequently, the electrochemical performance of NiCoP
HA/CC towards HER was investigated using a typical three-
electrode cell testing system in both acid (0.5 M H,SO,) and
alkaline (1.0 M KOH) conditions. NiCoP HA/CC was directly
used as the working electrode. A graphite rod and a saturated
calomel electrode were used as the counter and reference
electrodes, respectively. Fig. 7a shows the LSV curves of the
HER in 0.5 M H,SO, catalyzed by various catalysts. Among the
considered catalysts, NiCoP HA/CC had a low overpotential of

<
A

-50

—NizP/NisP‘CC
——NiCoP/CC (2:1)
——NiCoP HA/CC

-100 4

Current Density (mA/cmz) ®
N’

-150+ ——NiCoP/CC (1:2)
—Co,P/CC
2004 — CC
—Pt/C
250 v ¥ r T T
04 03 02 -0 0.0 0.1 0.2

Potential vs RHE (V)

* Ni,P/NiP,/CC
e NiCoP/CC (2:1)
e NiCoP HA/CC
. e NiCoP/CC (1:2)
E e CoP/CC
o 54 e CC
= °
£ e oo ° .
- e°®® o o ° .
¥ L °
e o
°® o ° '.
0 v T v T v T v
0 5 10 15 20
Re(Z)/Ohm

(b)

~

o

~
<

74 mV at the current density of 10 mA cm ™2, close to the value
of 20% Pt/C and much lower than those of Ni,P/NisP,/CC
(170 mV), NiCoP/CC (2:1) (118 mV), NiCoP/CC (1:2) (96 mV) and
Co,P/CC (97 mV). For further insight into the catalytic kinetics
and intrinsic properties of the electrocatalysts, Tafel plots
(Fig. 7b) were fitted to the Tafel equation (n = b log| j| + a). The
results indicate that the Tafel slope of NiCoP HA/CC (77.2 mV
dec™) was close to that of 20% Pt/C (24.5 mV dec™?). In addi-
tion to electrochemical performance, enhanced charge
transfer kinetics contribute to the improved HER efficiency of
a catalyst. We evaluated the AC impedance at an over-
potential of 100 mV (Fig. 7c). NiCoP HA/CC exhibits a smaller
charge transfer impedance (4.2 Ohm) than that of Ni,P/NisP,/
CC (9.1 Ohm), NiCoP/CC (2:1) (5.4 Ohm), NiCoP/CC (1:2) (5.0
Ohm) and Co,P/CC (5.8 Ohm), suggesting a faster electron
transfer rate for the HER with NiCoP HA/CC. In addition to
catalytic activity, durability and long-term stability, especially
at high current density, are essential qualities for an advanced
electrocatalyst. A chronoamperometry test demonstrated
that NiCoP HA/CC works efficiently for more than 24 h (Fig. 7d)
at a high current density of 10 mA cm 2

In 1.0 M KOH (as shown in Fig. 8a), a small overpotential of
89 mV for NiCoP HA/CC can lead to a current density of
10 mA cm ™2, which is slightly higher than that of 20% Pt/C

——Ni,P/Ni,P /CC
~ 0.54 ——NiCoP/CC (2:1)
< 397.2 mV dec’ = NiCoP HA/CC
M 044 == NiCoP/CC (1:2)
E = Co,P/CC
2 03+ e
= 2251 mVdec’ —Pt/C
S 024 142.8 mV dec’ B
= ) 127.3 mV dec
& 112.0 mV dec 4
<] 99.8 mV dec
A, 0.1+
42.4mV dec’
0.0 T v
0.5 1.0 1.5 2.0

Log()jjmA cm'z)

=204

Current Density (mA/cm’)

@
S
r
p

12 16 20 24
Time (h)

=

Fig. 8 — Hydrogen evolution reaction electrocatalysis in 1 M KOH. (a) LSV curves of HER, (b) corresponding Tafel plots and
(c) electrochemical impedance spectra at n = 100 mV vs. RHE of NiCoP HA/CC, along with Pt/C, Ni,P/NisP,/CC, NiCoP/CC (2:1),
NiCoP/CC (1:2), Co,P/CC and CC for comparison. (d) Time-dependent current density of NiCoP HA/CC at a constant voltage

of —89 mV vs. RHE.
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(52 mV) and much lower than those of the other compared
electrocatalysts. Moreover, the small Tafel slope (99.8 mV
dec™) of NiCoP HA/CC is comparable with that of 20% Pt/C
(Fig. 8b). Fig. 8c displays the electrochemical impedance
spectra. Clearly, the resistance of NiCoP HA/CC is much
smaller, and the charge transfer resistance (Rct) of NiCoP HA/
CC is only 5.7 Ohm. Similarly, the Tafel slope and electro-
chemical impedance values are both significantly superior to
those of various TMP-based HER electrocatalysts (Fig. 8b and
c). The smaller Tafel slope and electrochemical impedance of
NiCoP HA/CC reveal that this material possesses faster HER
kinetics than do the other electrocatalysts in alkaline media.
Time-dependent current density analysis showed only a small
degradation in the current density after 24 h (Fig. 8d), indi-
cating the strong stability of NiCoP HA/CC.

Conclusions

In summary, we have successfully designed and synthesized a
3D self-supported NiCoP HA/CC that can serve as an efficient
HER electrocatalyst in both acidic and alkaline conditions.
NiCoP HA/CC was prepared via a facile hydrothermal method
followed by oxidation and phosphorization. A unique hierar-
chical architecture was constructed by controlling the optimal
ratio of metal salts, the content of NH,F and the reaction time
of the hydrothermal process. The obtained NiCoP HA/CC
shows excellent HER activity with a low potential of 74 and
89 mV at 10 mA cm~?, a small Tafel slope of 77.2 and 99.8 mV
dec™! and long-term stability up to 24 h in acidic and alkaline
electrolyte, respectively. This work demonstrates that NiCoP
HA/CC with a unique three-dimensional hierarchical archi-
tecture is a promising substitute for noble metal-based ma-
terials in large-scale electrochemical water splitting.
Moreover, hierarchical architecture is likely to be applied in
other fields of electrochemistry, such as lithium-ion batteries
and supercapacitors.
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