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Exploring high-efficient catalysts to reduce the voltage of the electrolytic cell is pivotal for large-scale
hydrogen production, and using other electrochemical reactions to replace inert oxygen evolution reaction
(OER) is also a feasible way. In this paper, a series of Ni—Co precursors supported by carbon cloth (CC) were
prepared by hydrothermal method and subsequently treated with phosphating and oxidation, respectively.
The phosphating products and oxidation products were used for hydrogen evolution reaction (HER) and
urea oxidation reaction (UOR), respectively. The materials morphology and electron configuration were also
controlled by adjusting relative Ni—Co content in the precursors. Furthermore, the effects of different Ni-Co
Urea oxidation reaction ratios on electrocatalytic activity under the same crystal structure were discussed in detail. Benefited from
Phosphide the optimum electron structure and maximum active sites, NiCo,-P/CC displayed the best HER catalytic
Oxide performance, with an overpotential of 79 mV to reach 10 mA cm™. On account of the comparatively low
Morphology control theoretical oxidation voltage of urea, NiyCo3_x-O/CCs displayed a much lower working potential in urea-
containing electrolyte than the urea-free electrolyte. Thereinto, Ni;5C015-0/CC showed the best UOR cat-
alytic performance, with a potential of 1.362 V at no in 1.0 M KOH and 0.33 M urea. With the combination of
the above catalysts, it needed only 1.47 V to drive the current density of 10 mA cm™2 in the electrolytic cell

Keywords:
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for hydrogen production via UOR.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

With the depletion of traditional fossil fuels and the environ-
mental pollution picking up, constructing new energy systems is
significant for future sustainable development|1]. Hydrogen is one of
the most promising candidates as the energy carrier, which is widely
studied due to its properties of clean, renewable, widespread, and
high energy density (~120 MJ kg ')[2,3]. Among several kinds of
hydrogen production methods (like fossil fuel reforming|4]|, elec-
trocatalytic water splitting, photocatalytic water splitting[5-7]),
electrocatalytic water splitting with high-efficiency, no emission and
pure production of H, at the cathode has aroused great research
interest. To improve the electrolysis efficiency and reduce the energy
consumption for hydrogen production, highly efficient catalysts are
applied to promote the sluggish kinetics of HER and OER[8,9]. The
noble-metal-based electrocatalysts such as Pt[10,11] and IrO,[12,13]
still are state-of-the-art catalysts toward HER and OER, respectively.
However, the scarcity on earth limits their large-scale applications to
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a great extent[14]. Therefore, the catalysts designed with earth-
abundant elements are the crux of hydrogen generation by electro-
lysis water splitting[15,16].

Transition metal compounds (TMCs) including phosphides|[17],
oxides[18,19], sulfides[20], carbides[21], and alloys[22], have been
widely studied as catalysts for electrolysis water splitting because of
their noble-metal liked performance and low cost. For HER, transi-
tion metal phosphides (TMPs) display extraordinary activity, because
the strong electronegative P atoms are able to draw electrons from
surrounding metal atoms, acting like base to trap protons in elec-
trolytes and accelerate the dissociation of H,[23]. Over past decades,
NiFeP[24,25], Ni,P[26-28], CoP[29,30], CoMoP[31], MoP[32], WP
[33,34] and so on have been proven to have excellent performance.
In recent years, chemicals assistant catalytic oxidation have been
researched to substitute OER in the electrolytic process, including
hydrazine catalytic oxidation reaction (HzOR, NoH4 + 40H™ —» N, +
4 H,0 + 4e”, —0.33 V vs. RHE)[35-37] and urea oxidation reaction
(UOR, CO(NH3); + 60H” — N, + 5 H,0 + CO; + 6e7, 0.37 V vs. RHE)
[38,39]. Thereinto, urea is non-toxic, mild, and readily available, with
a much lower theoretical oxidation potential (0.37 V) than OER
(1.23 V)[40]. In particular, urea is the main pollutant in certain
sewage|41]. Transition metal oxides (TMOs) are deemed as
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outstanding catalysts toward OER, especially nickel cobaltite
(NiCo,04) has been widely researched, due to their abundant active
sites, rich redox reactions, and low price[42,43]. Especially, the ad-
justable Ni—Co ratio gives the crystal its unique chemical properties
toward catalytic reaction. D. Wang et al. had confirmed that meso-
porous NiCo,04 nanosheets are also active to catalyze urea oxidation
[44]. L. Sha et al. synthesized NiCo,04 nanowires grown on Ni foam
for urea oxidation|45]. However, the study on the activity of NiCo,04
crystal toward UOR by regulating its composition has not been re-
ported yet. Moreover, the design of bifunctional catalysts used as
both cathode and anode materials is the trend in the field of water
electrolysis, because it can simplify the production process and re-
duce costs|46,47]. However, due to the difference of reaction me-
chanism and active site, there is almost no single-phase material
that can effectively reduce cathode and anode overpotential at the
same time. According to the existing literature, some attempts have
been made to combine substances with high activity for hydrogen
evolution and oxygen evolution respectively to achieve a bifunc-
tional effect[48,49], but this is not sufficient from the perspective of
making full use of the active sites. Therefore, the design of cathode
and anode material synthesis paths involving the same synthesis
steps is another idea to achieve a bifunctional effect.

In this work, we used the hydrothermal method to grow Ni—Co
precursor on carbon cloth, then calcined in different atmospheres.
The precursor calcined in phosphorus-containing mixed gas (Argon
and NaH,PO, thermal decomposition products) is for phosphide
generation (denoted as NixCos_x-P/CC, X presents the initial molar
content of nickel salt in hydrothermal solution), calcined in the air is
for oxides generation (denoted as NiyCos-,-0/CC), respectively. We
modulated the morphology and electron configuration by simply
alter the ratio of Ni-Co. It is found that, with nickel content in-
creasing, the morphology of phosphides shift from nanowires to
nanosheets. The oxides’ morphology keeps nanowires with wires
getting shorter and smaller. Benefited from the strong synergistic
effects and supreme electrochemical active surface, Ni,Co;P/CC
shows the best HER catalytic performance with an overpotential of
79 mV at nqo. All corresponding oxides show nearly the same OER
catalytic performance with a potential of about 1.428 V at nqo. But
Ni;5C0150/CC shows the best UOR catalytic performance with a
potential of 1.362 V at no. With the combination of Ni,Co;-P/
CC= |Niy5C015-0/CC, it achieves only 1.47 V for overall water split-
ting at nqo.

2. Experimental section
2.1. Chemical reagents

Cobalt nitrate hexahydrate (Co(NOs),-6H,0), nickel nitrate hex-
ahydrate (Ni(NO3),-6H,0), urea (CH4N,0), potassium hydroxide
(KOH), were procured from Sigma-Aldrich. All chemicals were used
without further purification. Carbon cloth (CC) was purchased from
Taiwan Carbon Energy Co., Ltd. Deionized water was used
throughout the experiment.

2.2. Synthesis of the Ni,Coz—,-P/CC

The two-step synthesis process is depicted in Fig. 1. Before the
synthesis, the carbon cloth (1 x 4 cm?) was cleaned in DI water,
ethanol, and DI water by ultrasonication for 10 min in sequence. In a
regular process, a total of 3 mM Ni(NO3),.6 H,0 and Co(NOs),-6H,0
(the moles of Co(NOs),6H,0 are 0, 0.5, 1, 1.5, 2, 2.5 and 3 mM, re-
spectively) with 6 mM urea were added into 30 mL DI water then
stirred for 30 min to obtain a homogeneous solution. Then the so-
lution and the as-cleaned CC were transferred into a 50 mL Teflon-
lined stainless autoclave to have a hydrothermal reaction at 120 °C
for 6 h. When it cooled to room temperature naturally, the
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precursor/CC was washed with DI water and ethanol. After drying,
as-treated CC and 0.5 g NaH,PO, were placed in a corundum boat at
its downstream and upstream, respectively. The boat was placed in a
tube furnace, calcining at 350 °C for 2 h with a heating rate of 5 °C/
min in an argon atmosphere. As a result, the NiCoP electrocatalysts
grown on CC were prepared.

The materials were denoted as NiyCoz_x-P/CC (x=0, 0.5, 1, 1.5, 2,
2.5,and 3), wherein x represents the initial molar of nickel salt.

2.3. Synthesis of the NiyCos_x-0/CC

The synthesis process of the precursor is as same as the Ni,Coz_x-
P/CC. The difference is that the Ni,Cos3_,-O/CC is obtained by cal-
cining the precursor in the air (350 °C for 2 h).

2.4. Materials characterization

Filed-emission scanning electron microscope (FESEM) and en-
ergy dispersive spectroscopy (EDS) spectrum measurements were
performed on a JSM-6700F scanning electron microscope (JEOL,
Japan) with an accelerating voltage of 3 kV and 10 kV, respectively.
Transmission electron microscopy (TEM) images were obtained by
using a JSM-2100 transmission electron microscope (JEOL, Japan)
with an accelerating voltage of 200 kV. High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) and
STEM-EDX mappings images were taken on a Tecnai G2 F30S-Twin
STEM (Philips-FEI) with an accelerating voltage of 300 kV. The ana-
lysis of crystal structures of the products was detected by X-ray
diffraction (XRD) on a Bruker AXS D8 DISCOVER X-ray diffractometer
at a scanning rate of 5°/min”! with Cu Ku radiation (A =0.15406 nm).
X-ray photoelectron spectra (XPS) analysis was carried out using a
Kratos Axis Ultra DLD X-ray photoelectron spectrometer with an Al
Ko source (1486.6 eV).

2.5. Electrochemical measurements

All electrochemical measurements were operated on a CHIG60E
workstation (Chenghua Instrument, China) with a standard three-
electrode system. NiyCo3_4-P/CC and NixCo3_,-O/CC (cut into about
2*2mm? square) were employed as the working electrode in HER
and OER/UOR tests, respectively. A graphite rod and a saturated
calomel electrode (SCE) were used as the counter electrode and re-
ference electrode, respectively. HER and OER tests were conducted in
1M KOH electrolytes, UOR test was conducted in 1M KOH and
0.33M urea electrolytes, respectively. The potential against re-
versible hydrogen electrode (RHE) was calculated according
to Eysgye = Evssce + 0.244 + 0059pH

In all measurements, linear sweep voltammetry (LSV) was pri-
marily used to obtain the polarization curves at a scan rate of
5mV s~ with iR compensation. The Tafel slope was calculated fol-
lowing the formula: n = a + blgj. Then, cyclic voltammetry (CV)
scans were carried out in a non-Faradaic region (0-1.23V) at dif-
ferent scan rates of 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV's .
The double-layer capacitance (Cq;) was measured by fitting the linear
relationship between scan rates and current density differences of
anodic and cathodic. The electrochemically active surface areas
(ECSAs) were evaluated using the following equation: ECSA
=Sgeo*Cai/Cs. Wherein, Cs is specific electrochemical double-layer
capacitance and its value in alkaline media is 40 uF cm™, and the
Sgeo represents the geometric surface area of the electrode. In ad-
dition, the frequencies set to obtain the Electrochemical impedance
spectroscopy (EIS) ranged from 1000 kHz to 0.1 Hz, and the stability
of the Ni,Co;-P/CC and Ni;5Co,5-0/CC was evaluated by testing
current-time responses at nyo for some time.



Y. Liu, J. Guan, W. Chen et al.

Ni @
Co .

©
Urea [

cc #"3‘-:’

Q-l"\

hydrothermal

120°C 6h 350°C 2h

o
CVD it
_—

Journal of Alloys and Compounds 891 (2021) 161790

Ni,Co, ,-P/CC

Ar&PH; for phosphorization HER
Air for oxidization \ OER
UOR

Ni,Co, ,-0/CC

Fig. 1. The schematic illustration of the synthesis process of NiyCo3_x-O/CC & NixCo3_x-P/CC.

3. Results and discussion

A traditional hydrothermal method was applied to grow Ni—Co
precursor on substrate CC, then calcined the precursor in a tube
furnace. The precursor calcined with sodium hypophosphite trans-
formed to phosphides and calcined in air transformed to oxides.

The morphology of the samples was firstly characterized by
FESEM. Fig. S1 and Fig. 2 represent the low and high-resolution
FESEM images of all the samples, respectively. Fig. 2a-e display the
morphology of Ni,Cos—,-P/CC with incremental Ni content. When x
was less than 1.5, nanowires can be observed and the size of the
wires gradually shrank with x increasing. When the Ni—Co ratio was
2, nanowires transformed to nanosheets, which may be caused by
the changes in the preferred orientation of crystal growth[50,51].
When the x value was higher, the nanosheets got thicker and ag-
minated. Fig. 2f-j show the morphology of Ni,Co3-4-O/CC, nanowires
grow evenly on the CC. Notably, the size of the nanowires shrank
with the increasing content of Ni. The FESEM images of precursor are
shown in Fig. S2, sharing the same morphology change with
NixCo3-x-0/CC, which indicated the nanowires-nanosheets trans-
formation was caused by phosphorization and specific Ni-Co ratio.
The monometallic compounds (Ni3-P/CC, Ni5-O/CC, Co3-0/CC, Cos-P/
CC) in Fig. S3 also conform to the change. EDS was further applied to
detect the element relative content of Ni,Co;-O/CC, Ni;Co,-0/CC,
Ni,Co;-P/CC, and Ni;Co,-P/CC (Fig. S4). All the Ni-Co relative con-
tents accord with the initial ratio in hydrothermal solutions, which
proves the feasibility of the experimental strategy to modulate
composition.

TEM images show that the nanosheets of Ni,Co;-P/CC were
composed of numerous nanoparticles (Fig. 3a). The diameter of the
particles was 5 ~ 10 nm and lattice fringes of 0.209 nm and 0.197 nm
correspond to the (111) and (201) facets of NiCoP (Fig. 3b), respec-
tively. Ni; sCoq5-O/CC was also characterized by TEM, and the single
nanowire can be observed (Fig. 3d). It’s also composed of nano-
particles with diameters of 10 ~ 15 nm and lattice fringes of 0.253 nm

correspond to the (111) facets of NiCo,04 (Fig. 3e). The two samples
presented good crystallinity and specific morphology of nanosheets
(NiyCo¢-P/CC) and nanowires (Niq5C015-O/CC). Besides, EDX element
mappings (Fig. 3¢ and f) also revealed the uniform dispersion of Ni,
Co, 0, and Ni, Co, P in Ni,Co;-P/CC and Ni;5Co5-0/CC, respectively,
indicating the fine generation of single-phase compound. In Fig. S5,
EDS in TEM also confirmed the element ratio in accord with the initial
solution mixture ratio.

The crystal structure and phase purity were primarily detected
by XRD. As shown in Fig. 4a, Ni3-P/CC, Ni,Co,-P/CC, and Cos-P/CC
were tested. The XRD spectrums of Ni3-P/CC, Ni,Co-P/CC, Ni;5Co15-
P/CC,and Co3-P/CC matched with hexagonal Ni,P (JCPDS 74-1385),
hexagonal NiCoP (JCPDS 71-2366, both of the nickel-cobalt binary
phosphides), and monoclinic Co,P (JCPDS 74-0287), respectively.
Additionally, Nis-P/CC also displayed some peaks point to hexagonal
NisP4 (JCPDS 18-0883), which may be caused by excess sodium
hypophosphite [52]. It also shows that the NiyCo,-P/CC and
Ni;5C015-P/CC maintain the same crystal structure of NiCoP, al-
though they have different morphologies. For the oxides (Fig. 4b),
the XRD spectrums of Ni3-O/CC, Ni,Co;-O/CC, Ni;5Co075-0/CC, and
Co3-0/CC matched with cubic NiO (JCPDS 71-1179), cubic NiCo,04
(JCPDS 73-1702, both of the nickel-cobalt binary oxides), cubic
Co304 (JCPDS 74-1656), respectively. It is worth noting that the
diffraction peaks progressively shift toward a higher angle with Co
doping concentration increasing. That is because the unit cell
shrinks as a result of Ni substitution by Co [53], which could indicate
the successful composition modulation of the samples.

XPS was further applied to analyze the chemical states and
electronic structure of the materials. Table. S1 presents the numer-
ical details of XPS peaks. Fig. S6a-c present the XPS survey spectrum
of Ni3-O/CC, Niy5C015-0/CC, Cos-O/CC, respectively, indicating the
formation of corresponding oxides. Fig. S6d-f show the XPS survey
spectrum of Nis-P/CC, NiyCo;-P/CC, Cos-P/CC. In addition to the
peaks match with Ni, Co, and P, the peaks corresponding to O 1s
were also detected, which is caused by the surface oxidation of the

Fig. 2. (a-e) High-resolution FESEM of Ni,Cos_4-P/CC (X=0.5, 1, 1.5, 2, 2.5, respectively) and (f-j) NixCo3_4-O [CC (X=0.5, 1, 1.5, 2, 2.5, respectively). All the images share the same

scaleplate.
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Fig. 3. Ni,Co;-P/CC’s (a) low-resolution TEM image, (b) high-resolution TEM image, (c) STEM-EDX elemental mapping of Ni, Co, and P, respectively. Ni; 5C0o;5-O/CC’s (d) low-
resolution TEM image, (e) high-resolution TEM image, (f) STEM-EDX elemental mapping of Ni, Co, and O, respectively.

samples. Fig. 5a shows the core-level spectra of Ni 2p in Ni3-P/CC
and NiyCo;-P/CC, respectively. For Ni,Co;-P/CC, the binding energy
peak at 852.2 eV was assigned to Ni 2p3j, of Ni®" in the Ni—P com-
pound [54]. The peaks at 855.7 eV and 873.6 eV could be consigned
to the Ni 2ps;; and Ni 2pyj, spin-orbital splitting of Ni?*[55,56].
Besides, the satellite peaks for Ni 2p were also detected. Compared
with Nis-P/CC, the corresponding peaks red-shifts to lower energy.
In Co 2p spectrum, as shown in Fig. 5b, the peak at 774.8 eV was
consigned to Co-P [57], the peaks at 781.2eV and 797.3 eV were
assigned to Co®*[58], the red-shift phenomenon was also observed.
The changing Binding energy of Co and Ni was caused by the elec-
tron transfer from Co to Ni, due to the highly electronegative of Ni
(1.91) vs. Co (1.88)[59], indicating that alter Ni—Co ratios could
modulate electron configuration. In the P 2p spectrum (Fig. 5¢), the
binding energy peaks at 129.5eV and 130.4 eV were assigned to P
2p3p2 and P 2py; in the form of metal phosphide[60]. It is worth
noting that, no matter the Ni/Co relative content, the binding energy
of P 2py> was still 130.4 eV. However, the Ni,Co;-P/CC presents the
lowest binding energy of P 2psp, which is favorable for the ad-
sorption and the desorption of products [61]. As shown in Fig. 5d,
two chemical states of Ni are detected in Ni;5C015-0/CC, the peaks
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at 872.9 eV and 855.7 eV were assigned to Ni>*, the peaks at 871.3 eV
and 854.2 eV were assigned to Ni?*, respectively. Ni3-O/CC displayed
the same peak position with peak area changing. In Co 2p spectrum
(Fig. 5e), the peaks at 796.7 eV and 781.2 eV were consigned to Co?*,
the peaks at 779.7eV and 794.9eV were consigned to Co>*, re-
spectively [62]. Co3-O/CC also displayed the same peak position with
peak area changing. In the O 1 s region (Fig. 5f), the peak at 529.6 eV
corresponded to metal-oxygen bonds of Co-0O and Ni-O in the metal
oxide, the peak at 531.4eV was attributed to OH[63]. It is notable
that the binding energy of 02 and O1 gradually blue-shifted to
higher energy with Co content increasing, which is the result of the
stronger OH™ adsorption capacity of Ni [64], indicating that varying
Ni-Co relatively content not only influence the surface hydroxylation
but also change the lattice O atoms’ chemical environment.

To understand the effects of the Ni-Co relatively content to the
catalytic performance of NiyCos_-P/CC, linear sweep voltammetry
(LSV) with 95% iR-correction was firstly evaluated in 1.0 M KOH
electrolyte. As shown in Fig. 6a, Ni»Co;-P/CC needed 79 mV to drive
10mA cm ™2 current density, which was only 28 mV larger than the
20 wt% Pt/C catalyst, indicating an outstanding HER performance.
While other samples all showed higher overpotential at nio
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Fig. 4. XRD patterns of (a) Nis-P/CC, Ni; 5C01.5-P/CC, Ni;Co;-P/CC and Cos-P/CC (b) Ni3-0/CC, Ni;5C01.5-0/CC, Ni»Co3-0/CC and Co3-0/CC.
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(Ni0'5C02_5—P/CC (104 mV), Ni1C02—P/CC (113 mV), Ni1.5C01V5—P/CC
(81 mV), NiysCogs-P/CC (92 mV)), confirming the improved HER
activity was related to the optimal Ni-Co ratio of bimetallic phos-
phides. In addition, the HER kinetics and mechanism can be reflected
by the Tafel slope values. Fig. Gb reveals that the calculated Tafel
slopes of NixCos_x-P/CC were 64.44, 82.72, 63.89, 59.51, and
65.86 mv dec’!, (x=0.5, 1, 1.5, 2, 2.5, respectively). Ni,Co;-P/CC also
showed the lowest Tafel slope values (59.51 mv dec™'), which in-
dicated that the HER proceeding on Ni,Co,-P/CC followed a Volmer-
Heyrovsky mechanism (Volmer reaction: H;O + e — Hyps + OH™;
Heyrovsky reaction: Hps + HoO+ e — H, + OH[65]), in which the
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Heyrovsky reaction was considered as the rate-determining step,
and the Volmer reaction was much faster. The overpotential and
Tafel slope of Ni,Co;-P/CC was also compared with other non-pre-
cious catalysts. As shown in Table. S2, Ni,Co;-P/CC has good per-
formance among transition metal catalysts. To estimate the inherent
activity of the samples, electrochemical surface area (ECSA) was
taken into consideration, which is linear positive correlate to its
double-layer capacitance (Cq;). Hence, Cyclic Voltammetry (CV) was
applied in a non-Faradaic window with incremental scan rates from
10mVs™! to 100mvs™! (Fig. S7). As shown in Fig. 6¢, with the con-
tent of Ni increasing from 0.5 to 1.5, the Cq, of the samples decreases
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Fig. 6. HER performance in 1.0 M KOH. (a) Polarization curves of HER for (insert of corresponding overpotentials at nqo). (b) The corresponding Tafel plots. (c) Capacitive current at
0.4V vs. scan rates for the determination of Cg, values. (d) The corresponding Nyquist plots.
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(Nig5C0,5-P/CC (38.83 mF cm™), Ni;Co,-P/CC (29.21 mF cm™?),
Nij 5C015-P/CC (19.5 mF cm™2)), corresponding to the shrunken na-
nowires’ size. For Ni»Co;-P/CC, it leapt to 50.61 mF cm™2, which was
the largest among the samples. Moreover, it matched with the na-
nowires-nanosheets transformation, proving that the generation of
nanosheets exposes more active sites. EIS tests were also applied to
study the electrode kinetics and charge transfer rate in - 1.12V.
Nyquist plots in Fig. 6d were fitted by the equivalent circuit, which
was consist of two parts: R; for contact resistance and solution re-
sistance; R,-C; for charge-transfer. Ni,Co;-P/CC represents the
lowest charge transfer resistance (R.) of 7.62Q, indicating the
fastest charge transfer and substance transport during H, evolution.

The OER performance of Ni,Cos-,-O/CC was also investigated in
1.0M KOH. The polarization curves with 95% iR-correction are
shown in Fig. 7a. NiyCo3_4-0/CC (X =0.5-2.5) showed a near coin-
cidence of the polarization curves, except a raise of oxidation peak in
Niy 5C0g.5-0/CC. The potentials of Ni,Cos-,-O/CC (x=0.5,1,1.5, 2, 2.5)
atnqo were 1.59V,1.595V,1.58V, 1.58 V, and 1.58 V, respectively. The
Tafel slope values are shown in Fig. 7b. NixCo3_,-O/CC (x=0.5, 1, 1.5,
2), the Tafel slope of NiyCo3_,-0/CC (x=0.5,1,1.5, 2) was 90 mV dec™!
around ( + 2mV dec™!). However, Ni, 5C0q5-0/CC performs the lar-
gest Tafel slope of 120.1 mV dec”!. In addition, ECSA was evaluated
from CV curves (Fig. S8). As shown in Fig. 7c, it is regular that Cq
values decrease along with the reduction of nickel content, corre-
sponding to the shrunken nanowires’ size. Fitted by the equivalent
circuit (Fig. 7d), Ni;5Co,5-0/CC showed the minimum R of 10.81 Q,
indicating its faster charge transfer.

The UOR performance of the catalysts was tested in 1.0 M KOH
with 0.33 M urea. Fig. 8a shows the polarization curves of NixCo3_y-
O/CC. It is worth noting that Ni;5Co;5-O/CC presented the lowest
potential of 1.435V to reach 50 mA cm™2 among Ni,Coz_x-0/CC, in-
dicating its remarkable UOR catalytic performance. The Tafel slopes
obtained from LSV curves are shown in Fig. 8b. Obviously, Tafel
slopes varied with the Ni-Co ratio, showing a trend of decreasing
firstly, and then increase. Consequently, Ni;5Co,5-O/CC presented

the lowest Tafel slope of 59.68 mV dec!, indicating the most effi-
cient reaction kinetics upon Ni;5C0,5-O/CC to proceed UOR. The
UOR performance of Ni;sCo,5-O/CC was compared with other re-
ported catalysts (Table. S3), proving Ni-Co oxide has great potential
as UOR catalysts. Fig. 8c showed the Cgq; value of the samples for UOR
which is calculated from the corresponding CV curves (Fig. S9). And
it showed the same change in the OER test (Cy decreases with the X
increasing in NiyCo3_4-0/CC). In Fig. 8d, Niy5C0,5-0/CC showed the
minimum R of 5.388 Q, indicating much more fast kinetics than
OER. In Fig. S10a, Ni»Co;-P/CC presented the coincident polarization
curves in 1.0M KOH with or without 0.33 Urea, confirming the
presence of urea does not affect the progression of HER. Fig. S10b
shows the polarization curves of Ni;5C0,5-0O/CC working as an
anode in 1.0 M KOH with or without 0.33 M urea. It clearly shows
that the electrode potential in the electrolyte that contains urea was
220mV less than 1.0 M KOH at nyo, proving it’s a feasible way to
replace OER to reduce power consumption. The two electrode
electrolytic cell with Niy5Co;5-0/CC as the anode and Ni,Co;-P/CC as
the cathode was also assembled to proceed electrochemical reac-
tions. As shown in Fig. S11, in 1.0 M KOH and 0.33 M urea, it needed
only 147V and 1.666V to reach the current density of 10 and
50 mA cm 2, respectively. It’s much less than in the 1.0 M KOH. To
explore the rate of hydrogen production, we adopted a simple
drainage and gas collection method. Fig. S12a presents the gas col-
lected on a 0.5 cm™ cathode (Ni»Co;-P/CC). The volume of the hy-
drogen is 15.02 mL in 40 min Fig. S12b shows that the electrolysis
was carried out under the potential of driving 10 mA cm™. And the
Fluctuations in the curve correspond to the formation and separa-
tion of bubbles. By integrating the curve, we got the theoretical value
of hydrogen generation, which agrees well with the experimental
values. So the actual hydrogen production rate is 0.751 mL
min~! cm™. Fig. S13 showed the stability of the Ni,Co;-P/CC and
Ni;5C0,5-0/CC. The current density of Ni,Co;-P/CC maintains 87.5%
current density in 40 h, and Ni;5Co0,5-0O/CC kept nearly the same
current in the first 22 h, then sharply declines to 80.7% current
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Fig. 8. UOR performance in 1.0 M KOH with 0.33 M urea. (a) Polarization curves of UOR for different Ni-Co oxides (insert of corresponding overpotentials at nso). (b) The
corresponding Tafel plots. (c) Capacitive current at 0.1 V vs. scan rates for the determination of Cq values. (d) The corresponding Nyquist plots.

density, which was corresponding to the depletion of urea in the
electrolyte. Therefore, Ni,Co;-P/CC and Ni; 5Co;5-O/CC both showed
outstanding stability to process HER and UOR, respectively.

4. Conclusion

In summary, NixCos-x-P/CC and NiyCos-4-0O/CC were success-
fully prepared by the hydrothermal method and subsequent cal-
cine process. The morphology variation of the samples with
different Ni—Co relative content was observed, including a na-
nowires-nanosheets transformation when Nyi:Ncg,=2:1 in
NixCo,-x-P/CC and the shrinking nanowires volume with Ni con-
tent increasing in NiyCos3-x-O/CC. Furthermore, we studied the
catalytic performance of NiyCos_x-P/CC toward HER, and the
performance of Ni,Cosz-4-O/CC toward OER and UOR, respectively.
According to the experimental results, Ni,Co,-P/CC presented the
best HER performance among other NiyCos;_x-P/CCs because of its
enlarged electrochemically active surface area and fast kinetics,
needing an overpotential of 79 mV to reach njo. Additionally,
NiyCo3-4-O/CCs nearly showed the same performance toward
OER. But Ni;5Coq5-0/CC presented the best UOR performance,
needing a potential of 1.435V to reach nso in 1.0M KOH and
0.33 M urea. Notably, Ni; 5C0;5-0O/CC needs 218 mV less to reach
n1o with UOR (1.362 V) than simple OER (1.58 V), indicating the
feasibility of utilizing UOR to replace OER in the cell. Therefore, a
concurrent two-electrode electrolyzer (Nij5Co;5-O/CC=|NiyCo;-
P/CC) is used to operate the catalyst, showing a potential of 1.47 V
at nio. In addition, Ni;5C0,5-O/CC also performed long-term
stability of keeping a changeless current density at nyo for at least
22 h. The preparation method and catalysts utilization strategies
developed in this work are inspirational to the electrolytic cell
design for efficient hydrogen generation.
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