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Abstract: Herein, Co, Fe co-doped NisSes nano-flake array (Nioc2CoossFeo.)sSes) was prepared on
conductive carbon cloth by a two-step hydrothermal method. XRD and EDX analysis show that the
nanosheets are monoclinic NisSes, and Co, and Fe were doped into the lattice of NisSes. Electrochem-
ical tests showed that Co, Fe co-doping can effectively improve the hydrogen evolution activity of
NisSesin acidic and alkaline environment. When the current density of (Nio.s2Coo.3sFe0.03)3Ses/CC is
10 mA/cm? in 1 M KOH solution, the overpotentials of hydrogen evolution and oxygen evolution
are 87 mV and 53.9 mV, respectively, and the Tafel slopes are 122.6 and 262 mV/dec. The electro-
chemical active area test (ECSA) and the polarization curve test further show that
(Nio.s2Coo35Fe0.03)3Se4/CC has a larger electrochemical active area (34.8 mF/cm?), lower electrolytic
potential (0.9 V at 10 mA/cm?) and better stability. Therefore, the novel bifunctional catalyst synthe-
sized by a simple method is a promising candidate for large-scale industrial water electrolysis.

Keywords: (Nio.c2Coo35Fe003)3Ses/CC; nanosheet array; electrolytic water; hydrogen and oxygen
evolution activity

1. Introduction

It is still a very important and challenging work to design and prepare bifunctional
electrolyzed water catalysts with high activity and high stability. Herein, electrocatalytic
water splitting to generate hydrogen is one of the most attractive sustainable technologies
for the production of hydrogen energy due to the environment friendly, high purity, simple
process [1]. The modularity of an electrolyzer is very suitable for the centralized production
of hydrogen, and for combined use with renewable energy, such as photovoltaic and wind
energy, and in particular the low-voltage power from garbage can be fully utilized. How-
ever, the high dependence on noble metal catalysts has greatly increased the cost of water
electrolysis, which has become a bottleneck problem for hydrogen production from electro-
lytic water [2-5]. Therefore, the development of low-cost, high activity, high utilization of
non-noble metal catalysts has become one of the most popular research directions in the
field of electrolyzed water. In an acid or alkaline environment, high-efficiency non-noble
metal catalysts with hydrogen and oxygen evolution simultaneously are very rare. Electro-
catalysts for Overall Water Splitting mainly include transition metal phosphides, transition
metal sulfides, transition metal selenides, layered double hydroxides, alloy materials, and
so on [6-8]. Especially, in the alkaline environment, the hydrogen evolution activity of the
catalyst is much worse than in the acidic environment. Alkaline hydrogen evolution elec-
trocatalysts mainly include alloys, transition metal hydroxides, sulfides, selenides, carbides
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and phosphides [9-15], however, the hydrogen evolution activity, the double function cat-
alytic performance of hydrogen evolution and the oxygen evolution are mostly unsatisfac-
tory. Among these, the conductivity of transition metal selenides is stronger than that of
sulfide, and the ionization energy of selenium is smaller than that of sulfur. Therefore, in
theory, transition metal selenides may exhibit more unique hydrogen evolution perfor-
mance than metal sulfides. Compared with single metal selenides, electrocatalytic activity
of bimetallic selenides is greatly improved due to bimetallic synergy and lattice defect.
Therefore, in recent years, more and more researchers have begun to study the transition
metal selenides with bimetallic or even three metals. By adjusting the proportion of metal,
the electrolytic water activity may be improved. At present, the selenides catalysts for hy-
drogen evolution are mainly CoSez, NiSez and NiSe [16-20], and mainly in powder state or
load-on-nickel foam, so NisSes load on conductive carbon cloth has rarely been reported.
Huang et al. [21] prepared a NiSe-NisSe2/RGO hybrid by the hydrothermal method. The
overpotential (n'%) and Tafel slope of this material in 1 M KOH were 188 mV and 92 mV/dec,
respectively. Tian et al. [22] prepared NiSe/FeSe: nanostructures by the hydrothermal
method. In 1 M KOH, the oxygen evolution overpotential and the Tafel slope are 210 mV
and 53.65 mV/dec, respectively. Electrocatalytic hydrogen evolution performance in these
documents is not ideal, and the phase is relatively complex, which is not pure phase. The
hybrid does not make the doped elements enter the lattice, does not cause defects on the
molecular scale, and is just a simple mixing. Element doping into the lattice can distort the
lattice and change the interaction between electrons, so as to expose more active sites and
improve the electrocatalytic activity. Fan et al. [23] studied the electrocatalytic hydrogen and
oxygen evolution and the total water hydrolysis properties of Co, Fe doped NiSe2. Bimetallic
ion doping NisSes needs further development.

In this paper, we report a Co, Fe doped NisSes electrocatalyst with nanoplate arrays
loaded on carbon cloth (CC), prepared by the hydrothermal method. It exhibits high hy-
drogen evolution activity in an acidic and alkaline environment, oxygen evolution activity
in an alkaline environment, and excellent performance of overall water splitting in an al-
kaline environment.

2. Experimental

After hydrothermal treatment for 4 h in 68% HNO:s (Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China) at 120 °C, the carbon cloth with an area of 1 cm x 1 cm was
cleaned and dried for use. NiCoFe(OH)x was prepared according to previous reports [24].
Carbon cloth was purchased from Taiwan Carbon Energy Co. Ltd. Ni(NOs)..6H20,
Co(NO:s)2.6H:20, Fe(NOs)3.9H20, NH4F, CO(NH:2)2, NaBH4(Sinopharm Chemical Reagent
Co., Ltd.), selenium power and KOH were purchased from Sinopharm Chemical Reagent
Co. Ltd. All chemicals were used without further purification. The water used throughout
all the experiments was purified through a deionization purification system. Typically, a
75 mL aqueous solution with 0.02 M of Ni(NOs)2:6H20, 0.01 M Co(NOs)2:6H20, 0.001 M
Fe(NOs):.9H20, 0.15 M NH4F and 0.15 M CO(NH2): was prepared. Typically, 0.02 M
Ni(NOs)2-6H20, 0.01 M Co(NO:s)2:6H20, 0.001 M Fe(NOs)s.9H20, 0.15 M NH4F and 0.15 M
CO(NH?2): were dissolved in 75 mL deionized water. After the solution was stirred for 10
min, treated carbon cloth was soaked in it and then heated at 120 °C for 24 h in the hydro-
thermal reactor. Then the reactor cooled to room temperature, after which the carbon
cloths loaded with hydroxides were washed with DI water and anhydrous ethanol repeat-
edly. A light yellow-green thin layer of material loaded onto the carbon cloth was dried
in an electric oven at 80 °C for 8 h. Then, 0.13 g NaBH4 and 0.12 g Se powder were mixed
and stirred with water and a certain amount of ethylene glycol for 2 h to obtain a light red
liquid, and the volume ratio of water to ethylene glycol was 7:1. The carbon cloth loaded
with the light yellow-green thin layer material was placed in the red liquid, and it was
heated at 180 °C for 24 h in a hydrothermal reactor. The solution fullness in the hydro-
thermal reactor is 80%. After cooling, the carbon cloth loaded with selenides was washed
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repeatedly with ethanol and deionized water for several times, and then dried in a vac-
uum oven at 50 °C for 12 h.

XRD measurements were investigated by using a Dandong DX-2700B diffractometer
(Dandong, China) CuKa radiation (A = 1.5418 A). SEM images and energy spectrum anal-
ysis were taken by a scanning electron microscopy (VEGA3, TESCAN, Brno city, Czech
Republic). X-ray photoelectron spectroscopy (XPS) measurements were performed on a
thermo Fisher Scientific K-Alpha spectrometer (Waltham, MA, USA) using monochroma-
tized Al Ka excitation. All binding energies were calibrated by using the contaminant car-
bon (C1S =284.6 eV) as a reference.

All the electrochemical measurements were performed with a PARSTAT MC 2000 A
workstation (Princeton Applied Research, Oak Ridge, USA). HER measurements were
performed with three-electrode system in 0.5 M H2504 or 1 M KOH at 25 °C. The working
electrode is carbon cloth loaded selenides film. The reference electrode is Ag/AgCl in
acidic environment and Hg/HgO in alkaline environment. A carbon rod with a diameter
of 0.5 cm was used as the counter electrode. Carbon rod electrode, Ag/AgCl and Hg/HgO
electrodes were purchased from Tianjin Aida Technology Development Co. Ltd. (Tianjin,
China). All the test potentials in this paper need to be converted to the potential relative
to the reversible hydrogen electrode (RHE). Here, the working potentials were all con-
verted to an RHE scale. The potential conversion formula of hydrogen evolution in acidic
environment is as follows: n = E(Ag/AgCl) + 0.2224 V; the potential conversion formula of
hydrogen evolution in alkaline environment is as follows: n = E(Hg/HgO) + 0.059 x pH +
0.098 V. The calculation formula of oxygen evolution overpotential in alkaline environ-
ment is as follows: 1) = Emecasurement + pH x 0.059 + 0.098 — 1.23 V. Nitrogen was continuously
supplied throughout the electrochemical test. Linear scan voltammetry (LSV) measure-
ments were carried out at a scan rate of 5 mV/s. The Tafel curves were obtained by draw-
ing the logarithmic curve of overpotential and current density. The amplitude of electro-
chemical impedance test is 10 mV, the scanning frequency is 100 kHz-0.1 Hz, and the test
voltage is non-Faraday District. The electrochemically active surface area (ECSA) of the
catalysts is determined by calculating the electric double layer capacitance (Ca) by means
of the cyclic voltammetry curve (CV) test. The CV test was carried out at different scan-
ning speeds of 20, 40, 60, 80 and 100 mV/s, and the voltage range was selected at non-
Faraday District, which was near the positive starting voltage. The two electrodes system
was used in the overall water electrolysis test, and the electrodes were the same film ma-
terials and were tested in 1 M KOH solution. All the measurements were corrected using
iR compensation.

3. Results and Discussion

The photographs of the bare carbon cloth after nitric acid treatment, the carbon cloth
depositing hydroxide and the selenide-coated carbon cloth are shown in Figure 1. It can
be seen from the Figure that NiCoFe(OH)x/CC is light green, (Nioc2Coo.ssFeo.03)3Ses/CC is
white brown, and the coating is evenly distributed on the carbon cloth. The scanning elec-
tron microscopy (SEM) images and energy dispersive X-ray diffraction (EDX) spectrum
of the prepared films are shown in Figure 2. It can be seen from the picture that the carbon
fiber is tightly wrapped by nanoflake grain. The diameter of the carbon fiber is about 10—
20 pum, and the diameter of the coated carbon fiber is about 20-30 um. The thickness of
the nanoflake is less than 50 nm, the size of it is less than 5 pm, the size and thickness of
the nanoflake are uniform and close-packed. Due to the nanoflake cross growth, there are
a large number of nano or micron open holes on the coated carbon fiber surface. The en-
ergy spectrum analysis of the nanoflake in the different positions shows that the chemical
element composition is uniform and the molar ratio of Ni:Co:Fe:Se = 10.25:5.8:0.58:20.11.
X-ray diffraction (XRD) of the nanoflake film (Figure 3) indicates that the nanoflake has
the characteristic peak of monoclinic NisSes, the PDF card number of it is 18-0890, space
group I12/M (12), cell parameters are 6.22 A, 3.63 A, 10.52 A, 90°, 90.53°, 90°. Co or Fe com-
pounds have not been detected, which indicates that Co, Fe has been doped into NisSes
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lattice. About 30.14° and 43.17° shown in the Figure 3 are NiSe2 or elemental selenium. It
shows that there are some heterophases in NisSes, but the crystal phase in (Nio.sCoo.4)3Ses
is relatively pure, and there are few heterophases, indicating that Co has completely en-
tered the NisSes lattice. Moreover, (Nios2CoossFeoos)sSes has less impurities and is basically
pure phase. From the position of the peak in each spectrum, the position of the main peak
shifted to the left, and the crystallinity increased with the increase in doped elements. The
large doping amount of cobalt is due to the large similarity of atomic radius and properties
between the two, which can be doped with high concentration. However, the chemical
properties of iron are quite different from nickel, and the valence states are variable,
Therefore, low concentration doping is often used, and high concentration doping can
easily cause the appearance of impurity phase.

Figure 1. Appearance photos of bare carbon cloth (a); (Nios2CoossFeoos)(OH)x/CC (b);
(Nio62Co00:35Fe0.03)3Ses/CC (c).

t d A0 ik
SEM HV: 20.0 kV WD: 9.23 mm VEGAS TESCAN| SEM HV: 20.0 kV WD: 9.20 mm

BI: 8.00 Det: SE 5 pm Bi: 8.00 Det: SE 100 pm
SEM MAG: 7.32 kx  Date(midly): 09721120 Performance in nanospace SEM MAG: 360 x  Date(midly): 0921720 Performance in nanospace

Figure 2. SEM image (a,b) and EDX spectrum (c) of (Nio.s2Coo.35Fe0.03)sSes/CC.

X-ray photoelectron spectroscopy is performed to analyze the surface element com-
position and elemental valence states of (Nios2Coo.ssFeo.03)3Ses/CC. The survey XPS spec-
trum (Figure 4) clearly reveals the existence of the Ni, Co, Fe, Se, O, and C elements, which
is consistent with the above elemental mapping results. The fitting results of Ni2p peaks
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show that the positions 873.7 and 855.6 eV with binding energy correspond to the spin
orbits of 2p1/2 and 2p3/2, respectively, and there is a shakeup satellite peak at positions
861 and 879 eV. The co2p peak fitting results show that the energy level orbits at 780.89
and 797 eV are 2p3/2 and 2p1/2, respectively, and 784, 787 and 802 eV are satellite peaks,
respectively. The 778 eV peak of cobalt should correspond to metallic cobalt. The appear-
ance of metal state increases the conductivity of the catalyst, enriches the electronic state,
and improves the catalytic activity. The fitting of Fe2p shows that 711 and 724.3 eV are the
energy levels of 2p3/2 and 2p1/2, respectively, and 718.7 corresponds to the satellite peak.
The peak at the binding energy of 54.5 eV corresponds to Se 3d orbit, moreover, due to
the re exposure of the sample to air, the element Se on the sample surface is oxidized, and
a large SeOx peak can be observed. All the above characterization directly or indirectly
proved the successful synthesis of (Nios2CoossFens)sSes.

1200
1100 — < § (Nio,ezcoovssFeo.os)ssezz/ CC
TN .
1000 - it (Ni;,Co, ),Se,/CC
1z —Ni,Se,
90042

—_——

[N

Intensity (a.u.)

500 - m

(-114)

=

400 _M“‘M / \\\W M
300 et TR AP A N o

200 ~
100
0 T T T T T T T

30 40 50 60
20 (degree)

Figure 3. XRD pattern of (Nio.c2Coo.s5Fe0.03)3Ses/CC, (Nio.sCoo4)3Ses/CC,NisSes/CC.
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Figure 4. (a) XPS survey of (Nios2Coo.35Fe0.03)3Ses/CC; (b) Ni 2p; (c) Co 2p; (d) Fe 2p; and (e) Se 3d XPS
spectra of (Nio.c2Coo3sFe0.03)3Ses/CC.

The polarization curve, Tafel curve, ECSA, and I-t curve of (Nioc2CoosFe0.03)sSes/CC,
NisSes/CC in 1 M KOH are shown in Figure 5. The results demonstrate that the overpo-
tential of (Nio62Coo3sFe0.03)3Ses/CC and NizSes/CC is 87 and 107 mV at 10 mA/cm? of current
density, respectively, which is better than the overpotential 96 and 100 mV of NiSe/NF
and NisSe2/CF (NF is Ni foam, CF is carbon fiber) reported before [25,26]. The bare carbon
cloth has almost no hydrogen evolution activity. The Tafel slopes of
(Nioe2Coo3sFe0.03)3Ses/CC, NisSes were 122.6 and 114 mV/dec, respectively. The Tafel slope
was independent of the number of active sites, only related to the type of active sites. The
rate—determining step in the process of hydrogen evolution is Volmer step, and the de-
sorption reaction should be Heyrovsky step, that is, the adsorption of hydrogen atoms
combined with hydrogen ions in the solution. In order to further investigate the catalytic
activity, electrochemical active surface area (ECSA) was studied. The electrochemical dou-
ble-layer capacitance (Ca) was calculated by measuring the CV curves in potential voltage
range of non-Faraday District (The potential range relative to Hg/HgO is -0.36 ~ -0.46 V)
at different scanning speeds. Figure 5c,d shows the cyclic voltametric curves of
(Nio.s2Coo:35Fe0.03)35e4/CC, NisSes/CC in 1 M KOH at different scanning speeds of 20, 40, 60,
80 and 100 mV/s, by calculating the slope of the linear relationship between current den-
sity and scanning speed at a certain potential, the electrochemical double layer capaci-
tance(Ca) is 34.8 and 30 mF/cm?, respectively. The larger Ca indicated that the more active
sites were exposed, the more the area of electrochemical activity increased. It suggested
that the appropriate amount of Co, Fe doping can improve the catalytic activity. The sta-
bility of the catalyst for hydrogen evolution was further tested. Hydrogen evolution reac-
tion carried out for a long time under 1.5 V voltage in 1 M KOH by chronoamperometry
(I-t). The results indicate that the current remained stable for more than 20 h. The current
density decreases from 0 to 5 h, because the surface powder falls off due to the impact of
gas. The chemical changes of active components and the closure of porous structure led
to the decrease of catalytic activity. The current density changes little and tends to be sta-
ble after 5-14 h. After 14 h, the current density increases gradually, which may be due to
the compound action of some NiCoFe(OH)x and metal-selenides under the long-term ac-
tion of strong alkali, Doping or heterostructure produces defects, which increases the ac-
tivity of hydrogen evolution. The specific reasons need to be further verified by the exper-
iment. Hydrogen evolution reaction (HER) polarization curves and Tafel curves of
(Nios2Coo:35Fe0.03)3Se4/CC and NisSes/CC in 0.5 M H250s solution are shown in the Figure 6.
When the current density is 10 mA/cm?, over-potential of (Nioc2Coo:ssFe003)3Ses/CC and
NisSes/CC are 50 mV and 114 mV, respectively, which shows that Co, Fe doping can im-
prove electrocatalytic activity in acid solution. The Tafel slopes of (Nio.c2Coo.35Fe0.03)3Ses/CC
and NisSes/CC were 111 and 171 mV/dec, respectively, which indicated that the control
step was Volmer step and the hydrogen evolution route was Volmer-Heyrovsky [27,28].
The above results show that Co, Fe doping can improve the hydrogen evolution activity
of NisSes/CC in acid solution more than in alkaline solution. From Table 1, we can see the
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electrocatalytic hydrogen evolution characteristics of different nickel selenide phases and
different cations doped on different substrates. It can be seen that the performance of the
doped phase is better than that of the pure phase, and the performance of the cation dou-
ble doping is slightly higher than that of single ion doping. We believe that the nanopo-
rous structure can provide a higher active area and is more conducive to ion transport and
gas desorption. Moreover, due to the lattice distortion and the synergistic effect of Ni, Co,
Fe, its catalytic activity is enhanced. In addition, compared with undoped, the stronger
electronic interaction also optimizes the adsorption and desorption of hydrogen. We pro-
pose that this enhancement is correlated with the lattice distortion and strong electronic
interaction between the metal cations. According to reference [23,27-29], due to heteroa-
tom displacement defects, doped iron can not only provide additional opportunities to
optimize electronic conductivity, but also create more active sites. Finally, compared with
undoped NiSe, iron-doped nano dendrite NiSe2 shows excellent OER properties. A total
of 6% of iron doping showed the best OER performance.
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Figure 5. (a) HER LSV curves of (Nios2Coo.35Fe0.03)3Ses/CC, NisSes/CC; (b) corresponding Tafel plots;
(c,d) CV curves at different scanning speeds; (e) The estimated Ca of (Nio.c2Coo.3s5Fe0.03)35es/CC,
NisSes/CC; (f) Chronopotentiometry of (Nios2Coo3sFe0.03)sSes/CC (1.5 V relative to hydrogen elec-
trode). All tests were performed in 1 M KOH electrolyte.
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Table 1. Benchmarking the Metal (Fe, Co, Ni) Selenides with Respect to the HER overpotential at 10
mA/cm? (n10) in 1 M KOH.

Catalyst N (mV) Tafel Slope (mV/dec) Ref
Coo.13Nios7Se2/Ti 64 63 [28]
NiSe/NF 96 120 [25]
NisSe2/CF 100 98 [26]
Fe0.00C00.13-NiSe2/CFC 63 89 [29]
(Nio0.c2Coo:35Fe€0.03)35es/CC 87 122.6 In this paper

It can be seen from the polarization curve of oxygen evolution (Figure 7) that over-
potentials of (Nios2CoossFe0.03)sSes/CC and NisSes/CC are 53.9 and 62.5 mV, respectively,
when the current density is 10 mA/cm? The overpotential is 318 and 640 mv at 100
mA/cm?. The corresponding tafel slopes are 262 and 278 mV/dec, which multiplied com-
pared with hydrogen evolution. Thus, the Tafel slopes suggested that the mass transport
step is rate-limiting for OER. It shows that the electrochemical discharge step of oxygen
evolution is slow and is the control step of the whole electrolysis water reaction. The oxy-
gen evolution activity of the bare carbon cloth is very low. The oxygen evolution reaction
involves many electrochemical unit steps, and the reaction reversibility is poor. There are
double Tafel regions in the oxygen evolution reaction. The slope of Tafel in the low po-
tential area is small, and the slope in the high potential area is larger, which may be due
to the change of electrode surface state, and another control step has appeared, so we
chose the potential interval with a straight line in the middle. By comparing the Tafel slope
of oxygen evolution, it can be seen that Co, Fe doping does not change the reaction route
and control steps of NisSes/CC oxygen evolution. The stability of (Nioc2Coo.sFe0.03)3Ses/CC
as the oxygen evolution electrode was investigated by means of chronoamperometry
curves (I-t) at 1.5 V relative to hydrogen electrode. The current decreased slightly within
15 h, and remained stable between 15-20 h.
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Figure 6. (a) HER LSV curves of (Nio.s2Coo3s5Fe0.03)3Ses/CC, NisSes/CC in 0.5 M H2SOs; (b) correspond-
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Figure 7. (a) OER LSV curves of (Nios2Coo.s5Fe0.03)3Ses/CC, NisSes/CC; (b) corresponding Tafel plots;
(c) Chronopotentiometry of (Nios2Coo.3sFe0.03)sSes/CC. All tests were performed in 1 M KOH electro-
lyte, relative to RHE 1.5 V.

As shown in Figure 8, it is the impedance spectrum of (Nios2Coo3s5Fe0.03)sSes/CC and
NisSes/CCin 1 M KOH or in 0.5 M H2SOs. In the analog circuit diagram, RS is the resistance
between counter electrode and working electrode and between solutions. RP is the elec-
trochemical polarization impedance, which is affected by reaction kinetics and reactant
diffusion. According to the formula ZCPE = 1/[(jw)NYo], for different N values, Yo repre-
sents different element, which represents the non-ideal state of the electrode surface and
its roughness. When the dispersion effect exists on the electrode surface, the N value
ranges from 1 to 0.5. The closer N is to 1, the closer it is to the pure electric double layer
capacitor, which indicates doping improves the electrode surface smoothness. Doping
makes the polarization resistance decrease and the N value of the constant phase element
increase, which indicates an increase in the surface compactness. Although the resistance
decreases, the diffusivity decreases, so the Tafel slope does not change much. The results
of hydrogen evolution and oxygen evolution at three electrodes in alkaline solution show
that (Nios2Coo3sFe0.03)3sSes/CC shows excellent performance as a bifunctional electrode for
water electrolysis. In order to further simulate the catalytic performance of
(Nioe2Coo:3sFe0.03)3Ses/CC in the electrolytic water industry, the overall water splitting test
is performed in a two-electrode system by using (Nio.c2Coo.5Fe0.03)sSes/CC as both cathode
and anode. As shown in Figure 9a, (Nios2CoossFeo.03)sSes/CC and NisSes/CC only need a
cell voltage of 0.9 and 0.93 V, respectively when the current density reaches 10 mA/cm? in
1 M KOH. Such activity is better than that of most previously reported metal selenides
catalysts [13]. The two- electrode chronoamperometry test (I-t) was carried out under a
constant 1.5 V voltage, its current decreased slightly within 20 h, and still maintained high
activity and stability.
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Figure 8. EIS diagram of (Nio.c2Coo35Fe0.03)3Se4/CC, NisSes/CC In acidic (a); alkaline solutions (b); and
analog circuit diagram (c).
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Figure 9. (a) Polarization curves of overall water splitting at a scan rate of 10 mV/s in 1 M KOH
solution; (b) chronoamperometry measurements for stability of (Nios2CoossFeo.03)sSes/CC as elec-
trode pairs using overall water splitting at 1.5 V.

4. Conclusions

(Nios2Coo35Fe003)35e4/CC and NisSes/CC nanoflake arrays were prepared on carbon
cloth by means of a two-step hydrothermal method. The thickness of the nanoflake is less
than 50 nm, and the molar ratio of Ni: Co: Fe: Se =10.25:5.8:0.58:20.11. XRD analysis shows
that the nanoflake is monoclinic pure phase NisSes, Co, Fe has been doped into the NisSes
lattice to replace the position of Ni. The hydrogen evolution overpotential of
(Nios2Coo35Fe0.03)3Ses/CC and NisSes/CC are 87 and 107 mV (10 mA/cm?), respectively, the
corresponding Tafel slopes are 122.6 and 114 mV/dec. The oxygen evolution overpoten-
tials are 53.9 and 62.5 mV (10 mA/cm?), respectively, and the corresponding Tafel slopes
are 262 and 278 mV/dec in 1 M KOH. The hydrogen evolution overpotential of
(Nios2Coo.35Fe0.03)35e4/CC and NisSes/CC in 0.5 M HaSOx4 are 50 and 114 mV, respectively,
and the Tafel slope is 111 and 171 mV/dec. These results indicate that
(Nios2Coo.35Fe0.03)3Se4/CC and NisSes/CC are excellent bifunctional electrocatalysts for oxy-
gen and hydrogen evolution. The two-electrode polarization curve (LSV) in IM KOH
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shows that the voltage required for (Nios2CoossFeo.03)sSes/CC and NisSes/CC is about 0.9
and 0.93 V when the current density reaches 10 mA/cm?2. Under the voltage of 1.5 V, the
current density remained stable within 20 h. The low price and excellent performance of
(Nios2Coo3sFe0.03)sSes/CC indicate that it has commercial value as an electrocatalyst for
Overall Water Splitting, which provides more ideas and directions for the research and
industrialization of electrolytic water.
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