catalysts

Article

Constructing Stable MoOy-NiSy Film via Electrodeposition and
Hydrothermal Method for Water Splitting

Shihu Zhu 12, Tiantian Liu 13, Shuang Yu "3, Huijing Yang 13, Qimeng Sun 13 and Jin You Zheng -3-*

check for
updates

Citation: Zhu, S.; Liu, T.; Yu, S.; Yang,
H.; Sun, Q.; Zheng, ].Y. Constructing
Stable MoOy-NiS, Film via
Electrodeposition and Hydrothermal
Method for Water Splitting. Catalysts
2023, 13, 1426. https:/ /doi.org/
10.3390/ catal13111426

Academic Editor: Bruno Fabre

Received: 15 October 2023
Revised: 27 October 2023
Accepted: 30 October 2023
Published: 9 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Engineering Research Center of Advanced Functional Material Manufacturing of Ministry of Education,
School of Chemical Engineering, Zhengzhou University, Zhengzhou 450001, China;
15638216421@163.com (S.Z.); 1tt13429817116@163.com (T.L.); shuangyu_225@163.com (S.Y.);
huiging@163.com (H.Y.); gimeng_sun1@163.com (Q.S.)

School of Mechanical and Power Engineering, Zhengzhou University, Zhengzhou 450001, China
National Key Laboratory of Coking Coal Green Process Research, Zhengzhou University,

Zhengzhou 450001, China

*  Correspondence: jinyouzh@zzu.edu.cn

Abstract: The hydrothermal method is a frequently used approach for synthesizing HER electro-
catalysts. However, a weak tolerance to high temperature is an intrinsic property of carbon cloth
(CC) in most situations, and CC-based catalysts, which require complex technological processes in
low-temperature environments, exhibit weak stability and electrochemical performance. Hence, we
provide a new solution for these issues. In this work, MoO3-NiSy films of 9H5E-CC catalysts are
synthesized, first through electrodeposition to form Ni particles on CC and then through a hydrother-
mal reaction to reform the reaction. The advantages of this synthetic process include mild reaction
conditions and convenient operation. The obtained MoO3-NiSy film presents excellent catalytic
activity and stability for HER. MoOj3-NiSy film requires only a low overpotential of 142 mV to drive
10 mA ecm~2 for HER in 1.0 m KOH, and the obtained 9H5E-CF film only needs 294 mV to achieve
50 mA ecm~2 for OER. Remarkably, they also show excellent OER, HER, and full water splitting
long-term electrochemical stability, maintaining their performance for at least 72 h. This work can be
expanded to provide a new strategy for the fabrication of stable, high-performing electrodes using
simple, mild reaction conditions.

Keywords: hydrothermal reaction; MoO;3-NiS film; electrodeposition and reforming reaction; anodizing

1. Introduction

Environmental pollution and the depletion of traditional energy sources have drawn
widespread attention [1-4]. Alternative energy conversion and utilization are promising
methods to solve these problems [5-8]. The hydrogen evolution reaction (HER) via water
electrolysis is a potential candidate due to its eco-friendliness, high energy density, and
sustainable utilization [9]. Nevertheless, the low current density and high energy barrier are
the key factors limiting the water splitting efficiency of the HER [10,11]. Although platinum-
based catalysts have a high current density with a low energy barrier, their scarcity and
high price limit their large-scale utilization [12]. Therefore, exploiting Earth-abundant and
low-cost nonprecious HER electrocatalysts is still challenging.

There has been a significant advancement in carbon cloth (CC)-template-based elec-
trocatalysts, which have been proven to have a high specific surface area and electrical
conductivity for the HER [13-16]. For the past few years, efforts have been made to develop
synthetic technology and modify materials [17-22], such as hydrothermal synthesis, calcine,
solvothermal strategy, and phosphorization, in order to use CC-based HER catalysts that
have low overpotential and long-term durability [23-27]. Using a hydrothermal reaction
and nitridation method, Yao et al. synthesized Cr-doped Co4N nanorod arrays on CC
(Cr-Co4N/CC), which had high efficiency for the HER in alkaline media [28]. Gu et al.
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constructed a bifunctional electrocatalyst through the in situ growth of NiS/MoS, hetero-
nanoflowers on a CC substrate [27]. Chen et al. fabricated a metal-organic framework
hybrid nanostructure consisting of multiple transition metal phosphide (NiCoZnP) nan-
oclusters and hierarchical ultrathin N-doped carbon (NC) nanosheets for overall water
splitting [29]. However, most CC-template-based electrocatalysts can only be used at
low current densities. A -template-based catalysts often have a poor tolerance to high
temperatures, necessitating the adoption of sophisticated technological techniques when
the temperature is low. Some methods are too costly and time-consuming to be applied
on a large scale. Therefore, it is highly desirable to fabricate low-cost electrocatalysts that
perform well at low temperatures.

In this work, a MoO3-NiSy composite electrocatalyst was directly synthesized on
a CC template (9H5E-CC) via electrodeposition and hydrothermal methods. 9H5E-CC
exhibits excellent HER performance with long-term stability. Using a similar approach, a
MoO3-NiSy composite OER electrocatalyst on a Co foam (9H5E-CF) was also synthesized
by replacing CC with Co foam. The reconstitution of the hydrothermal reaction made the
particles smaller than in the last step; this phenomenon was confirmed using scanning
electron microscopy (SEM). X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) also revealed the ingredients of the synthesized product of reconstitution. Likewise,
electrochemical measurement further evidenced the strengthened performance after recon-
stitution. The product presented low overpotentials of 142 mV at 10 mA cm~2 for HER
and 294 mV at 50 mA cm~2 for OER. 9H5E-CC was more stable than most other materials
reported from hydrothermal synthesis.

2. Results and Discussion

A Ni particle film (5E-CC sample) was synthesized on CC via electrodeposition. For
the electrodeposition solution, Na;SO4 was used for the supporting electrolyte, which
can improve the conductivity of a solution. NiSO4 was utilized as a suitable Ni source.
H3BO3 can change the pH of an electrodeposition solution and control the electrodeposited
layer’s morphology. Then, a MoOj3-NiSy film (9H5E-CC) was fabricated using the obtained
5E-CC sample for the hydrothermal reaction, as shown in Figure 1a and Table S1. While the
hydrothermal processes primarily employed (NH4),MoS4 as a Mo source, CH4N,S gener-
ated sufficient S>~ for the sulfuration reaction during the hydrothermal reaction. The first
stage in the hydrothermal reaction is a redox reaction, which causes the electrodeposited
Ni layer to dissolve as Ni2* /Ni’* ions, and then the Ni?* /Ni’* ions diffuse into a mixed
solution with the increase in temperature. The next reaction step is the formation of a
MoO3-NiSy catalyst film during the constant-temperature phase. The morphologies of the
5E-CC and 9H5E-CC samples are shown in Figure 2a,b. Figure 2a displays Ni particles with
irregular shapes formed on carbon fibers after electrodeposition. The Ni particles stacked
together to form a smooth and compact Ni-coating film. The average size of particles in the
electrodeposited Ni layer was about 0.71 um. After the hydrothermal reaction, large Ni
particles converted into smaller and more compact MoO3-NiSy particles with average sizes
of ca. 0.15 um via the dissolution of Ni particles and re-reaction, as shown in Figure 2b. To
prove that, the powder product was collected from the hydrothermal reaction for 30 min.
Its composition was checked using SEM-EDS, as shown in Figure S1. The result reveals
that the deposits contained the Ni element, confirming that the dissolution of Ni particles
and re-reaction had occurred. Smaller particles help to provide abundant exposing surfaces
and highly exposed active sites. Figure 2c reveals the morphology of the 9H5E-CC sample
after long-term testing, whose morphology and structure almost remained constant for a
long period of about 72 h while running under invariable current densities of 10, 20, and
100 mA cm 2, demonstrating excellent stability in HER processes. Furthermore, compared
with the catalyst before long-term testing, the average grain diameter of the catalyst after
long-term testing increased from 0.15 pm to 0.17 pm, an increase of only around 13%,
proving the catalyst’s remarkable stability.



Catalysts 2023, 13, 1426 30f13

. Hydrothermal
Electrodeposition reaction
ﬁ —
0.05 M NiSO, 0.5 M CH,N,S,
0.5 M HBO; 0.01 M (NH;);MoS,
0.1 M Na,SO, Cc Pt 50 mL H,0
MoS-Ni/CC
b CcC 5E-CC  9H5E-CC 9H1-CC  9H15E-CC 9H-CC 9H25E-CC  9H2-CC

Figure 1. (a) Schematic illustration of the procedure for fabrication of MoO3-NiS, (9H5E-CC) electrode.
(b) Photographic images of the CC substrate and the as-prepared samples.

Figure 2. SEM images of (a,d) 5E-CC, (b,e) 9H5E-CC, and (c,f) 9H5E-CC after running chronopoten-
tiometry.

The surface composition of the catalyst has a crucial effect on electrocatalytic activity.
Various measurements were utilized to determine the surface composition of the samples.
The XRD pattern of 5E-CC is shown in Figure S2, where every diffraction peak can be
indexed to Ni (JCPDS: 04-0850). The pattern demonstrates that a metal Ni layer was coated
on the CC substrate after electrodeposition. The XRD pattern of 9H5E-CC is shown in
Figure 3a, where each diffraction peak can be indexed to MoO3 (JCPDS: 21-0569), NiS,
(JCPDS: 04-8683), and NiS (JCPDS: 06-6018). The combined distinctive peaks of MoOs3,
NiS,, and NiS are visible in 9H5E-CC, indicating the formation of a composite film after the
hydrothermal reaction. The weak peaks of 9H5E-CC are attributed to the low crystallinity,
which may have better electrochemical stability.
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Figure 3. The oxidation states and chemical composition of 9H5E-CC: (a) XRD patterns. XPS analysis
of (b) Mo, (c¢) Ni, (d) O, and (e) S.

The electrocatalytic activity is also significantly influenced by the chemical valence
state. Mo, Ni, S, and O were present in 9H5E-CC according to the XPS analysis. The
Cl1s peak at 284.8 eV was utilized as the standard peak throughout the XPS calibration
procedure. The Mo 3d and S 2s XPS spectra for the 9H5E-CC are displayed in Figure 3b.
The peaks at 229.3 eV and 232.8 eV are associated with the 3ds5,, and 3d3,, of Mo?** for
MoOs, respectively [30,31]. The peaks located at 233.1 eV and 236.3 eV are also attributed
to Mo®* for MoOs. As shown in Figure 3c, the two strong Ni 2p peaks at 854.0 eV and
855.7 eV belong to Ni 2p3,;, and the peaks at 871.3 eV and 875.7 eV correspond to Ni
2p1 /2, together with two satellite peaks at 859.41 eV and 881.54 eV. The small satellite peak
around 226.8 eV is ascribed to S 2s for NiS, and NiS [32,33]. The peaks around 532.0 eV
and 533.9 eV belong to surface-adsorbed H,O and O-Mo, as shown in Figure 3d [34]. The
peaks located at 162.0 eV and 163.0 eV belong to S 2p3/, and S 2p1 /, as shown in Figure 3e.
The peaks at 164.0 eV and 169.4 eV are related to S,°~ and S°*, respectively [35]. Based
on XRD and XPS analysis, the as-synthesized 9H5E-CC catalyst was mainly composed of
MoO3, NiS,, and NiS.

To further demonstrate the microstructure of the MoO3-NiSy electrocatalyst, the TEM
results are displayed in Figure 4. Figure 4b,c show that the different lattice fringes of
0.253 nm, 0.199 nm, and 0.529 nm can be indexed to the NiS, (210), NiS (102), and
MoO; (110) facets, respectively, in the HR-TEM images. The ring diffraction pattern
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of SAED reveals that the MoO3, NiS; and NiS particles were polycrystalline structures,
as shown in Figure 4d. The elemental mappings of Mo, Ni, S, and O are displayed in
Figure 4e,f, which certify the uniform distribution of MoOs, NiS, and NiS particles on the
surface of the 9H5E-CC sample. The distribution of element concentration of Mo and Ni
corresponds to O and S, which proves the main contents existed in the form of MoO3, NiSy,
and NiS again.

NiS, (210)
0.253 nm

NiS (102)

Mo

Figure 4. (a) TEM images, (b,c) HR-TEM images, (d) SAED pattern, and (e,f) STEM-EDS mapping of
9H5E-CC.

The HER performance of 9H5E-CC was evaluated using a standard three-electrode
configuration, with a Pt wire counter electrode and a saturated Ag/AgCl reference electrode
in a 1.0 M KOH solution. The electrodeposition time of the Ni layer and the amount of
(NH4),Mo0S; in the hydrothermal reaction were altered to modulate the quantity of Ni and
Mo ingredients in the catalyst, respectively. The catalyst obtained using a too-thick Ni layer
was not stable, which was reflected in a large amount of black granules falling off during
polarization testing (Figure S3). After determining the ideal experimental parameters, the
bare CC, 5E-CC, 9H15E-CC, 9H-CC, and commercial Pt/C catalyst were also tested for
further comparison. They were supported on CC with the same method and mass loading.
It can be seen that 9H5E-CC, which had excellent HER activity, was second only to the
commercial Pt/C and exhibited a better HER activity than the bare CC, 5E-CC, 9H15E-CC,
and 9H-CC, as shown in Figure 5a. In detail, only a low overpotential (119) of —142 mV
could achieve a current density of 10 mA cm~2, which is closer to that of the commercial
Pt/C than to the bare CC, 5E-CC, 9H15E-CC, and 9H-CC. Compared with the 9H15E-CC
sample, which did not contain Mo, the overpotential of 9HSE-CC was very low. There were
no particles grown on CC when the hydrothermal reaction was conducted without adding
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Ni source (9H-CC), as shown in Figure 1b. Meanwhile, the 5E-CC to 9H15E-CC transition
that occurred via a hydrothermal reaction was accompanied by a decay in electrochemical
performance. For this phenomenon, we presume that MoOs played a significant role in the
catalytic activity, and NiSy, as the cocatalyst, contributed to the formation of the catalyst
film. MoO3 and NiSy cannot be separated from each other and may be derived from a
synergetic effect that improves HER performance.
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Figure 5. Electrocatalytic HER. (a) Polarization curves; (b) Tafel plot; (c) EIS; (d) current density
differences (Aj =ja — jc) plotted against scan rate (20, 40, 60, 80, 100, and 120 mV/s); (e) long-term
stability measurement of 9H5E-CC sample at —10, —20, and —100 mA cm 2 for each 24 h.

As shown in Figure 5b, Tafel plots were used to examine the electrocatalysts kinetics of
9H5E-CC. The Tafel slope of 9H5E-CC (79 mV dec~!) is shallower than those of 9H15E-CC
(120 mV dec 1) and 9H-CC (307 mV dec™'), and it is close to that of the commercial Pt/C
electrocatalyst (60 mV dec™!). This indicates that 9H5E-CC provided a small Tafel slope
and fast HER kinetics. MoO3 and NiSy composites play an active role in HER kinetics, and
the Tafel slope becomes small when the two elements coexist. The electrochemistry kinetics
and interfacial properties of catalysts are further shown using Nyquist plots of the EIS
measurements in Figure 5c. The Nyquist plots illustrate that the charge transfer resistance
(Ret) of 9H5E-CC was lower than those of 9H15E-CC and 9H-CC, which indicates the fast
charge transfer process and high conductivity of 9H5E-CC (Table S2) [36]. The extremely
low R¢t of 9H5E-CC is attributed to the combination of MoO3 and NiSy in the film.

To further obtain detailed information on HER performance, the double-layer capaci-
tances (Cq1) of YH5E-CC, 9H15E-CC, and 9H-CC were determined using cyclic voltammetry
(CV) curves at different scanning rates within a range of potentials (Figure 54). As shown
in Figure 5d, the Cy4; values of 9H5E-CC, 9H15E-CC, and 9H-CC were determined to be
324, 9, and 0.5 mF cm 2, respectively [37,38]. This indicates that the presence of Mo
has a positive effect on the efficient adsorption and transfer of the reactant. Additionally,
long-term stability is a significant standard for evaluating the catalytic performance of HER.
Chronoamperometry was performed to evaluate the durability and stability of 9H5E-CC
during HER measurement at different constant current densities, as shown in Figure 5e.
The 72 h of chronoamperometry consisted of three stages, which are running for 24 h

at —10, —20, and —100 mA cm~2 in turn. This illustrates that 9H5E-CC is highly stable,
negligibly changing with potential. During the operational process, the recession in value
of potential is 12, 13, and 13 mV at —10, —20, and —100 mA cm 2, respectively. According
to the analysis of the preceding context, Mo element contributes to catalytic activity while
Ni element helps with the film forming. These details prove that the Ni element plays an
important role in excellent durability and stability.
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9HS5E-CC showed weak OER performance and instability, as shown in Figure S3.
However, the experimental results show that the catalyst was characterized by great OER
performance and stability when the CC substrate was replaced with Co foam (CF) for OER
(the method for synthesizing 9H5E-CF was similar to that for 9H5E-CC). Photographic
images of the as-obtained samples are shown in Figure S5. As shown in Figure Sé6a,b, 5E-CF
exhibited a dense film structure consisting of fine particles. After the hydrothermal reaction,
the Ni particles in 5E-CF transformed into smaller spherical particles that stacked together.
Simultaneously, the dense film of 9H5E-CF before polarization acquired a three-dimensional
(3D) structure characterized by an increased specific surface area, and its particle sizes
reduced after the hydrothermal reaction. This structure facilitated more effective contact
between the catalyst and the electrolyte (Figure Sé6c,d). After electrodeposition and the
hydrothermal reaction, a stable and durable catalyst with excellent catalytic performance
was obtained via polarization, removing the unnecessary material on the sample’s surface.
The SEM images of 9H5E-CF before and after polarization are shown in Figures Sé6c,d
and S7a,b. The final sample of 9H5E-CF was examined using electrochemical testing and
other measurements. For comparison, bare CF, 5E-CF, 9H15E-CF, 9H-CF, and commercial
RuO; were also tested, which were supported on CF using the same method or mass
loading. The OER performance of 9H5E-CF was also investigated using the standard
three-electrode configuration with a Pt-wire counter electrode and a saturated Ag/AgCl
reference electrode in 1.0 M KOH solution. As shown in Figure 6a, 9H5E-CF presented
high-quality performance. In detail, a relatively low overpotential (50) of 294 mV achieved
a current density of 50 mA cm 2, which is closer to that of commercial RuO, than those of
the bare CF, 5E-CF, 9H15E-CF, and 9H-CF at low current density. In addition, the catalytic
activity of 9H5E-CF was also better than that of the commercial RuO, when the potential
exceeded 1.58 V vs. RHE. According to the XRD and XPS results, 9H5E-CF contained Mo,
Ni, and Co, as shown in Figures S8 and S9.
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Figure 6. Electrocatalytic OER. (a) Polarization curves, (b) Tafel plots, (c) EIS, (d) current density
differences (Aj =ja — jc) plotted against different scan rates (1, 2, 3, 4, 5, and 6 mV/s), and (e) long-term
stability measurement of 9H5E-CF sample at 10, 20, and 100 mA cm ™2 for each 24 h.

The electrocatalytic kinetics for OER described by the Tafel slopes in Figure 6b. The
Tafel slope of the 9H5E-CF sample (114 mV dec™!) was smaller than those of 9H15E-
CF (138 mV dec™!), 9H-CF (179 mV dec™!), and commercial RuO,-CF electrocatalysts
(143 mV dec™!). This shows that 9H5E-CF had a small Tafel slope and fast OER kinetics.
The Nyquist plots of EIS measurements further show the electrochemistry kinetics and
interfacial properties of the catalysts in Figure 6¢. The Rt of 9H5E-CF is illustrated with
a Nyquist plot, which is lower than those of 9H15E-CF and 9H-CF, revealing the fast
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charge transfer process and high conductivity of 9H5E-CF (Table S3). The extremely low
Rt of 9H5E-CF is due to the combination of CoyO3, and MogO,3 with Ni doping in the
films. To further obtain detailed information on OER performance, the ECSAs of 9H5E-CF,
9H15E-CF, and 9H-CF from their C4; were measured and analyzed using CV curves at
different scanning rates, as shown in Figure S10. As shown in Figure 6d, the Cy; values
of 9H5E-CF, 9H15E-CF, and 9H-CF are determined to be 757.7, 667.5, and 712.3 mF cm ™2,
respectively. This indicates outstanding the efficient adsorption and transfer of the reactant
during the OER. The long-term stability of the catalyst is a significant concern for water
oxidation. Chronoamperometry was also performed to evaluate the durability and stability
of 9H5E-CF during OER measurement at different constant current densities of 10, 20,
and 100 mA cm 2, respectively. Figure 6e illustrates that 9H5E-CF displays excellent
stability with a negligible change in potential. As depicted in Figure S7c,d, after the 72 h
OER stability test, the bulk structure of 9H5E-CF changed and exhibited a particle-like
morphology. However, the structural modification did not have any adverse impact on the
catalytic OER performance.

To prove the highly efficient HER and OER activity of 9H5E-CC and 9H5E-CEF, a simple
two-electrode device was applied for overall water splitting in an alkaline solution. As
shown in Figure 7a, the electrolytic cell of 9H5E-CF||9H5E-CC only needed 1.88 V to reach
50 mA cm~2, which is close to that of commercial RuO,-CF||Pt/C(20%)-CC. A 1.5 V solar
panel was applied as power to drive overall water splitting, as shown in Figure 7b. It is
demonstrated that hydrogen and oxygen bubbles continually appeared from the surface
of the cathode and anode. The long-term stability of a catalyst is a vital parameter for
overall water splitting, so long-term chronoamperometry measurements at 10, 20, and
100 mA /cm? were obtained to evaluate the durability of 9H5E—CF||9H5E—CC, as shown
in Figure 7c. 9H5E-CF||9H5E-CC showed high stability with negligible voltage change.
Additionally, compared with the reported bifunctional catalysts for HER, OER, and overall
water splitting in alkaline electrolytes, a competitive overpotential of 142 mV (1y¢) for HER,
294 mV (ns) for OER, and 1.88 V (at 50 mA cm~2) for overall water splitting were achieved
for the MoO3-NiSy catalyst, as shown in Table 54 [39-51].
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Figure 7. Overall water splitting activity of 9H5SE-CF | | 9H5E-CC. (a) Polarization curves, (b) Photo-
graphic image of overall water splitting driven by a solar panel, (c) Long-term stability measurement
at 10, 20, 100 mA cm 2 for each 24 h.
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3. Materials and Experiments
3.1. Materials and Chemicals

Nickel sulfate hexahydrate (NiSO4-6H0, 99%), sodium sulfate anhydrous (NapSOj,
99%), thiourea (CH4N>S, 99%), and ammonium tetrathiomolybdate ((NH4),MoSy, 99.95%)
were purchased from Aladdin Reagent Inc, Shanghai, China. Boric acid (H3BO3, 99.5%)
was purchased from Sinopharm Chemical Reagent Co., Ltd, Shanghai, China. Cobalt foam
(CF, areal density 1400 g/ mz) was bought from Alantum Corporation, Seoul, Korea. The
carbon cloth (CC, thickness: 0.33 mm, W051009, CeTech Co., Ltd, Taiwan, China) was
cutinto 1 cm x 2.5 cm sheets and treated in a round-bottomed flask fitted with a reflux
condenser to mix the solution, which contained nitric acid (7.5 wt%) and sulfuric acid
(2.5 wt%), at 80 °C for 3 h. Then, it was cleaned with ethanol and DI water for 10 min,
respectively, followed by drying at 60 °C for 4 h.

3.2. Electrodeposition of Ni Film on CC

5E-CC was fabricated using a typical two-electrode device with a Rigol-DP832A
(RIGOL Technologies, Co. Ltd, Beijing, China) workstation. The deposition bath contained
0.05 M NaySOy, 0.5 M H3BOs3, and 0.1 M NiSO4. While electrodepositing, the treated CC
acted as the cathode; Pt wire was used as the anode electrode. 5E-CC was electrodeposited
with a geometric area of 1.0 cm?. The depositing was performed at room temperature with
a constant current of —100 mA for 5 min. After electrolysis, the as-prepared catalysts were
washed using deionized water and ethanol and dried under airflow.

3.3. Preparation of 9H5E-CC and 9H5E-CF

The 9H5E-CC catalyst was synthesized via a hydrothermal reaction of CH4N,S,
(NH4)2MoSy, and 5E-CC in H,O. Typically, 0.01 M (NH4)2MoS, and 0.5 M CH4NS were
dissolved in 50 mL of DI water, and the mixed solution was stirred at room temperature for
30 min. Then, the 5E-CC and mixed solution were transferred into a 100 mL Teflon-lined
stainless-steel autoclave and maintained at 180 °C for 9 h. Afterward, the autoclave was
cooled to room temperature naturally; the carbon cloth was taken out and washed with
DI water and ethanol. The washed sample was dried via airflow. For comparison, the
control sample was synthesized following the same chemical method as used for 9H15E-CC,
9H-CC, and 9H25E-CC without adding (NHy)>,MoS, or electrodepositing Ni or thiourea,
respectively. We conducted a hydrothermal reaction using CC merely with thiourea or
(NH4)2MoS, for 9H1-CC or 9H2-CC, respectively.

Furthermore, we replaced carbon cloth with Co foam mainly for the OER process; the
remainder of the synthesis method was similar to that described above, except polarization
for 1 hin 10 mA cm~2 was the last step. The obtained samples were denoted as CF, 5E-CF,
9HS5E-CF, 9H1-CF, 9H15E-CFE, 9H-CF, 9H25E-CF, and 9H2-CF, respectively. The detailed
experimental parameters for the samples are shown in Table S1. After the reaction, the
weights of 9H5E-CC and 9H5E-CF increased by 6.03 mg and 2.8 mg, respectively.

3.4. Preparation of Pt/C(20%)-CC and RuO,-CF

For comparison, the typical noble metal catalysts of Pt/C(20%) and RuO, were fabri-
cated on carbon cloth and Co foam for HER and OER, respectively. The ink was prepared
by dispersing 6.03 mg of Pt/C(20%) catalyst (or 2.8 mg of RuO;) in 0.8 mL of deionized
water, 0.8 mL of isopropanol, and 14 pL of Nafion. The resultant mixed solution was then
sonicated for 30 min to generate a uniform catalyst ink. Finally, all of the ink was dropped
directly onto the surface of carbon cloth (or Co foam) over an area of 1 x 1 cm? and dried
at 95 °C for 12 h.

3.5. Electrochemical Characterization

Electrochemical characterizations were conducted using a CHI660E electrochemical
analyzer (CH Instruments, Inc., Shanghai, China) at room temperature. Hydrogen and
oxygen evolution measurements were recorded in 1 M KOH using the standard three-
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electrode system with Ag/AgCl (in 3 M KClI solution) as the reference electrode and a
Pt wire as the counter electrode. The HER and OER potentials versus Ag/AgCl were
converted to RHE with the help of the following equation:

Erpe = Eag/agal +0.059 x pH +0.197

Before OER testing, for the electrode synthesized from Co foam, we performed an
approximately two-hour chronopotentiometry procedure at 10 mA cm ™2 to remove the
redundant components and achieve stabilization.

3.6. Material Characterization

The crystallinity and crystal structure of the samples were characterized using Bruker
D8 Advance X-ray diffraction (XRD, Karlsruhe, Germany) with a Cu K« source. The mor-
phologies of the samples and elementary composition were determined using a scanning
electron microscope (SEM, ZEISS Sigma 300, Jena, Germany) with energy-dispersive spec-
troscopy (EDS, Oxford Instruments, INCA x-sight, Oxford, UK). A transmission electron
microscope (TEM, JEOL JEM-2100F operating at 100 kV, Japan) was applied to meticu-
lously characterize the crystal structure. X-ray photoelectron spectroscopy (XPS, Thermo
ESCALAB 250XI, Carlsbad, CA, USA) was conducted with Al K« radiation.

4. Conclusions

In summary, 9H5E-CC and 9H5E-CF were synthesized for HER and OER using a
facile method. 9H5E-CF | |9H5E-CC achieved 1.88 V at 50 mA cm 2 for full water splitting.
Highly stable 9H5E-CC electrodes were synthesized via electrodeposition and hydrother-
mal reactions, which produced a stable film on the CC via the dissolution of a galvanized
Ni coating and a MoO3-NiS film of 9H5E-CC catalysts. A highly active 9H5E-CF electrode
was also fabricated via electrodeposition and hydrothermal reactions; we obtained a stable
and durable catalyst with excellent OER performance via anodizing to remove unnecessary
material from the sample surface. This electrochemical performance, which is close to that
of commercial Pt and RuO,, enables the development of an industrialized water splitting
system for energy conversion. Our study offers a method for developing highly active and
more electrochemically stable electrodes for water splitting.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13111426/s1, Figure S1: EDS spectrum of intermediate prod-
ucts of 1H5E-CC; Figure S2: XRD patterns of 5E-CC and CC; Figure S3: Polarization curve of 9H5E-CC
for OER; Figure S4: CV curves showing the capacitive performance Cg; of 9H5E-CC, 9H-CC, and
9H15E-CC. Figure S5: Photographic images of the as-prepared samples on CF; Figure S6: SEM images
of 5E-CF and 9H5E-CF before polarization; Figure S7: SEM images of 9H5E-CF before and after run-
ning chronopotentiometry; Figure S8: XRD of 9H5E-CF before 2 h chronopotentiometry procedure;
Figure 59: XPS spectra of 9H5E-CF. Figure S10: CV curves showing the capacitive performance Cgj of
9HS5E-CF, 9H-CF, and 9H15E-CF. Table S1: Listing of the experimental parameters for fabricating the
samples; Table S2: Rs and R values of 9H5E-CC, 9H-CC, and 9H15-CC; Table S3: Rs and R values
of 9H5E-CF, 9H-CF, and 9H15-CF; Table S4: Comparison of the water splitting performance of the
catalyst in this study with that of other reported bifunctional catalysts in 1 M KOH. References [39-51]
are cited in the Supplementary Materials.
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