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A B S T R A C T   

Rapid technological development requires sustainable, pure, and clean energy systems, such as hydrogen energy. 
It is difficult to fabricate efficient, highly active, and inexpensive electrocatalysts for the overall water splitting 
reaction: the oxygen evolution reaction (OER) and hydrogen evolution reaction (HER). The present research 
work deals with a simple hydrothermal synthesis route assisted with ultrasound that was used to fabricate a 3D 
nanoflower-like porous CoMoS4 electrocatalyst. A symmetric electrolyzer cell was fabricated using a CoMoS4 
electrode as both the anode and cathode, with a cell voltage of 1.51 V, to obtain a current density of 10 mA/cm2. 
Low overpotentials were observed for the CoMoS4 electrode (250 mV for OER and 141 mV for HER) at a current 
density of 10 mA/cm2.   

1. Introduction 

In recent years, excessive use of non-renewable energy sources has 
led to environmental pollution; therefore, there is a need to develop 
sustainable and clean energy sources. Hydrogen is considered a prom-
ising alternative to non-renewable energy sources because of its high 
energy density, abundant resources, and non-polluting nature [1,2]. 
Electrochemical water splitting is considered a good and clean tech-
nology for harvesting pure hydrogen. It consists of two half-cell re-
actions; one taking place at the cathode (hydrogen evolution reaction 
(HER)) and the other at the anode (oxygen evolution reaction (OER)) 
[3]. To complete the overall water splitting reaction, an overpotential is 
required potential to overcome the barriers of solution resistance, 
electrolyte/electrode interface resistance, and activation energy [4,5]. 
To minimize overpotential, there is a need to develop electrolytic cells 
with good active electrode materials. Currently, Ru and Mn-based 
electrode materials are used as active catalysts in the OER, and Pt- 
based materials in the HER. The main drawback of these materials is 
their high cost and low reversibility [5–7]. Consequently, earth- 
abundant electrocatalysts are required for the water splitting re-
actions. In addition, use of multifunctional electrocatalyst material for 
complete water splitting in similar electrolytes is more efficient. 
Therefore, it is essential to fabricate effective and active electrocatalysts 
for the overall water splitting reaction. 

Recently, ternary metal sulfides have increasing attention owing to 
their outstanding properties such as high electrical conductivity, mul-
tiple oxidation states, and use in various applications, including elec-
tronics, catalysis, and energy storage [8–14]. A literature review shows 
that CoSe2 [8], CoS/MoS2 [9], Ni3S2/NF [10], and NiCoP [11] have been 
used as multifunctional materials for the water splitting reactions. 
CoMoS4 has been considered a potential candidate material. Compared 
to binary sulfides (MoS2 and CoS2), the electrocatalyst CoMoS4 exhibits 
multiple oxidation states; therefore it may provide large number of 
active sites for redox reactions and a modified electronic structure, 
which can help enhance the electrochemical properties [15]. Also, the 
active sites of the CoMoS4 electrode can be enhanced using engineered 
morphology. The morphology of electrode is modified using ultrasonic 
treatment [16]. The use of ultrasound during solution mixing process 
increases mass and heat transfer. The nano size mono or bi-metallic 
electrodes are synthesized using ultrasound in absence or presence of 
surfactants and alcohol. The formation of nano-metallics is attributed to 
free radicals (H. and OH.) generated by water in the process of sonolysis 
caused by cavitation. The nano-metallic size depends on the ultrasonic 
frequency, time, atmospheric gas, alcohol and surfactant. This effect 
mainly caused due to formation of high energy bubbles, which generates 
high velocity microjets of liquid (~200 m/s) [17]. Directly grown 
nanostructured morphology on a conducting substrate may provide 
more binder-free active sites than a powder-formed electrode, and may 
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also improve gas and solution diffusion and reduce contact resistance 
[15]. There are few reports on the use of CoMoS4 catalyst in the water 
splitting reaction. Sun et al. [16] fabricated an amorphous CoMoS4 
electrocatalyst for overall water splitting with overpotentials of 143 and 
342 mV for the HER and OER, respectively, to generate a current density 
of 10 mA/cm2. Ren et al. [19] prepared CoMoS4 nanosheets on carbon 
cloth via a hydrothermal route and Co(OH)F as a mediator with an 
overpotential of 183 mV to generate a current density of 10 mA/cm2 in 
1.0 M phosphate buffer solution. 

In this study, a 3D nanoflower-like CoMoS4 electrode was fabricated 
using ultrasound assisted hydrothermal method. CoMoS4 was directly 
grown on a nickel foam (NF) substrate. A (NH4)2MoS4 precursor was 
synthesized and used for the fabrication of a 3D nanoflower-like CoMoS4 
electrocatalyst. Due to abundant active sites, low electrolyte contact 
resistance, and fast transfer of electrons, the CoMoS4 electrode showed 
excellent electrocatalytic activity. For CoMoS4 electrode, low over-
potential value to generate 10 mA/cm2 in 1.0 M KOH electrolyte is 
required for both HER and OER reactions. In addition, the porous 
structure of CoMoS4 provides an ideal channel for electrolyte diffusion, 
which enhances the reaction kinetics of the catalyst and facilitates the 
release of the produced gas. 

2. Methods and materials 

2.1. Materials 

Chemical reagents included Co(NO3)2, (NH4)2Mo7O24, KOH, 
(NH4)2S, H2PtCl6, carbon black , PVP, and RuO2 were purchased from 
Sigma-Aldrich. 

2.2. Synthesis of CoMoS4/NF 

To synthesize the (NH4)2MoS4 precursor; 0.35 M (NH4)2Mo7O24 was 
prepared in 30 mL of double distilled water (DDW) and 15 mL of 
ammonia. Next, 8 wt.% of (NH4)2S was added. The solution was mixed 
with continuous magnetic stirring and placed in a ultrasonic bath at a 
constant temperature of 70 ◦C for 2 h. The mixture was then cooled and 
allowed to crystallize at room temperature (RT) for 12 h. Then, the 

crystals were washed with ethanol and water several times and dried at 
room temperature. The following reaction takes place to form 
(NH4)2MoS4 [2]: 

(NH4)2Mo7O24 + 8NH3⋅H2O→7(NH4)2MoO4 + 4H2O (1)  

(NH4)2MoO4 + 4(NH4)2S→(NH4)2MoS4 + 4NH3 +H2O (2) 

For the synthesis of the CoMoS4/NF electrocatalyst, 1 M Co 
(NO3)2⋅6H2O and (NH4)2MoS4 were dissolved in 25 mL of DDW and to 
from uniform mixture solution was sonicated for 25 min ultrasonic 
probe sonicator (20 kHz), that was further transferred to a Teflon-lined 
autoclave. Literature shows various reports on the synthesis of nano-
structures using ultrasound [20(a),20(b)]. 

The NF substrate was cleaned with acetone and immersed in the 
reaction mixture. The whole assembly was kept at a constant tempera-
ture of 120 ◦C for 4, 8, 12, and 16 h, and the samples were coded as CM- 
4, CM-8, CM-12, and CM-16, respectively. The deposited electrode was 
removed from the Teflon-lined autoclave and cleaned with DDW and 
ethyl alcohol. The reaction occurring during the process of CoMoS4 
electrode synthesis is as follows [20 (a)]: 

Co(NO3)2 +(NH4)2MoS4→CoMoS4 + 2NH4NO3 (3) 

The structural, morphological, and electrochemical performance of 
the synthesized CoMoS4/NF electrode were studied. Fig. 1 shows a 
schematic diagram of the synthesis of CoMoS4/NF electrode. 

The previously reported method was used for the fabrication of Pt/C 
electrode. In this method, pulsed galvanostatic electrodeposition and 
ultrasonication treatment with high power ultrasound (with frequency 
of 20 kHz) were used for fabrication of Pt/C electrode for comparison in 
case of HER study of CoMoS4 [21(a),21 (b)]. 

2.3. Material characterization 

X-ray diffraction (XRD, Rigaku, Japan, Cu Kα radiation) was 
employed to study the structure of the synthesized electrodes. The 
morphology and elemental distribution were observed using TEM and 
EDS (JEM-2010, Japan), respectively. The morphological profile was 
obtained using SEM (JEOL, Japan). The phase composition of the 

Fig. 1. Schematic diagram of the synthesis of porous 3D nanoflower-like CoMoS4 on Ni foam.  

A.A. Yadav et al.                                                                                                                                                                                                                               



Ultrasonics Sonochemistry 72 (2021) 105454

3

synthesized electrode was confirmed by XPS (PHI 5300 ESCA). The 
surface area of the synthesized electrode was measured using the 
Brunauer-Emmett-Teller (BET) method. 

2.4. Electrochemical measurements 

The electrocatalytic properties of the synthesized electrodes were 
measured in a 1 M KOH electrolyte using a three-electrode system. The 
chemically synthesized electrodes were used as the working electrode, 
Ag/AgCl as the reference electrode, and a platinum electrode as the 
counter electrode. The OER and HER electrocatalytic properties were 
measured using a VersaSTAT3 instrument, Ametek, Japan. Polarization 
curves were measured via linear sweep voltammetry (LSV) curves at 2 
mV/s (scan rate) in a 1 M KOH electrolyte. The potentials measured 
were calibrated with respect to the RHE using the following equation 
[22,23]: 

Evs.RHE = Evs.Agcl + 0.059 × pH + 0.197 (4) 

The overpotential (η) for the prepared current density was calculated 
using the following equation: 

η = Evs.RHE − 1.23 V (5) 

Tafel slopes were measured using LSV polarization curves with plots 
of overpotential vs. log (i), given by the following equation: 

η = a+ blogi (6)  

where a is the exchange current density and b is the slope of the Tafel 
plot. The durability of the electrocatalyst was studied using a chro-
noamperometric study. The electrochemical double-layer capacitance 
(Cdl) is considered to be a measure of the electrochemically active sur-
face area. Cyclic voltammetry (CV) curves were obtained in a non- 
Faradaic voltage window (0.1 V), and the current values obtained in 
this region are considered to be the double-layer current. This is 
explained by the following equation [23]: 

i =
dq
dt

=
d(Cdl)

dt
= Cdl

dφ
dt

+φ
dCdl

dt
(7)  

where the charging current (i) is formed of two parts. The first part is due 
to the state of charge at the electrode/electrolyte interface and changes 
with potential (φ), and the other part is due to the change in Cdl with 
respect to the double-layer current. However, the voltage window is 
small because the charged state of the electric double layer is considered 
to remain constant, and the respective Cdl also remains constant with 
time. This means that equation (7) can be reduced to equation (8): 

i = Cdl
dφ
dt

= Cdlv (8)  

where v is the scan rate. The electrochemically active surface area 
(ECSA) of the electrocatalyst was calculated using the following 
equation: 

ECSA =
Cdl

Cs
(9)  

where Cs is the specific capacitance of the sample. The roughness factor 
was calculated as follows: 

RF =
ECSA

Geometric area
(10) 

The geometric area of the electrocatalyst used was 1 cm2. To deter-
mine the Faradaic efficiency, gas chromatography was used, which was 
then quantified and calibrated using a pressure sensor with an H-type 
electrocatalytic cell. Before starting the experiments, N2 gas was passed 
through the solution for 30 min with continuous stirring. The theoretical 
quantity of O2 and H2 gas produced was measured using Faraday’s law: 

n =
Q
zF

(11)  

where n is the number of moles of the generated gas, Q is the number of 
coulombs passed over time, F is the Faraday constant (96480C/mol), 
and z is the number of electrons taking part in the OER and HER re-
actions (HER = 2, OER = 4). 

3. Results and discussion 

The XRD pattern for CoMoS4 is shown in Fig. 2(a) and inset show the 
XRD pattern for (NH4)2SO4. An absence of characteristic diffraction 
peaks was observed in the XRD pattern of CoMoS4, which confirms its 
amorphous nature, matching with previous reports [18,24]. The for-
mation of (NH4)2SO4 was confirmed using JCPDS card No.48–1662 [1]. 
Therefore, Raman and XPS studies were performed to analyze the 
chemical species present on the surface of the electrode. Fig. 2(b) shows 
the Raman spectra for CM-4, CM-8, CM-12, and CM-16. The band 
observed at 931 cm− 1 corresponds to symmetric broadening vibrations 
related to Mo-S, and bands at 812 and 856 cm− 1 are associated with S- 
Mo-S (S asymmetric stretching mode). The bands at 365 and 404 cm− 1 

are related to Co-Mo-S, for the symmetric stretching mode and S out-of- 
plane vibration in the transverse plane, respectively. Thus, the forma-
tion of a 3D nanoflower-like amorphous CoMoS4 electrode was 
confirmed using Raman spectroscopy [15]. 

Fig. 2(c) shows the XPS survey scan spectrum for the amorphous CM- 
12 sample, which confirms the presence of Co, Mo, and S elements and 
no other impurity elements. The high-resolution Co 2p XPS spectrum 
splits into two peaks due to spin–orbit coupling (Fig. 2(d)). The peaks 
observed at 797.5 and 781.5 eV belong to the Co 2p1/2 and Co 2p3/2 core 
levels, respectively, which confirms that Co occurs in the +2 oxidation 
state [25]. The other two smaller peaks detected at 793.9 and 778.6 eV 
are correspond to the presence of Co3+ oxidation state. In the case of Mo 
3d spectrum (Fig. 2(e)), two peaks located at binding energies of 231.4 
and 228.3 eV are associated with the 3d3/2 and 3d5/2 states, respectively. 
They correspond to the Mo4+ oxidation state. The peak observed at 
225.5 eV is associated with the S 2 s core level, which is correlated with 
the Co-S bond [26]. The S 2p high-resolution XPS spectrum shown in 
Fig. 2(f) shows that the peaks located at binding energies of 161.2 and 
162.8 eV correspond to S 2p1/2 of the Co-S bond. The peaks located at 
162.1 and 163.4 eV are attributed to Mo-S bonds [18,27]. 

SEM images for CM-4, CM-8, CM-12, and CM-16 samples are shown 
in Fig. 3(a-d). An internally connected nanosheet-like morphology is 
observed for CM-4 and CM-8 (Fig. 3(a) and (b)). As the deposition time 
interval increases to 12 h in CM-12, the nanosheets self-assemble into a 
porous 3D nanoflower-like structure, and these nanoflowers are inter-
connected by nanosheets. The nanosheets are also connected with the 
NF, which helps the charge transfer process from the active material 
(CM-12) to the NF current collector (Fig. 3(c)). The highly porous nature 
of the CM-12 electrode helps to reduce the diffusion path for electrolyte 
ions in the electrode material, which may help to improve electro-
catalytic performance. Fig. 3(d) displays the CM-16 electrode, showing 
agglomeration and peeling of the active material from the NF substrate. 
The TEM image in Fig. 3(e) confirms that the amorphous nature of the 
CM − 12 electrocatalyst consists of a 3D-nanoflower-like structure. This 
highly porous structure is useful for the diffusion of KOH electrolyte. The 
amorphous nature of the CM-12 electrode is supported by the SAED 
pattern shown in Fig. 3(f) [1]. 

Absorption and desorption isotherms were obtained to determine the 
surface area and pore size distribution using BET characterization, and 
the results are presented in Fig. 4. The isotherms observed for the CM-4, 
CM-8, CM-12, and CM-16 electrodes (Fig. 4 (a-d)) are of type IV. Ac-
cording to the guidelines of the International Union of Pure and Applied 
Chemistry (IUPAC), all electrodes are mesoporous in nature [28]. The 
amount of N2 absorption rapidly increases when the pressure reaches 1 
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atm, which is related to the mesoporous nature of the electrodes [29]. 
The surface areas calculated for the CM-4, CM-8, CM-12, and CM-16 
electrodes were 51.07, 54.74, 62.68, and 52.83 m2/g, respectively. 
Fig. 4(e, f, g, and h) shows the pore size distribution in these electrodes, 
providing evidence of the mesoporous nature of the electrodes, which 
may improve their electrochemical properties by allowing penetration 
of the electrolyte and therefore, good contact at the electro-
lyte–electrode interface [30]. 

4. Overall water splitting study 

4.1. Oxygen evolution activity (OER) 

An electrode with an amorphous structure has more active sites than 
a crystalline one because of unsaturated vacancies on its surface; 
therefore, CoMoS4 is a potential electrocatalyst. The electrolyte was 
initially saturated with O2 to secure a reversible oxygen potential at 2 
mV/s using three electrodes at room temperature. Fig. 5(a) displays 
polarization curves for CM-4, CM-8, CM-12, and CM-16 electrodes at a 
sweep rate of 2 mV/s, and the overpotential values obtained were 288, 
274, 250, and 278 mV, respectively. From this study, it is clear that Co 
and Mo metal ions in a single electrocatalyst enhance the OER perfor-
mance [30]. An important parameter in the OER study is the Tafel slope. 
The CM-12 electrocatalyst delivered a current density of 10 mA/cm2 at a 
low overpotential of 250 mV and a Tafel slope of 51.9 mV/dec (Fig. 5 
(b)). Thus, the low values observed for the overpotential and the Tafel 
slope confirm that porous 3D-nanoflower-like CM-12 electrocatalysts 
can enhance the OER catalytic activity [18,31]. Fig. 5(c) shows values of 
the Tafel slope for CM-4, CM-8, CM-12, and CM-16 electrodes, respec-
tively. A durability study was conducted using chronoamperometry, as 
shown in Fig. 5(d). The current density remained unchanged during a 

12 h durability test. Thus, improved stability, charge transport resis-
tance, and contact resistance are important factors in the study of the 
OER activity of CM-12 [32–34]. LSV curves for the CM-12 electro-
catalyst were obtained for the 1st and 3000th CV cycles. Fig. 5(e) shows 
that there is a negligible difference between the two, recorded at 2 mV/s 
in 1 M KOH electrolyte, and the overpotential increased from 250 to 254 
mV. The Faradaic efficiency of the evolution of O2 gas in the OER study 
for the CM-12 electrocatalyst was calculated using both experimental 
and theoretical methods. Galvanostatic measurements were used in this 
study. The CM-12 electrocatalyst maintained a constant current density 
of 10 mA/cm2 for 12 h in a 1 M KOH solution. The amount of O2 evolved 
was calculated theoretically using equation (7) and experimentally 
using gas chromatography. A comparison of the experimental and 
theoretical results shows that a Faradaic efficiency of 98% was observed 
during the OER study (Fig. 5(f)). This confirms that nearly all charges 
are utilized for the oxidation of water into oxygen [35–36]. 

Fig. 6(a) presents a Nyquist plot for the CM-12 sample in 1 M KOH 
electrolyte at 1.5 V. The solution resistance (Rs) and the charge transfer 
resistance (Rct) are related to the semicircles observed in the low- and 
high-frequency regions [36]. The observed value of Rs is 0.7 Ω for the 
CM-12 sample, showing that the porous CM-12 electrocatalyst has a low 
impedance and fast charge transfer properties. The electrochemical 
surface area (ESCA) and roughness are other important factors affecting 
the electrochemical performance [37–39]. Determination of the ESCA is 
based on the value of Cdl, which can be measured by CV study in aqueous 
1 M KOH electrolyte. The CV curves were observed within a non- 
Faradaic voltage window in the range + 0.61 to + 0.71 vs RHE at 
various scan rates from 5 to 80 mV/s, as shown in Fig. 6(b). It is difficult 
to determine the precise value of the surface area of an electrocatalyst, 
but the relative value of the surface area can be estimated. The Cdl in the 
case of CM-12 is 19.89 mF/cm2. Fig. 6(c) shows the cathodic (ic) and 

Fig. 2. (a) XRD pattern for CoMoS4 and inset show XRD pattern for (NH4)2SO4, (b) Raman spectra for CM-4, CM-8, CM-12, and CM-16 electrocatalysts. High 
resolution XPS spectra (c) survey spectra, (d) Co 2p, (e) Mo 3d, and (f) S 2p. 
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anodic (ia) current densities versus scan rates. The ESCA is directly 
proportional to Cdl; therefore, Cdl suggests that the CM-12 electrocatalyst 
has a larger surface area along with a high roughness factor. Thus, the 
large number of active sites is partly responsible for its superior 
performance. 

4.2. Hydrogen evolution activity (HER) 

HER studies of CM-4, CM-8, CM-12, and CM-16 electrodes were 
performed in aqueous 1 M KOH using LSV techniques. The polarization 
curves observed for these electrodes are shown in Fig. 7(a). Over-
potential values of 164, 157, 141, and 161 mV were calculated for these 
electrodes, respectively. The overpotential required for the CM-12 
electrocatalyst was 141 mV to achieve 10 mA/cm2. This result shows 
similar behavior to that of the OER study. The NF had a larger over-
potential (260 mV) in the alkaline medium. Tafel plots for CM-4, CM-8, 
CM-12, CM-16, Pt/C, and NF are shown in Fig. 7(b) and their slopes of 
104.8, 86.5, 60.1, 104.8, 94.8, 59.2, and 184.4 mV/dec, respectively, 
are shown in Fig. 7(c). It is known that Tafel slope values reflect the 
electric transport properties of the catalyst, with a low value of Tafel 
slope and high electric conductivity observed in the catalyst [1]. A study 
of the HER durability and stability for the CM-12 electrocatalyst was 

carried out using LSV curves and chronoamperometry. Fig. 7(d) shows 
that only slight degradation after 3,000 CV cycles is observed, con-
firming that the CM-12 electrocatalyst is highly stable for both the OER 
and HER activities. The durability study of CM-12 performed at − 0.15 V 
vs. RHE for 12 h is presented in Fig. 7(e), and no obvious changes are 
found. Faradaic efficiency for HER activity was similar to that for the 
OER. From Fig. 7(f), it can be seen that the experimental and theoretical 
values of the calculated H2 gas evolved were similar. The Faradaic ef-
ficiency of the HER activity calculated for the CoMoS4 electrocatalyst is 
99% [38,39]. 

4.3. Two-electrode water electrolyzer studies 

The OER and HER activity studies show that the CM-12 electrode has 
high stability, durability, and activity for overall water splitting. To 
produce pure hydrogen and to study complete water splitting, a two- 
electrode electrolyzer system was fabricated. CoMoS4/NF was used as 
both the anode and cathode (CoMoS4/NF//CoMoS4/NF) electrocatalyst 
in 1 M KOH electrolyte, and the area of each electrode was 1 cm2. 

LSV curves for electrolysis with CoMoS4/NF//CoMoS4/NF are shown 
in Fig. 8(a), which show that a current density of 10 mA/cm2 is required 
in order to reach 1.51 V. Compared with recently reported materials, as 

Fig. 3. SEM images of CoMoS4 deposited for different time intervals (a) CM-4, (b) CM-8, (c) CM-12, and (d) CM-16. (e) TEM image, and (d) selected electron 
diffraction pattern for CM-12. 
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shown in Table 1, the water splitting cell voltage required for CoMoS4/ 
NF//CoMoS4/NF shows superior performance [40,41]. Fig. 8(b) shows a 
stability study for CoMoS4/NF//CoMoS4/NF. This electrocatalyst shows 

high stability for 12 h with little loss of active material. To study the 
mechanism of electrocatalytic reactions for the OER and HER reactions, 
it is important to understand the surface behavior of electrocatalysts. In 

Fig. 4. (a, b, c, and d) BET surface area measured from nitrogen adsorption–desorption isotherms for CM-4, CM-8, CM-12, and CM-16, respectively; (e, f, g and h) 
pore size distribution for CM-4, CM-8, CM-12, and CM-16, respectively. 

Fig. 5. (a) OER polarization curves for CM-4, CM-8, CM-12, and CM-16; (b) Tafel plots for CM-4, CM-8, CM-12, CM-16, RuO2, and NF, in 1 M KOH, (c) the variation 
of Tafel slope for CM-4, CM-8, CM-12, and CM-16, (d) stability for 3000th cycle and, (e) durability study by chronoamperometry curves for the CM-12, (f) the amount 
of theoretically calculated (red line) and experimentally measured oxygen versus time for CM-12 at 10 mA/cm2 for 12 h. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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the case of the OER, the CoMoS4/NF electrocatalyst has an amorphous 
crystal structure, and its oxidation states, such as Co+3 and Mo+3, result 
in large defects in the electrocatalyst, which allow the adsorption of 
reactant species, improving its catalytic activity [42]. The HER mecha-
nism in alkaline medium is mainly based on the charge transfer process 
and is divided into three steps. In the Volmer step, protons (H+) are 
adsorbed at electrochemically active sites present on the surface of the 
electrocatalyst. In the Heyrovsky step, the adsorbed hydrogen and 
another H+ from the water molecule are coupled and H2 evolves. In 
another proposed step, the Tafel step, two adsorbed hydrogen atoms are 
combined to form H2. Thus, the HER process follows a mechanism of 
either (1) Volmer-Heyrovsky, or (2) Volmer-Tafel. According to the 
literature, the type of mechanism can be determined from the Tafel slope 

values. The Tafel slope obtained for CoMoS4/NF was 53.4 mV/dec, 
confirming that CoMoS4/NF has a Volmer-Heyrovsky mechanism, 
where the Heyrovsky step is considered to be the rate-determining step 
[23]. Table 1 shows a recently reported metal electrocatalysts for the 
complete water splitting reaction with HER and OER. 

5. Conclusions 

In this study, highly porous 3D-nanoflower-like CoMoS4/NF elec-
trodes were synthesized using a hydrothermal approach for various 
deposition times. The porous nanoflower-like structure provides a high 
number of active sites for the reaction because it acts as a multifunc-
tional electrocatalyst for the HER and OER reactions in strong alkaline 

Fig. 6. (a) EIS spectra of CM-12, (b) cyclic voltammograms for CM-12, (c) The capacitive currents vs. RHE with a scan rate of in 1 M KOH.  

Fig. 7. (a) HER polarization curves, (b) the corresponding Tafel plots for CM-4, CM-8, CM-12, CM-16, Pt/C and NF in 1 M H2-saturated KOH at scan rate 2 mV/s (c) 
variation of Tafel slope for CM-4, CM-8, CM-12, and CM-16 (d) stability for 3000th cycle and (e) durability study by chronoamperometry curves for the CM-12, (f) the 
amount of theoretically calculated (red line) and experimentally measured (black line) hydrogen versus time for CM-12 at 10 mA/cm2 for 12 h. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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media at low overpotentials with high stability and durability. An 
electrolyzer cell using nanoflower-like CoMoS4 for both anode and 
cathode produced a current density of 10 mA/cm2 at a cell voltage of 
1.51 V. Thus, the engineered 3D-nanoflower-like porous CoMoS4/NF 
electrode may be a potential candidate for overall water splitting. 
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