Advanced Composites and Hybrid Materials (2022) 5:2339-2352
https://doi.org/10.1007/s42114-022-00424-3

ORIGINAL RESEARCH q

Check for
updates

Direct growth of cobalt-doped molybdenum disulfide on graphene
nanohybrids through microwave irradiation with enhanced
electrocatalytic properties for hydrogen evolution reaction

Shatila Sarwar' - Mao-Chia Lin' - Md Robayet Ahasan? - Yifan Wang? - Ruigang Wang? - Xinyu Zhang'

Received: 30 July 2021 / Revised: 13 January 2022 / Accepted: 17 January 2022 / Published online: 8 February 2022
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2022

Abstract

Molybdenum disulfide (MoS,) nanosheets are promising candidates as electrode materials for the efficient hydrogen produc-
tion through water splitting. However, their activities are only governed by the edge sites, and their charge transfer efficiencies
are still unsatisfactory. Defect generation and hybridization are two very effective ways to tune the nanostructures of MoS,
and enhance their electrocatalytic properties. Herein, cobalt-doped molybdenum disulfide (Co-MoS,) nanosheets have been
synthesized on graphene network (Co-MoS,/G) by an ultrafast, facile, and reliable microwave irradiation technique. The
structural, morphological, and compositional properties were characterized for these Co-MoS,/G composites. The compo-
sitionally optimized catalyst of as-produced Co-MoS,/G delivers excellent hydrogen evolution reaction (HER) performance
in acidic medium with the best combination of three major parameters, resulting in a low overpotential of 78.1 mV, a small
Tafel slope of 40.0 mV per decade, and a high exchange current density of 0.0917 mA cm~2, which also exhibits excellent
electrochemical stability for 5000 cycles with negligible loss of the cathodic current and long-term durability for 94 h. Co-
doping greatly enhanced the intrinsic activity of MoS, nanosheet catalyst by creating abundant defects, and in addition, the
integration of graphene notably promoted the electrical conductivity and mechanical properties of Co-MoS,/G composites.
This study would supply an ultrafast, simple, and efficient strategy for developing excellent metal-doped electrocatalysts
for HER.
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1 Introduction

In present days, hydrogen (H,) is extensively being gener-
ated by steam and oil reforming processes. However, there
is a growing interest in increasing the share of hydrogen pro-
duction through water electrolysis in order to avoid the use
of carbon-based sources [1-3]. Electrochemical water split-
ting offers an environmentally suitable and technologically
promising approach to produce useful hydrogen fuel that
can comply with future energy demand [4, 5]. To achieve
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the optimal performance in water splitting, efficient cath-
ode catalysts are required for hydrogen evolution reaction
(HER). As known, platinum (Pt) and Pt-group metals are
the most electroactive catalysts, but the rareness and high
costs limit their large-scale commercial utilization. There-
fore, many researchers are currently focusing on developing
highly effective HER catalysts based on the earth-abundant
elements [5—7]. A combination of high surface area, high
conductivity, fast charge transfer ability, excellent intrin-
sic activity, promising stability, material abundancy, and
low material cost is universally desired for potential HER
catalysts. Noble metal-free compounds, such as transition-
metal oxides, chalcogenides, carbides, nitrides, phosphides,
etc. have been studied vigorously as electrocatalysts for
hydrogen generation [8—13]. Recently, the transition-metal
dichalcogenides (MX,, M =Mo, W, Zn, Fe, etc. and X=S,
Se, Te) have drawn much attention as efficient HER cata-
lysts [14-16]. Among them, molybdenum disulfide (MoS,)
has received exceptional attention due to the low hydrogen
adsorption free energy (AGy* =~ 0) on catalyst surface,

@ Springer


http://orcid.org/0000-0003-3830-4096
http://crossmark.crossref.org/dialog/?doi=10.1007/s42114-022-00424-3&domain=pdf

2340

Advanced Composites and Hybrid Materials (2022) 5:2339-2352

which makes it a promising alternative to the Pt catalysts [8,
17, 18]. Nevertheless, low conductivity, inadequate active
sites, restacking of MoS, sheets, and the inert S atoms in
plane sites make it difficult to achieve high efficiency for
hydrogen generation. To overcome these shortcomings,
extensive studies have been set forth to develop several
nanostructures of MoS,-based compounds, such as nano-
particles, nanosheets, nanoribbons, core-shells, etc. [19-24].
In addition to the structural optimizations, defect incorpora-
tions have also been widely established and acclaimed to
enhance the intrinsic activity of MoS,, such as hybridization
with carbon-based materials [25-27], hybridization with
other materials (cadmium sulfide and vanadium sulfide)
[28-30], substitutional doping [31-33] and 2H to 1T phase
conversion [34, 35], etc. Among them, doping with metal
elements (such as Co, Fe, Au, Ni, Pt, etc.) is a facile method
to achieve structural and/or chemical modifications [31,
36—40]. For instance, Dai et al. investigated Co-doping into
the MoS, nanosheets, which claimed the formation of
Co-doped MoS, with higher surface area, higher number
of active sites, and substantially superior HER activity than
pure MoS, counterparts, resulting in the overpotential (n) of
135 mV, Tafel slope of 50 mV dec™!, and ip of 0.03 mA cm™2
[41]. Bose et al. demonstrated that the doping of Co atom
in pristine MoS, can serve as additional active sites, fur-
ther enhancing the HER performance with n of 218 mV,
Tafel slope of 50 mV dec™", and i, of 0.0005 mA cm™ [42].
Very recently, Ma et al. reported a hydrothermal method to
generate bifunctional catalyst of Co-doped MoS, uniformly
dispersed on reduced graphene oxide (rGO) both for HER
and oxygen evolution reaction (OER) [43]. The HER perfor-
mance reveals the 7 of 147 mV and Tafel slope of 49.5 mV
dec™!. This enhanced HER performance was attributed to
the synergetic effects of Co, MoS,, and rGO by high con-
ductivity and interconnectivity, which formed abundant
defects and accelerated the electron transfer. Several dop-
ing methods have been developed in recent years [44—49].
Moreover, to overcome the poor charge transfer ability of
transition-metal-doped MoS,, carbonaceous materials (such
as graphene, carbon nanotubes, rGO, etc.) have been widely
applied in the fabrication of HER catalysts due to their large
specific surface area, superior electronic conductivity, and
good stability [33, 50-52]. Besides, carbonaceous materials
have been widely used in the latest research fields [53—60].
Despite the progress in recent works, large-scale fabrica-
tion of Co-doped MoS, catalysts with improved activity and
durability properties still faces several practical challenges
due to the complex and time-consuming synthesis methods,
such as hydrothermal, solvothermal, CVD, etc. To overcome
these complexities, based on our previous works [11, 61, 62],
we propose to fabricate cobalt-doped molybdenum sulfide
nanosheets on graphene network (Co-MoS,/G) by an ultra-
fast (60 s), facile, reliable, and scalable microwave irradiation
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process. To the best of our knowledge, this is the first time
our work demonstrates such a simple microwave-assisted
synthesis of non-noble metal-doped MoS,/G to be employed
as HER electrocatalyst. It is expected that the synergistic
effect of Co, MoS,, and graphene endows the composites
with excellent HER activity, good charge transfer ability,
along with long-term stability. Besides, acting as an inter-
twined network for anchoring the Co-MoS, nanosheets, gra-
phene plays a crucial role during microwave-initiated heat-
ing, acting as a microwave susceptor. To determine the HER
activities of electrocatalysts, considering the three major
parameters, it is important to have low overpotential, small
Tafel slope, and high exchange current density. However,
most of the previous works struggle to achieve a good com-
bination of these three parameters [41-43]. In this regard, our
results reveal that the compositionally optimized Co-MoS,/G
exhibits enhanced electrocatalytic activity comparing to the
undoped MoS,/G with  of 78.1 mV, Tafel slope of 40.0 mV
dec™!, i, of 0.0917 mA cm™2, and excellent durability, which
are superior to the most previously reported Co-doped
MoS,-based electrocatalysts. To the best of our knowledge,
this is the best combination of three of the major parameters
so far for the Co-doped MoS,-based electrocatalysts.

2 Methodology
2.1 Materials and reagents

Cobalt carbonate (CoCO;) and ammonium tetrathiomo-
lybdate ((NH,),MoS,) precursors were obtained from Alfa
Aesar and BeanTown Chemical, Inc., respectively. Graphene
was acquired from Magnolia Ridge Inc. A total of 10 wt.%
Pt/C catalyst was purchased from Sigma-Aldrich, Inc. For
electrochemical characterizations, Ag/AgCl (3 M KCI) ref-
erence electrode was purchased from Hach, graphite rod
(5 mm diameter) was obtained from Alfa Aesar, and glassy
carbon electrode (3 mm diameter) was purchased from CH
Instruments, Inc. All chemicals were of analytical grades
and applied without further purification.

2.2 Preparation of catalyst samples

To prepare the Co-MoS,/G compounds, commercial pow-
ders of CoCO;, (NH,),Mo0S,, and graphene were mixed with
CS, solvent homogeneously in a 20-mL scintillation vial
based on the different ratio shown in Table 1. After that, the
vial was air dried and positioned inside a microwave oven,
then electromagnetically irradiated for 60 s at the power of
1250 W. During the process, graphene absorbs the micro-
wave energy and generates thermal energy (~ 1000 °C) by
resistive heating, which can trigger the vigorous reactions among
precursors. Five different Co-MoS,/G composites were



Advanced Composites and Hybrid Materials (2022) 5:2339-2352

2341

Table 1 Different amounts of precursors to synthesize the microwave-irradiated hybrid catalysts

Samples CoCO; (mg) (NH,),MoS, (mg) CS, (uL) Graphene Microwave power (W) Microwave time (s)
(mg)

Co-MoS,/G-1 1 15 50 15

Co-MosS,/G-3 3 15 50 15

Co-MoS,/G-5 5 15 50 15

Co-MoS,/G-8 8 15 50 15 1250 60

Co-MoS,/G-10 10 15 50 15

CoS,/G 5 - 50 15

MoS,/G - 15 50 15

Co0,/G 5 - - 15

prepared by tailoring the amount of Co-loading from 1 to
10 mg. Following the similar steps, CoS,/G composite was
prepared except adding (NH,),MoS, precursor, and MoS,/G
composite was synthesized except adding the CoCO; pre-
cursor (Table 1). In addition, to compare the HER perfor-
mances, CoO,/G composite was also synthesized through
microwave irradiation.

2.3 Materials characterizations

The morphologies and chemical compositions of catalyst
samples were determined by scanning electron microscope
(SEM; Apreo FE) connected with an energy-dispersive
X-ray spectrometer (EDS, EDAX Instruments) applying the
20 kV acceleration voltage. Additionally, transmission elec-
tron microscope (TEM, FEI Tecnai F20) was used for further
analysis at 200 kV. The crystal structures were investigated
by the powder X-ray diffraction (XRD) on a Philips X’ pert
MPD diffractometer with Cu Ko radiation (1=1.54056 A) at
45 kV and 40 mA. Furthermore, to determine the chemical
states and compositions of catalyst samples, X-ray photo-
electron spectroscopy (XPS) analysis was performed on a
Kratos Axis Ultra DLD spectrometer applying a monochro-
matic Al Ka radiation under UHV condition.

2.4 Electrochemical characterizations

To prepare a catalyst ink, 50 mg of active material was uni-
formly mixed with 5 mg of PVDF (polyvinylidene fluoride)
and 2.5 mL of DMF (N, N-dimethylformamide) by 20 min of
sonication. Then, 20 pL of each catalyst ink was loaded onto
the clean surface of glassy carbon electrode (GCE, 3 mm in
diameter) maintaining a consistent mass loading of around
1 mg cm™? for each sample and vacuum dried at 60 °C
for 30 min. A three-electrode setup was used to perform
the tests consisting of a catalyst-modified GCE as work-
ing electrode, Ag/AgCl (3 M KCl) as reference electrode,
and a graphite rod as counter electrode in 0.5 M H,SO,
acidic electrolyte. Measured potentials were referred to the

reversible hydrogen electrode (RHE) based on the equation,
V (vs. RHE) =V, casurea (V8- Ag/AgC1)+0.197 4 (0.059 X pH).
Therefore, prior to each of the test, the pH value was meas-
ured using a benchtop pH meter.

3 Results and discussion
3.1 Structural and compositional investigations

The SEM and TEM micrographs (Fig. 1a and b) show that
the as-prepared Co-doped MoS, nanosheets are almost uni-
formly distributed on graphene flakes. The HRTEM images
of Fig. 1c and d suggest that the catalyst is composed of
multiple layers with an interlayer distance of 0.63 nm, cor-
responding to the (002) plane of MoS, nanosheet. It also
shows significant defects in MoS, layers due to the Co-
doping in Fig. 1d, which are not present in the undoped-
MoS,/G (Fig. lc). In Fig. le—i, the elemental distribution
of Co-MoS,/G-5 for the C, Mo, S, and Co species is dis-
played, respectively. Figure 1i shows that the Co element is
distributed uniformly in Co-doped MoS, composite, which
as well confirms that the Co element is successfully doped
into MoS,.

Besides elemental distributions, EDS analysis was also
performed for the qualitative analysis and to determine the
contents of Co-MoS,/G nanocomposites. Figure 2a and
Fig. S1 show the EDS results scanning on the surface of as-
produced Co-MoS,/G samples with different Co precursor
amounts. They illustrate that the atomic ratios of Co: Mo: S in
the samples of Co-MoS,/G-1, Co-MoS,/G-3, Co-MoS,/G-5,
Co-MoS,/G-8, and Co-MoS,/G-10 are about 0.25: 1.0:
2.25, 0.45: 1.0: 1.99, 0.31: 1.0: 1.74, 1.19: 1.0: 2.10,
and 0.71: 1.0: 1.79, respectively, which further confirms
the direct growth of Co-contained MoS, on graphene. How-
ever, the relative contents of Co and Mo are inconsistent
with an increase in the amount of Co doping, which could
be due to the semi-quantitative analysis performed by EDS
tests that may not provide the exact elemental analysis. In
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Fig.1 a SEM, b TEM images of Co-MoS,/G-5. HRTEM micro-
graphs of ¢ MoS,/G composite, d Co-MoS,/G-5 composite. e EDS
elemental mapping of Co-MoS,/G-5 composite. f—i Elemental distri-

addition, Fig. 2b shows the XRD patterns of five different
Co-MoS,/G samples, MoS,/G, and CoS,/G samples. All the
curves display a high intensity peak at~26° as a reflection
from carbon layers (002) of graphene. The peaks appearing
in Co-MoS,/G samples and MoS,/G at 14.2°, 35.2°, 46.8°,
54.4°, and 58.5° are corresponding to (002), (100), (104),
(106), and (110) planes, respectively, indexed to hexagonal
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butions of carbon (C), molybdenum (Mo), sulfur (S), and cobalt (Co)
species, respectively

crystalline MoS, (JCPDS card No. 37-1492) [63]. Based
on the Bragg’s law, the (002) plane at 20 =14.2° results an
interlayer spacing of 0.628 nm, which also matches with the
TEM demonstration in Fig. 1. The existence of polycrys-
talline 2H — MoS, phase is demonstrated in Fig. S2. The
results confirm the synthesis of high-purity Co-MoS,/G and
MoS,/G composites since no impurity peaks were detected,
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Fig.2 a EDS compositional analysis of Co-MoS,/G-5. b XRD patterns for Co-MoS,/G, MoS,/G, and CoS,/G nanocomposites
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except only a peak at 30.6° corresponding to CoO, [64]. The
XRD patterns were also compared with CoS,/G composite.
The results indicate that Co element is effectively doped into
MoS, instead of forming CoS, phase, since the XRD pattern
of CoS, does not match with the resultant Co-MoS,/G nano-
composites. Similar to Co-MoS,/G nanocomposite, CoS,/G
shows an impurity peak of CoO, at around 44.5° [65].
X-ray photoelectron spectroscopy (XPS) was fur-
ther employed to characterize the chemical states of as-
synthesized Co-MoS,/G-5 nanocomposite. As shown
in survey spectrum in Fig. 3a, two additional peaks
were found at around 781.1 eV and 798.9 eV, which are
assigned to Co species [66]. It also reveals the atomic
ratio of Co: Mo: S is around 0.4: 1.0: 2.4, which closely
matches with the EDS result. Figure 3b—d demonstrate
the Co 2p, Mo 3d, and S 2p XPS spectra of Co-MoS,/G-5,
respectively. As shown in Fig. 3b, the high-intensity peaks
appeared at 778.4 eV and 793.5 eV correspond to Co

(3) |[Elements At. % Co-MoS,/G-5
C 86.55
Mo 3.35 )
< |ls 8.12 o
s Co 1.31
> |0 0.67 ©
£ 2
c « a
[ oo Q
£ 8 232 |3
]
M T&
N
i

1000 800 600 400 200 0
Binding energy (eV)

—
(2)
—

Mo 3d Mo 3d5/2

Mo 3d,,

Intensity (a. u.)

M06+ S2s

Z

238 236 234 232 230 228 226
Binding energy (eV)

2ps3,, and Co 2p,, respectively, which are assigned to
Co?*. This indicates that Co ions are present in the MoS,
lattice as a form of CoMoS phase [41, 63]. To further
confirm the presence of Co-doping, the binding energy
difference analysis was performed, which involves evalu-
ating the binding energy differences (AE, — AE,). Here,
AE = Eco op3n = Es 2p3r and AE; = Eyig 3050 = Eg 2p32-
In this study, AE;=(778.4—-161.8) eV=616.6 eV and
AE,=(228.9—-161.8) eV =67.1 eV, which matches with
previously reported value of 67.2 eV, specifying that
CoMoS is the major participating phase [67]. In addi-
tion, the peaks at 781.4 eV and 797.5 eV belong to the
oxidized Co?*. The rest of the peaks at 784.7 eV and
802.7 eV are derived from the extended peak satellite sig-
nal [63]. In Fig. 3c, the peaks at 228.9 eV and 232.1 eV
are corresponded to Mo 3ds;, and Mo 3d;,,, respectively,
suggesting the oxidation state of Mo** [68]. In addition,
a weak peak at 226.3 eV is attributed to S 2s orbital,
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Fig.3 a XPS survey spectrum of Co-MoS,/G-5 composite. b—d High-resolution XPS spectra for Co 2p, Mo 3d, and S 2p regions, respectively
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which confirms the formation of MoS, [68]. As shown in
Fig. 3d, the S 2p spectrum exhibits two peaks at 161.8 eV
and 162.9 eV, which are assigned to the spin—orbit coupling
of S 2p;,, and S 2p,,, respectively [66]. Likewise, the
XPS analysis was performed for MoS,/G sample,
which is displayed in Fig. S3. Based on these results,
it clearly shows that the Co is effectively doped into
MoS, lattice in the microwave-irradiated samples of
Co-MoS,/G.

3.2 Electrocatalytic activities of catalyst samples

To investigate the HER activities of the as-prepared samples,
LSVs were carried out at 2 mV s~! in 0.5 M H,SO, electro-
lyte at room temperature. Figure 4a displays the polariza-
tion curves of Co-MoS,/G samples with different Co-loading
(1, 3, 5, 8, and 10 mg), where Co-MoS,/G-5 with 5 mg of
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Fig.4 a LSVs for Co-MoS,/G samples. b LSVs for bare GCE, gra-
phene, CoS,/G, CoO,/G, MoS,/G, Co-MoS,/G-5, and 10 wt.% Pt/C
catalysts. [Inset: overpotentials of the subsequent catalyst samples]. ¢
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Co-loading exhibits the lowest overpotential (1) of 78.1 mV
to reach the current density of 10 mA cm~2. The HER activ-
ity improves gradually with the increase in cobalt (Co) from
1, 3, and 5 mg for Co-MoS,/G-1 (Co: Mo=0.51: 2.04), Co-
MoS,/G-3 (Co: Mo=0.96: 2.12), and Co-MoS,/G-5 (Co:
Mo =1.05: 3.43) samples, respectively. However, the activity
decreases for further increase in Co-loading (8 and 10 mg)
for Co-MoS,/G-8 (Co: Mo=2.01: 1.68) and Co-MoS,/G-10
(Co: Mo=3.17: 4.49) samples. This may happen due to the
excess amount of cobalt oxide, CoO, (electrocatalytically
less active, shown in Fig. 4b) decomposed from CoCO; pre-
cursor, or the precursor remains unreacted in the nanocom-
posites. Due to the best results found from Co-MoS,/G-5
sample, it was selected to carry out the other electrochemical
characterizations and comparisons. As shown in Fig. 4b, it
can be clearly observed that the bare GCE, graphene, and
CoS,/G samples do not possess any significant HER activity,
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Table 2 Major electrochemical

Samples nat 10 mA cm™ (mV  Tafel slope (mV  Solution resistance, Charge transfer
parameters O,f CO_MOSZ/,G_S . vs. RHE) dec™) R, (Q) resistance, R,
nanocomposite, comparing with kQ)
graphene, as-produced CoS,/G,
C00,/G, MoS,/G samples, and Bare GCE >400.0 - 12.81 5.14
10 wt.% PUC catalyst Graphene >350.0 - 1021 472

CoS,/G >350.0 96.4 12.10 1.38

Co0,/G 260.3 - 11.90 1.46

MoS,/G 196.8 443 11.72 1.23

Co-MoS,/G-5 78.1 40.0 8.01 0.36

10 wt.% Pt/C 46.9 322 7.78 0.12

and the resultant Co-MoS,/G-5 exhibits improved HER effi-
ciency than the undoped MoS,/G catalyst. To provide the
insights into the HER mechanism, Tafel plots were derived
from LSV curves by fitting the linear segments to Tafel
equation [69]:

n=>blogi+a (1)

Here, 5 represents the overpotential, b is the Tafel slope,
i is the current density, and a is a constant. According to
Fig. 4c, a Tafel slope of 40.0 mV dec™' is observed for
Co-MoS,/G-5 catalyst within an overpotential range of
50 —200 mV, which is also very close to the value of 10
wt.% Pt/C catalyst (32.2 mV dec™). It also reveals that
the Volmer—Heyrovsky mechanism takes place during the
hydrogen evolution on the surface of Co-MoS,/G-5 catalyst
[70]. For a particular electrocatalytic system, it is always
preferred to achieve lower Tafel slope, which indicates faster
reaction taking place. Therefore, the lower Tafel slope of
Co-MoS,/G-5 than the CoS,/G and MoS,/G samples further
confirms the enhanced catalytic activity after Co incorpora-
tion into MoS,/G. This improved HER activity may also

(a) 8
Co-MoS,/G-5
6L
. 4f
N
5
< 27
£
Z ot
2L ;
Y
4+ Scan rate: 10-100 mV s™
0.30 0.35 0.40
V vs. RHE

Fig.5 CV curves of a Co-MoS,/G-5 in a potential window without
faradaic reaction at the scan rates of 10— 100 mVs~™' in 0.5 M H,SO,.
[CV curves for 10 wt.% Pt/C, MoS,/G, and CoS,/G samples are pro-

be attributed to the strong chemical and electronic coupling
between Co-doped MoS, nanosheets and graphene network,
resulting in fast electron kinetics between the catalyst and
electrode surface.

This hypothesis was further confirmed by EIS meas-
urements at an overpotential of 150 mV. As shown in
Fig. 4d, in the high-frequency zone, both MoS,/G and
Co-MoS,/G-5 exhibit one capacitive semicircle, inferring
that the reaction is kinetically controlled. The electrical
equivalent circuit diagram (shown in top right corner) is
used to model the electrode/electrolyte interface, where
the C,; is associated to electrical double-layer capacitance,
and W is corresponding to Warburg impedance. Though
the solution resistance (R,) values are almost similar for
all catalyst samples, the Co-MoS,/G-5 shows lower charge
transfer resistance (R,,) of 0.36 kQ than other samples,
except only 10 wt.% Pt/C (0.12 kQ). Hence, much faster
electron transfer is one of the key factors contributing to
the superior HER kinetics for Co-MoS,/G-5 catalyst. All
major HER parameters are displayed in Table 2, measured
from LSV and EIS analyses.
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vided in Fig. S3 (supplementary information)]. b Subsequent EDLC
measurements

@ Springer



2346 Advanced Composites and Hybrid Materials (2022) 5:2339-2352
@ - (b)
2500 Co-MoS,/G-5 0 9%9%05,50 —+—Co0S,/G
1L MoS,/G

() ©
20k -10 mA cm™
£ 40
(%]
E ——30°C
= 60 ——50°C
——70°C
—e—90°C
80T —=—100°C
——120°C
-100 L !
-0.2 -0.1 0.0 0.1

V vs. RHE

Fig.6 a Nyquist plots showing the EIS responses of Co-MoS,/G-5
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catalyst samples in the overpotential range of 10—200 mV. ¢ LSVs

Moreover, the double-layer capacitance (C,) was
measured to predict the electrochemically active surface
area, by a simple cyclic voltammetry (CV) approach [41].
The CV measurements were performed within a poten-
tial range of 0.3 —0.4 V vs. RHE as shown in Fig. 5a
and Fig. S4a—c, where the currents are mainly ascribed
to the charging of double layer at electrode/electro-
lyte interface. The measured C, values were recorded
as a function of average capacitive current, %(ia —1i,)at
0.35 V vs. RHE within the scan rate of 10 — 100 mV s~
in 0.5 M H,SO, electrolyte. As displayed in Fig. 5b, the
C,; values of 10 wt.% Pt/C, Co-MoS,/G-5, MoS,/G, and
CoS,/G were calculated as 42.79, 22.52, 12.81, and 2.99
mF cm™2, respectively, which reveals that the C; of Co-
MoS,/G-5 catalyst is approximately 2 times higher than
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the undoped MoS,/G. These results clearly indicate the
formation of defects due to Co-doping, which creates
higher percentage of the active sites, further enhancing
the HER activities.

In addition, Fig. 6a represents the Nyquist plots
of Co-MoS,/G-5 catalyst at various overpotentials of
50 =200 mV. In this system, R, decreases significantly
with increasing the overpotentials, from 3.96 kQ at 50 mV
to only 0.006 kQ at 200 mV (Table S1, supporting infor-
mation). Lower R, demonstrates faster electrocatalytic
activity at higher overpotential. Besides, the exchange cur-
rent density (i;) is considered as another important param-
eter which is generally proportional to the active surface
area of catalyst materials. The i, can be obtained from the
linearized Butler-Volmer equation [43, 71]:
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At low overpotential, the charge transfer reaction is
assumed as a one-electron process (n=1), and the surface area
(A) is assumed to be the geometric area (0.0707 cm?) of cata-
lyst coating. Considering the overpotential at 50 mV, the i, of
CO'MOSzlG'S iS thus found to be io = l><964858'333lélilmu;)’l;;lg;l;:)igiri><39609
=0.0917 x 107> Acm™2.

In comparison, the Nyquist plots of 10 wt.% Pt/C cat-
alyst are shown in Fig. S5 (supporting information), and
based on the R, values from Table S1, the i, is calculated
as 0.2115x 107 A cm™2 at a low overpotential of 50 mV.
Moreover, the turnover frequency (TOF) was determined
for HER catalysts, which estimates the number of hydrogen
molecules formed per active site of catalyst material per I s.
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after stability test in a potential window without faradaic reaction. d
C,4 measurements of Co-MoS,/G-5 before and after 5000 cycles

If the cathodic current is considered solely designated to
hydrogen evolution, TOF can be measured from the follow-
ing relationship [72, 73]:

TOF = No. of total hydrogen turn overs/cm? geometric area

No. ofactive sites/cm?geometric area

(3)

Dai et al. described a simple electrochemical approach

to measure the TOF values [41]. Based on their method,
CV measurements (Fig. S6, supporting information) were
performed for each of the catalyst samples in phosphate
buffer (pH=7) at a scan rate of 10 mV s~!. Amount of
charge (Q) was measured from the equation, Q = %,
and the number of active sites (n) was determined by
n= %, where F is the Faraday constant. Finally, the
TOF:# X %, where [ represents the current (A) at
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specific overpotential () during the LSV measurement
in 0.5 M H,SO,. From Fig. 6b and Table S2, it can be
clearly depicted that the TOF of Co-MoS,/G-5 is higher
than CoS,/G and MoS,/G catalysts within a wide range
of overpotential (10 —200 mV). Although the TOF of 10
wt.% Pt/C catalyst is much higher than the as-produced
Co-MoS,/G-5 nanocomposite, it is still very promising
and comparable with previously reported values [41, 42].

Furthermore, the LSV tests were performed at a wide
range of temperature from 30 to 120 °C for Co-MoS,/G-5
sample in 0.5 M H,SO, electrolyte. Based on these results,
the activation energy (fa) can be measured by Arrhenius
rate equation: k = Ae” #7; [74] where k is the rate of reac-
tion, A is the pre-exponential factor, R represents the universal gas
constant, and T is the absolute temperature. In general, E,
is defined as the difference in electronic energy between
the transition and initial states of catalyst materials, which
is a key factor to determine the HER efficiency. As shown
in Fig. 6¢ and d and Table S3 (supporting information),
the HER activity improves with an increase in operating
temperature by lowering the overpotentials and increasing

@ Springer

exchange current density (iy). The Arrhenius plot, log(i;)

VS. @ was drawn (inset in Fig. 6d) based on the follow-

ing equation:

Ea
“

log iy = logA — T3 RT

where the rate of reaction (k) is signified by the exchange
current density (i,). The activation energy (E,) was found to
be 37.73 +1.26 kJ mol ™! or around 0.4 eV for Co-MoS,/G-5
sample, which is very close to the value of platinum and
other noble metal catalysts (20.0 to 40.0 kJ mol~") [75-77]. This
low value of E, also indicates that the higher HER activity of
Co-MoS,/G-5 catalyst was due to the higher intrinsic activity
as well as the large surface area created from the defects of
Co-doping.

The electrocatalytic stability is another key factor to
assess a HER catalyst and to evaluate that, 5000 cycles of
CV scanning were performed at a scan rate of 50 mV s~! for
Co-MoS,/G-5 catalyst in the same acidic medium of 0.5 M
H,SO,. Figure 7a displays the corresponding LSV curves,
which indicates a small shift of overpotential (17 mV)
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comparing to the initial curve at a high current density
of =300 mA c¢cm~2. In addition, a continuous HER test was
carried out at a constant potential of 150 mV vs. RHE, as
shown in Fig. 7b. The high stability of Co-MoS,/G-5 cat-
alyst is demonstrated by the steady current for 94 h with
a small shift from —53.98 to—77.54 mA cm~2 The fluc-
tuations in this time-dependent curve may originate from
damage generations in the catalyst structure caused by the
continuous formation of H, bubbles. In addition, double-
layer capacitance (Cy;) was again measured after 5000 cycles
of continuous HER test. Based on the results from Fig. 7c
and d, it clearly demonstrates the increase in C;; from 22.52
to 48.43 mF ¢cm™2, which confirms the activation of Co-
MoS,/G-5 taking place during the long run, due to the increase
in surface area for excessive H, bubbling.

The Co-MoS,/G-5 catalyst was further characterized
after 5000 cycles of CV runs. As shown in Fig. 8a and b,
the EDS and XRD results confirm the existence of Co-
MoS, nanosheets intertwined with graphene, retaining the
atomic ratio of Co: Mo: S as 0.45: 1.0: 2.0, which is almost
similar to the initial values. Moreover, in Fig. 8c—g, the
elemental distributions are displayed for C, Mo, S, and
Co species, which confirms maintaining the uniform dis-
tribution of Co element in the Co-doped MoS, catalyst.
Furthermore, the present findings were compared with the
previously reported results of similar Co and/or Mo-based
compounds, as shown in Table S4. In contrast with our
new approach of ultrafast and facile microwave irradiation,
most of the other compounds were manufactured by vari-
ous complicated approaches. Additionally, it is noticeable
that the present material exhibits low overpotential and a
small Tafel slope, which are better than many other similar
compounds.

4 Conclusions

In summary, the present study demonstrates an energy-
efficient, ultrafast, and reliable microwave irradiation
approach to synthesize the cobalt-doped molybdenum sulfide
(Co-MoS,) nanosheets uniformly distributed on graphene
sheets. Among the resultant catalysts with different amounts
of Co-loading, the Co-MoS,/G-5 nanocomposite with an
atomic ratio of Co: Mo: S is around 0.4: 1.0: 2.4 and delivers
outstanding catalytic performance for hydrogen generation
in acidic medium. The Co-MoS,/G-5 catalyst reveals a low
overpotential of 78.1 mV to reach 10 mA cm 2, a small Tafel
slope of 40.0 mV dec™!, along with a high exchange cur-
rent density of 0.0917 mA cm™2. The resultant catalyst also
demonstrates excellent stability both for 5000 cycles of CV
test and 94 h constant potential test in acidic medium. These
results clearly indicate that the formation of Co-Mo-S phase
significantly increases the HER performance by promoting

abundant defects, comparing to pure CoS, or pure MoS,
phase. Moreover, the synergy of Co-MoS, with graphene
network regulates both structural and electronic benefits, as
well as the balance of active sites, and electronic conductiv-
ity. Following this simple microwave irradiation approach
and the step-by-step characterization methods, other metal
(Ni, Cu, Fe, Zn, etc.)-doped MoS, catalysts can be further
studied, which possess immense potential in water electroly-
sis devices to stimulate the hydrogen gas production as a
reliable future energy carrier.
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