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Abstract Hexagram-like CoS-MoS, composites were pre-
pared on indium tin oxide (ITO) conductive glasses via
cyclic voltammetry electrodeposition using Co(NOs), and
(NH4)>,MoS, as precursors and tested for application in
hydrogen evolution reaction (HER). The structure of CoS-
MoS, composites was characterized by X-ray diffraction
(XRD), scanning electron microscope (SEM), and X-ray
photoelectron spectrum (XPS). Electrochemical character-
izations indicate that CoS-MoS, composites exhibit more
excellent catalytic activity and stability than MoS,.
Compared with pure MoS,, the hexagram-like CoS-MoS,
composites with increased specific surface area improved
the density of exposed active sites, and the Co binding S
edges in CoS-MoS, composites promote the number of
highly catalytic edge sites and decreased the binding energy
AGy. Moreover, the effects of different substrates on the
CoS-MoS, composites were also investigated. Our further
understanding of this highly active hydrogen evolution cat-
alyst can facilitate the development of economical electro-
chemical hydrogen production systems.
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Introduction

Hydrogen energy is considered as one of the ideal candidates
for replacing fossil fuels in the future, because of its numerous
advantages, such as recyclability, free pollution, and high ef-
ficiency [1, 2]. Direct electrochemical splitting of water is
currently the simplest way to generate hydrogen of high purity
at the most economical price and has attracted considerable
attention [3, 4]. Noble platinum (Pt) metal exhibits excellent
electrocatalytic activity and low overpotential for HER, but its
high cost and resource scarcity make it difficult to achieve
large scale application. Therefore, developing an inexpensive,
highly catalytic active, stable HER electrocatalysts to replace
Pt is highly desirable [5-7].

Over the last few years, MoS, has been considered as
promising alternatives for noble metals due to its earth abun-
dance composition and excellent HER activity [8]. As previ-
ous studies reported, the HER activity originates from the
unsaturated sulfur edges of MoS, [9]. As a result, much effort
has been made to prepare MoS, nanostructures with more
exposed sulfur edges, leading to high HER activity [10-13].
Introducing promoter atoms such as Co or Ni to MoS; also
promote its HER activity greatly [14, 15]. This enhancement
may involve morphology changes or chemical changes with
the possibility of creating novel bimetallic active sites with
sulfur bridging [16—18]. The morphology is an essential issue
to design efficient MoS, catalyst. An ideal morphology with
more specific surface area increases exposed active sites,
resulting in more efficient activity for HER. In addition, the
improvement of the inherent activity of MoS, catalyst is
equally important. The incorporation of Co or Ni into MoS,
can tune the intrinsic catalytic activity due to their specific
coupling with S edges [19]. And the presence of Co binding
S edges can reduce the binding energy of hydrogen from 0.18
to 0.10 eV [20, 21]. Furthermore, it is reported that cobalt
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sulfides are efficient and robust HER catalysts [22]. It is thus
expected that CoS-MoS, composites could exhibit greatly en-
hanced activity for HER.

MoS,-based catalysts normally prepared via sulfurization
of mixtures of molybdates with oxides of the metallic promot-
er [18]. This synthesis process involves the high temperature
and toxic H,S co-procedure and always requires a large in-
vestment in equipment, which hamper its wide range of appli-
cation [19]. However, electrodeposition method has been
proven to be a more suitable method for preparing catalysts.
The synthesis technique avoids these harsh conditions and is
performed by simple solution electrochemistry under ambient
conditions. During the process, the deposition graph can re-
flect the growth situation of catalysts. Moreover, the catalyst is
directly electrodeposited onto electrode surfaces, which elim-
inates the immobilization step. As a result, these catalysts
prepared by electrodeposition are easy to make, less costly,
and amenable to broaden application.

In this paper, we report a facile one-step electrodeposition
of CoS-MoS, composites on ITO with Co(NO3), and
(NHy4),[MoS,] as precursors. The results show the presence
of CoS in CoS-MoS,; composites enhances the catalytic activ-
ity. As a HER electrocatalyst, the CoS-MoS, catalyst exhibits
superior activity than MoS, and displays good stability.

Fig. 1 SEM images of a MoS,
deposited on ITO and CoS-MoS,
deposited on ITO with different
deposition cycles: b 5, ¢ 15, and d
25
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Subsequently, CoS-MoS, composites deposited on
polyimide/reduced graphene oxide (PI/RGO) and polyimide/
reduced graphene oxide-carbon nanotube (PI/RGO-CNT)
were done for comparison.

Experimental
Materials

Co(NO3),'6H,0 and (NH4),MoS, were purchased from
Beijing J&K Scientific Ltd. (Beijing, China). Graphite, 4, 4-
oxydianiline (ODA), and 4, 4-oxydiphthalic anhydride
(ODPA) were purchased from Shanghai Chemical Co. Ltd.
(Shanghai, China). CNT was obtained from Chengdu
Organic Chemicals Co. Ltd. (Chengdu, China). All reagents
in this experiment were used as received without further pu-
rification except N-methyl pyrrolidone (NMP) was re-dis-
tilled. Deionized water was used throughout this study.

Preparation of CoS-MoS, composite

The cyclic voltammetry (CV) was performed for the electro-
chemical deposition of CoS-MoS, composites, and the
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Fig. 2 XRD patterns of MoS, (curve a) and CoS-MoS, (curve b)
deposited on ITO

potential from —1.0 to 0.1 V vs. SCE was applied with a scan
rate of 50 mV s ' for different cycles [14]. The deposition
solution was simply composed of NaClO4 (0.1 M),
(NHy4),[MoS4] (2 mM), and Co(NO3), (2 mM). A CHI660C
electrochemical workstation (CH Instrument, USA) with con-
ventional three-electrode system was employed in the work.
The catalysts were deposited on three different types of elec-
trodes: ITO, PI/RGO, and PI/RGO-CNT. A saturated calomel
electrode (SCE) and a Pt wire auxiliary electrode were used as
reference electrode and counter electrode, respectively. For
comparison, pure MoS, was also deposited in a similar elec-
trodeposition procedure without adding Co(NOs), into the
deposition solution.

Fig. 3 XPS spectra of MoS, and A B
CoS-MoS, composite deposited — S 2p3
on ITO. a XPS Mo 3D spectra ——S2py
and b XPS S 2p spectra of MoS,,
¢ XPS Mo 3D spectra, d XPS S ) )
2p spectrum, and e XPS Co 2p 5 o
spectra of CoS-MoS, E’ E\
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Synthesis of PI/RGO and PI/RGO-CNT polymer film

The graphene oxide (GO) was prepared by the modified
Hummers method [23]. Then the obtained GO was reduced
in hydrazine hydrate solution at 90 °C for 6 h to get the ex-
pected reduced graphene oxide (RGO) powder. The 0.2 g
ODA and 0.3 g ODPA were putted into 25-mL flask, then
dissolved them with 4 mL redistilled NMP with the protection
of N,. After stirred for 24 h, a polyamide acid (PAA) solution
was obtained. Then 45 mg of RGO was exfoliated in PAA
solution by ultrasonication technique for 8 h to form homoge-
neous black PAA/RGO turbid liquid. Finally, the PAA/RGO
solution was dropped on ITO substrate and heated from room
temperature to 300 °C, and PI/RGO polymer film was
obtained.

PI/RGO-CNT polymer film was obtained through a similar
method with 22.5 mg RGO and 22.5 mg CNT in PAA solution.

Characterization
The morphologies were investigated using field emission

scanning electron microscopy (FE-SEM) (Kevex JSM-
6701F, Japan). The crystalline structure was determined by
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Fig. 4 a Polarization curves of CoS-MoS, with different deposition
cycles in 0.5 M H,SOy4: 5, 10, 15, 20, 25, and 30. b Polarization curves
of CoS-MoS, (curve a), MoS, (curve b) deposited on ITO, and of Pt
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X-ray diffraction (XRD) (RigakuD/max-2400). X-ray photo-
electron spectrum (XPS) analysis was performed on an
ESCALAB 210 instrument.

Results and discussion
Characterization of CoS-MoS, composite

The morphologies of MoS, and CoS-MoS, deposited on ITO
were characterized by SEM. Figure la is the SEM image of
MoS, catalysts, which displays regular tetrakaidecahedron
and uniform distribution. Figure 1b—d show the SEM images
of CoS-MoS, composites with different scan cycles: 5, 15,
and 25, which indicate that various shapes of products were
achieved by changing deposition time. As shown in Fig. 1b,
the microspheres with snowflake structure were formed. At
the deposited time of 15 cycles, the CoS-MoS, composites
presented microspheres with hexagram structure. When the
deposition time increased to 25 cycles, hexagram-like CoS-
MoS, catalysts were clearly observed. The SEM images
shown in Fig. 1b—d present that the morphology of CoS-
MoS, composites changed from microsphere to hexagram

B

04
f‘ll
b
g 10
<
g
£
2 204
7
5
kol a
o 301 c
=
(5]
5
G 40
-5(] T T T T T
0.5 0.4 03 02 0.1 0.0 0.1
Potential vs RHE/V
10
[}
b 54
=
Q
é 04
-~
2
z
) .54
e
-
=
E
5 .10
@)
T —
0 1000 2000 3000 4000 5000 6000 7000
Time/s

(curve c¢) in 0.5 M H,SO,. ¢ Tafel plots of CoS-MoS, (curve a) and
MoS, (curve b) deposited on ITO in 0.5 M H,SO,. d Durability test for
CoS-MoS,; deposited on ITO



J Solid State Electrochem (2017) 21:409—417

413

N
R A

= e
< P, .
~Z
B ;
g —M“‘ A N A
Q
=
=1
—
/A\ C
_,_/”’k\..‘ b
a
S S M i —
10 20 30 40 50 60 70

2theta/degree

Fig.5 XRD patterns of ITO (curve a), PI/RGO (curve b), PFRGO-CNT
(curve c¢), and CoS-MoS, composites deposited on different substrates:
ITO (curve d), PI/RGO (curve e), and PI/RGO-CNT (curve f)

with the deposition progressing. According to previous theo-
retical and experimental results, the HER activity relates
closely to the reactive edge density of the MoS,, and increas-
ing the number of exposed active edges is an efficient way to
enhance the HER activity [9]. Compared with regular
tetrakaidecahedron MoS,, the hexagram-like CoS-MoS, com-
posites with increased specific surface area expose more ac-
tive edges, which were verified by electrochemical capaci-
tance surface area measurements in Fig. 4d, thus, the CoS-
MoS, composites show greater advantages for HER.

Figure 2 shows the XRD patterns of MoS, and CoS-MoS,
deposited on ITO. For the as-prepared MoS., it is interesting
to observe the (002) diffraction peak at 14° disappears; only
three diffraction peaks corresponding to (102), (105), and
(008) faces of MoS, are shown (JCPDS Card No. 37-1492).
The XRD pattern of the CoS-MoS, composites exhibits all
diffraction peaks related to the as-prepared MoS,. The diffrac-
tion peaks located at 30.6° and 46.9° corresponds to (100) and
(102) planes of CoS, respectively, (JCPDS Card No. 65-
3418). In addition, the diffraction peak corresponding to the
(102) plane of MoS, shifts to a lower angle in the CoS-MoS,
composite, suggesting an interlayer distance increases in the
direction [24].

Fig. 6 SEM images of CoS-
MoS, composites deposited on
different substrates: a PI/RGO
and b PVRGO-CNT

The chemical states of Mo and S were further investigated
by X-ray photoelectron spectroscopy (XPS). As observed in
Fig. 3a and c, the characteristic peaks located at 228.2 and
231.4 eVare attributed to Mo 3ds/, and Mo 3ds,,, respectively,
which indicates a + 4 oxidation state for the Mo. The peak
with a binding energy at 225.2 eV corresponds to S 2 s [25].
Peaks corresponding to S 2p;,, and S 2p, , of divalent sulfide
jons (S*) are revealed at 161.5 and 162.6 eV. These results
prove the composites contain MoS, [26]. Whereas the Co 2p
region in Fig. 3e exhibits doublet bands at 779.0 and 795.0 eV,
indicating the presence of Co”* in the composites [27-29].
The results further verify the CoS-MoS, composites have
been successfully prepared.

Electrochemical performance of MoS, and CoS-MoS,
deposited on ITO

The linear scan voltammetry (LSV) measurements were
used to test HER properties with a scan rate of
100 mV s~ in 0.5 M H,SO,. Scan cycles during the
electrodeposition process were designed to investigate
their effects on catalytic activity, as shown in Fig. 4a. In
the initial 25 scan cycles, the HER activity of CoS-MoS,
increases with the number of scan cycles. However, at 30
scan cycles, the CoS-MoS, shows lower HER activity,
indicating that the catalytic activity approaches saturation
with about 25 scans cycles. Figure 4b shows the polari-
zation curves of CoS-MoS, and MoS, deposited on ITO
measured by LSV with correction for uncompensated /R
drops (supporting information). The CoS-MoS,/ITO ex-
hibits a small onset overpotential of 0.19 V, which is more
positive than that of MoS,/ITO (0.24 V). Besides, at the
same overpotential, CoS-MoS, catalysts show significant-
ly higher HER current densities than MoS, catalysts.
These results indicate that CoS-MoS, catalysts show en-
hanced HER activity over MoS, catalysts.

Tafel slope is often utilized to indicate the dominant mech-
anism involved in the HER process. The linear regions of the
Tafel plots are fit into the Tafel equation (r = blog (j) + a,
where b is the Tafel slope).

In acid solutions, three principal reactions are assumed to
predominate when hydrogen is evolved on a metal catalyst,
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Fig. 7 a Polarization curves of CoS-MoS, composites deposited on ITO (curve a), PI/RGO (curve b), PFRGO-CNT (curve c), and of Pt (curve d) in
0.5 M H,S0,. b Tafel plots of CoS-MoS, deposited on ITO (curve a), PI/RGO (curve b), and PI/RGO-CNT (curve ¢) in 0.5 M H,SO,

commonly named the Volmer [Eq. (1)], Heyrovsky [Eq. (2)],
and Tafel reactions [Eq. (3)].

H;0" + e + catalyst—catalyst-H + H,O (1)
H;07" + e + catalyst-H—-catalyst + H,+H,0 (2)
2 catalyst-H—?2 catalyst + H, (3)

The Tafel slope is an inherent property of the catalyst. As
shown in Fig. 4d, the Tafel slopes for MoS, and CoS-MoS,
deposited on ITO are 101 and 74 mV dec ™", respectively. The
Tafel slope for CoS-MoS,/ITO is much lower than that for
MoS,/ITO, suggesting the presence of CoS in CoS-MoS,
composites enhances the HER activity. For MoS,, active sites
for HER are edge planes with unsaturated sulfur atoms [9].
The S edges are catalytically inactive sites, but the Co binding
S edges in CoS-MoS, composites are catalytically active [19].
Another possible reason could be the decrease of the binding
energy 2Gy [20, 21].

A

16

t/s

Fig. 8 a Polts of O— curves of MoS,/ITO (curve a), CoS-MoS,/ITO
(curve b), CoS-MoS,/PI/RGO (curve c¢), and CoS-MoS,/PI/RGO-CNT
(curve d) in 0.1 mM K;[Fe(CN)g] containing 1.0 M KCI. b Plot of 09—
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The excellent stability of catalyst is another vital criterion
to consider for commercial applications. We thus examined
the durability of the CoS-MoS,/ITO catalyst by potentiostatic
measurements for 7200 s at —0.5 V vs. SCE in 0.5 M H,SO,,
as shown in Fig. 4d. The current density has a slight current
loss after 7200 s, which may be due to some modification of
the surface state of the catalyst [30], suggesting that this cat-
alyst has good stability in acidic electrolyte.

Electrochemical performance of CoS-MoS, composites
on different substrates

We further deposited CoS-MoS, on PI/RGO and PI/RGO-
CNT, and the effects of different substrates on CoS-MoS,
composites were also investigated.

Figure 5 shows the XRD patterns of all bare substrates and
CoS-MoS, deposited on ITO, PI/RGO, and PI/RGO-CNT.
The XRD patterns of CoS-MoS, deposited on ITO, PI/RGO,

T v T v
0.1 0.2 0.3 0.4 0.5
£12/g12

curves of MoS,/ITO (curve a), CoS-MoS,/ITO (curve b), CoS-MoS,/Pl/
RGO (curve ¢), and CoS-MoS,/PI/RGO-CNT (curve d)
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Table 1  Comparison of MoS,-based electrocatalysts explored towards the HER

Catalyst Electrode/Supporting material ~ Electrolyte HER onset (mV)  Tafel slope (mV dec ')  Ref.
MoS, Au(111) 0.5MH,S0, ~-—150 55-60 [34]
MoS, nanosheets GC 0.5 M H,SO, ~—150 to 200 70 [35]

2D MoS; nanosheets GC 0.5M H,SO,  ~480 40 [36]

2D MoS, nanosheets EPPG 0.5MH,SO,  ~—450 74 [36]

2D MoS, nanosheets BDD 0.5MH,SO,  ~—450 90.9 [36]

2D MoS, nanosheets SPE 0.5 M H,SO, ~—440 92 [36]
Ni,S,-MoS; hybrid microspheres GC 0.5 M H,SO, ~=160 55.6 [37]
CoS-MoS, ITO 0.5MH,S04 ~-190 74 This work
CoS-MoS, PI/RGO 0.5MH,S0, ~-230 93 This work
CoS-MoS, PI/RGO-CNT 0.5MH,SO, ~-—220 85 This work

Key: GC glassy carbon, EPPG edge plane pyrolytic graphite, BDD boron doped diamond, SPE screen-printed graphite electrode, /70 indium tin oxide,
PI/RGO polyimide/reduced graphene oxide, PI/RGO-CNT polyimide/reduced graphene oxide-carbon nanotube

and PI/RGO-CNT have peaks at the same position, except the
diffraction peak around 20° and 25°. The PI film has a diffrac-
tion peak at 20°, and the diffraction peak around 25° is attrib-
uted to the (002) plane of the RGO and the CNT [31, 32]. The
result confirms the CoS-MoS, composites deposited on ITO,
PI/RGO, and PI/RGO-CNT was prepared successfully.

The morphologies of CoS-MoS, composites deposited on
PI/RGO and PI/RGO-CNT were characterized by SEM
shown in Fig. 6. The presence of polymer film resulted in an
appreciable change to the morphology of the CoS-MoS, com-
posites on ITO, suggesting the substrates influence the growth
of the CoS-MoS, composites.

The highly catalytic activity is demonstrated by comparing
the current densities of CoS-MoS, catalysts deposited on ITO,
PI/RGO, and PI/RGO-CNT. As shown in Fig. 7a, for achiev-
ing a catalytic current density of 10 mA cm 2, the
overpotentials need to be 0.27, 0.52, and 0.43 V for CoS-
MoS, deposited on ITO, PI/RGO, and PI/RGO-CNT, respec-
tively. At the same overpotential, CoS-MoS,/ITO catalysts
exhibit higher HER current densities than CoS-MoS,/Pl/
RGO and CoS-MoS,/PI/RGO-CNT catalysts. From Fig. 7b,
the Tafel slopes for CoS-MoS, deposited on ITO, RGO, and
RGO-CNT are 74, ~93, and ~85 mV dec ', respectively.

The electrochemically effective surface area (A) of elec-
trode can be determined by chronocoulometry using
0.1 mM K;[Fe(CN)g] as model complex based on Anson
equation [33]:

Q(t) = 2nFAC <%)2 + ch + Qads

where C is the concentration of substrate, D is the diffusion
coefficient, taking a value of 7.6 x 106 cm® s ' (25 °C) in
0.1 mM K;[Fe(CN)g] containing 1 M KCl, Qg is the double
layer charge, and O, is the Faradic charge. Figure 8a shows
the plots of O-¢ for the MoS,/ITO, CoS-MoS,/ITO, CoS-

MoS,/PI/RGO, and CoS-MoS,/PI/RGO-CNT. Based on the
slope of O-1'"% shown in Fig. 8b, A is calculated to be
0.163 cm? for MoS,/ITO; while the CoS-MoS,/ITO owns
the electrochemically effective surface area as high as
0.778 cm?. For comparison, the electrochemically effective
surface areas of CoS-MoS,/PI/RGO and CoS-MoS,/Pl/
RGO-CNT are 0.195 and 0.491 cm?, respectively. The ratios
of the electrochemically effective surface area to geometric
area (0.1256 sz) of MoS,/ITO, CoS-MoS,/ITO, CoS-
MoS,/PI/RGO, and CoS-MoS,/PI/RGO-CNT are 1.30, 6.19,
1.55, and 3.91, respectively.

Table 1 presents a literature overview of MoS,-based
electrocatalysts explored towards the HER. It is evident that
MoS, have shown promising advantages as a HER catalyst.
The incorporation of CoS greatly improves the performance
of MoS,.

Conclusion

In summary, hexagram-like CoS-MoS, composites have been
first successfully electrodeposited on ITO via cyclic voltamm-
etry electrodeposition with (NHy),[MoS,] and Co(NOs), as
precursors with the ratio of 2:1. The results demonstrate that
hexagram-like CoS-MoS, composites exhibit more outstand-
ing catalytic activity and better stability for HER than pure
MoS, and spherical CoS-MoS, composites in acid solution.
The excellent electrocatalytic performance could be ascribed
mainly to following origins: The obtained hexagram-like
CoS-MoS, composites increase its specific surface area,
which improves the number of exposed active edges, in re-
markable contrast with the traditional MoS, and spherical
CoS-MoS, composites, and the presence of CoS converts cat-
alytically inactive sites S edges into the Co binding S edges
with catalytic activity and decreases the binding energy 2 Gy.
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In other word, the incorporation of CoS changes both the
morphology of MoS, and the intrinsic activity of MoS,.
Furthermore, the CoS-MoS, composites were prepared on
different substrates, and the results indicate that the substrates
influence the growth of the CoS-MoS, composites. This cat-
alyst made of relatively cheap and abundant elements with
highly activity and stability for HER in acid solution, the
CoS-MoS, composite as a promising candidate material will
enable the widespread deployment of cost-effective systems
for electrochemical hydrogen production.
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