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The development of lightweight, flexible, electrochemically active materials with high efficiency is

important for energy storage and conversion. In this study, we report the fabrication of a freestanding, 3-

dimensional graphene/cobalt sulfide nanoflake (3DG/CoS,) composite for supercapacitors and hydrogen

evolution catalysts. The graphene framework formed by chemical vapour deposition provides superlight,

highly conductive electron transport pathways, as well as abundant pores for electrolyte penetration. The

densely patterned cobalt sulfide nanoflake arrays grown by electrodeposition offer large surface area for

electrochemical reactions, high theoretical capacitance and efficient hydrogen evolution catalytic activity.

As proofs-of-concept, supercapacitors made of the 3DG/CoS, composites deliver a high specific

capacitance of 443 F/g at 1 A/g, with excellent capacity retention of 86% after 5000 cycles and

mechanical flexibility. In addition, the 3DS/CoS, composites show attractive features as hydrogen

evolution catalysts, with a low overpotential of 0.11 V and a Tafel slope of 93 mV/dec.

Introduction

The fast increase in the global energy demand has been
driving the research exploration of new materials and
technologies that enable robust and simple design, high
efficiency, and low cost.'™ Cobalt sulfides (CoS,), due to their
high potentials in electrochemical supercapacitors,” Li-ion
rechargeable batteries,'™!" and heterogeneous electrocatalysis
such as hydrogen evolution reaction (HER),'? have been recently
attracting substantial interest. The synthesis of a variety of CoSy
nanostructures, including nanowire,”> nanotubes,'* nanosheets, '’
flowers,” '® hollow spheres ' '® and ellipsoids '° have been
demonstrated. In addition, conducting materials are often
incorporated to enhance the intrinsically poor electrical
conductivity of CoS,.!” For instance, the composites of
hydrothermally synthesized CoS, nanoparticles and graphene thin
films on Ni films have been demonstrated with excellent
supercapacitor performance of 1535 F/g at 2 A/g*® The
electrodeposition of CoS, nanosheets on Ni foams has also been
reported with a high specific capacitance of 1471 F/g at 4 A/g."
Nonetheless, the low percentage of the electrochemically active
materials compared to the electrode substrate (e.g. CoSy vs. Ni
film) has limited the potential applications of these materials in
super-light, flexible electrodes with excellent energy
performances.

In contrast to conventional electrodes, the freestanding, 3-
dimensional graphene (3DG) frameworks, produced by chemical
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vapour deposition (CVD),?' enable several attractive features of
low density (57 mg/cm’, compared to 347 mg/cm’® for
commercial carbon cloth),? superior electrical conductivity (~1.3
x 10° S/m at 300 K),”* high mechanical flexibility and chemical
stability,” which may allow for more attractive performances as a
kind of superlight electrode materials than carbon fibers,” porous
carbon thin films,> reduced graphene oxide®® and graphene-
conducting polymer composites.”’ A variety of materials,
including Co;0, nanowires,”® MnO, nanopanicles,z(’ and MoS,*
have been investigated for the direct growth or loading on these
3DG frameworks for energy storage applications. On the other
hand, in spite of their high potentials in energy storage and
conversion, the direct growth of CoS, nanostructures on
freestanding 3DG frameworks, preferably with large surface area
and high electrocatalytic activity, has not been achieved yet.
Herein, we demonstrate the fabrication of a freestanding
3DG/CoS, nanosheet composite, with excellent supercapacitor
performance and HER catalytic activity. CoS, nanosheets are first
electrodeposited onto the CVD-grown, Ni-catalyzed 3DG
frameworks, followed by etching of the supporting Ni foam to
obtain the freestanding composites. The electrodeposition is
facile and well-controlled, and allows for strong attachment of
CoS, onto the CVD-grown graphene without additional
hydrophilic surface pre-treatment. The loading mass ratio of CoSy
is ~24%, significantly higher than that of CoS electrodeposited on
Ni foams (ca. < 1%)."* In addition, the 2-dimensional (2D) CoS,
nanosheet arrays provide a high surface area for electrochemical
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reactions, and space for efficient -electrolyte diffusion.
Meanwhile, the supporting 3DG framework offer fast charge
transport pathways, structural flexibility for mechanical stress,
and light weight. As proofs-of-concept, supercapacitors made of
these freestanding 3DG/CoS, composites have shown a high
reversible specific capacitance of 443 F/g at a current density of 1
A/g, (or 106 F/g with respect to the entire electrode mass), which
is maintained with excellent cycling stability (~ 86%) after 5000
cycles. Moreover, these freestanding 3DG/CoS, composites have
also exhibited attractive potential as HER catalysts, with a low
onset potential of —110 mV vs. RHE that is comparable to Pt, and
a high on-current density of 82.24 A/g (or 36.65 A/g with respect
to the entire electrode mass) at —0.39 V vs. RHE.

Experimental

Synthetic procedures

All chemicals used in this work were analytical, commercial
available and without further purification. The 3DG thin films
were synthesized by chemical vapour deposition using Ni foams
as growth substrate and catalysts according to the literature.”!
Briefly, Ni foams (~ 0.5 mm thick) were firstly folded into 2
layer (200 mmx104 mm) and then pressed into a thin sheet~0.3
mm thick.” After pre-treatments, the pressed nickel foams were
prepared to grow graphene at 1000 °C in a horizontal tube
furnace under Ar (500 s.c.c.m.), H, (200 s.c.c.m.) and CH,4 (10
s.c.c.m) for 5 min. After growth, the graphene/Ni foams were cut
into 20 mmx40 mm small pieces which were further coated with
PMMA before etched by HCIL. Next, PMMA was removed after
the Ni foams were etched completely and finally, the freestanding
3DG was obtained.

In order to avoid damaging the structure of 3D graphene
networks, a copper wire was connected to 3D graphene networks
with silver paste protected by covering epoxide-resin glue. The
electrodeposition of CoS, was modified according to the
literature. '° In brief, a piece of 3D graphene network was
immersed into the aqueous solution containing 5 mM
CoCl,.6H,0 and 0.75 M thiourea. The electrochemical deposition
was performed with a three-electrode setup, where the conductive
3D graphene network was employed as the working electrode, a
platinum electrode and an Ag/AgCl electrode as the counter
electrode and the reference electrode, respectively. The sweep
potential interval for potentiodynamic deposition was performed
using a CHI660 electrochemical workstation (CH Instruments,
USA). After electrodeposition, the composite was taken out and
rinsed with deionized water to remove excess electrolyte, and
then dried in a vacuum oven at 80 °C overnight.

The two synthesis procedures above-mentioned show in the
schematic illustration (Fig. 1).
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Fig. 1 Schematic illustration of synthesis process of the freestanding
3DG/CoS, nanoflake composite electrode.

Electrochemistry characterization

The electrochemical performance measurements
conducted on a CHI660D electrochemical workstation, with a
three-electrode configuration at room temperature using 1.0 M
KOH as the electrolyte. The 3DG/CoS, composite in contact with
a Cu wire by silver paint and epoxy resin was directly used as a
working electrode. A platinum wire and an Ag/AgCl electrode
were used as the counter and the reference electrodes,

respectively.

were

Results and Discussion
Morphology and structural characterization

The fabrication of freestanding 3DG/CoS, composites is
schematically shown in Fig. 1. A Ni foam with 3D architecture
and macropores is first used as both the substrate and catalyst for
the CVD deposition of graphene, followed by the Ni etched to
obtain the freestanding 3DG framework. It can be clearly seen
that the film is changed from the original shinning bright colour
to dark gray after the 3DG deposition, while the size and
morphology of the whole film remain almost unaltered (Fig. S1).
The size of the obtained 3DG film can reach hundreds of square
centimetres, and is readily scaled up with larger CVD quartz tube
sizes. The mass loading of 3DG deposited on Ni foam is nearly
linear with the reaction time from 2 to 20 min with a growth rate
~0.047 mg/(cm*min) (Fig. S2a). After acid treatment, the
lightweight, dark gray, freestanding 3DG thin film is obtained,
which is then directly used as the electrode and substrate for the
electrodeposition of CoS,. After the electrodeposition, the 3DG
surface is uniformly covered with a black thin layer (Fig. 2a).
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The mass loading of CoS, is almost linearly dependent on the
electrodeposition cycle numbers at a deposition rate of 0.021
mg/cm? per cycle (Fig. S2b).

Fig. 2. (a) Digital photograph of bare 3DG and 3DG/CoSy electrodes
(Left: Bare 3DG; Right: 3DG/CoSy). (b) SEM images of bare 3DG
skeleton and (¢) 3DG/CoSy skeleton. (d) SEM image of the as-synthesized
nanoflake-like CoS,. (¢) TEM image and (f) HRTEM image of CoSi
nanoflakes. (Inset: SAED pattern of CoS nanoflake).

Scanning electron microscopy (SEM) images show that the
3DG frameworks completely replicate the Ni foam skeleton, with
an average mesh size is about 200 um (Fig. 2b). The surface of
the 3DG frameworks is covered with a dense layer of CoS, 2D
nanoflakes, with orientation nearly perpendicular to the
underlying graphene substrate (Fig. 2¢, d). Transmission electron
microscopy (TEM) images show that these nanoflakes have an
ultralow thickness, with an average edge length of ~500 nm.
High-resolution TEM (HRTEM) images clearly exhibit several
lattice spacings of 0.226 and 0.248 nm, which correspond to the
interspacings of the (331) and (400) planes of Co,S3, respectively
(PDF#02-1338) (Fig. 2f). The selected area electron diffraction
(SAED) pattern demonstrates that the obtained CoS, nanoflakes
are crystalline and the inner ring is in line with the (331) plane of
Co,S; (Fig. 2f, inset).

Raman spectroscopy characterization show that the
freestanding 3DG thin films have two sharp peaks at ~ 1581 and
2687 cm’' (Fig. 3a), corresponding to the G and 2D peaks of
graphene, respectively.?® There is no obvious graphene D band at
~1350 cm™', suggesting the high quality of the as-prepared 3DG
thin films.*® X-ray diffraction (XRD) pattern of the 3DG thin film

reveals two significant peaks at 20 = 26.5° and 54.6° (Fig. 3b),
attributed to the (002) and (004) reflections of graphic carbon,
respectively (JCPDS 75-1621). No XRD peaks are attributed to
CoS,, which can be ascribed to the low crystallinity of the as-
made CoS, nanoflakes. X-ray photoelectron spectroscopy (XPS)
measurements are carried out to confirm the chemical
composition of CoS,. The two main peaks, located at 780.8 and
40 796.7 eV, and a shake-up feature at higher binding energies are
attributed to Co®" in CoSy (Fig. 3¢).”*!The binding energy value
of the main peak of S2p is ~ 162.9 eV (Fig. 3d), consistent with
that of CoS reported previously," indicating that most of the S
species exist as S7. The peak at 168 eV is attributed to sulfur
45 oxides generated in the electrodeposition process.'®
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Fig. 3. Raman spectra (a) and XRD pattern (b) of 3DG. XPS spectra of
(¢) Coyp and (d) Sy, of the nanoflake-like CoS, electrode.

Electrochemical properties and HER catalytic activity of
3DG/CoS,

The electrochemical performances of the freestanding
3DG/CoS, composites are studied in 1 M KOH aqueous
ss electrolyte. The cyclic voltammetry (CV) curves are measured
over a voltage range from —0.2 to 0.6 V for the 3DG/CoS,
composites at a scan rate of 20 mV/s (Fig. 4a). Compared to the
freestanding 3DG sample, the CV curve of the 3DG/CoS,
composites is substantially increased, suggesting that a large
0 specific capacitance 1is attributed to the growth of the
electroactive CoS, nanoflakes, instead of the double-layer
capacitance of the original 3DG. Two peaks of redox pairs are
observed: O, vs. Ry, and O, vs. R,, which are attributed to the
conversion between Co (II) and Co (IIT), and Co (IIT) to Co (IV),

¢s respectively.’”? The electrochemical process of the 3DG/CoS,
composites is then investigated by CV tests between —0.2 to 0.6
V at different scan rates from 10 to 100 mV/s (Fig. 4b). Both the
CV curves’ area and the redox peaks’ height are increased with
the scan rate, indicating the fast redox reaction rates of the
70 3DG/CoS, composites. While inferior performances are shown
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when 3DG is removed (Figure S3), with smaller CV curves’ area

and lower specific capacitance about 77 F/g at 1 A/g. A good

linear relationship between the peak current densities and the

square root of scan rate further demonstrates a good rate
s capability of the 3DG/CoS,; electrode (Fig. 4c).
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Fig. 4. Electrochemical performance of the 3D graphene electrodes
measured in 1.0 M KOH aqueous electrolyte. (a) CV curves of bare 3DG
(the black line) and 3DG/CoSy composite electrode (the red line)
measured at a scan rate of 20 mV/s. (b) CV curves of 3DG/CoS,
composite electrode at different potential scan rates. (¢) The resultant

S

anodic current peak current density dependence of the scan rate

calculated from Fig. 2b. (d) Galvanostatic charge-discharge curves of

15 3DG/CoS, composite electrode at various current densities. (e) Specific
capacitance of 3DG/CoS. composite electrode
discharge rates. (f) Ragone plot of the estimated energy density and power

at different charge-
density of 3DG/CoS, composite electrode.

20 The charge-discharge behaviors of the 3DG/CoS, composites
are further investigated under a chronopotentiometry mode,

which shows typical triangular shapes (Fig. 4d). When only the

mass of CoS, is used for calculation, the specific capacitance of
the 3DG/CoS, composites is measured as 443, 400, 380, 355, 333,

2

G

and 293 F/g, at the current densities of 1, 4, 6, 8,10 and 20 A/g,
respectively (Fig. 4e). Although these capacitances are lower than
that of CoS, grown on Ni foams reported previously (1471 F/g at
4 A/g)," due to the relatively lower conductivity of 3DG than Ni
foams, the ultralight weight of the freestanding 3DG provides an
attractive feature for the specific capacitance of the whole
electrode (including both CoS, and the supporting 3DG). For
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instance, taking account into the 25% weight percentage of CoSy
of the total 3DG/CoS, composite, the specific capacitances are
106 and 70 F/g at 0.24 and 5 A/g, respectively, better than or
comparable to the best specific capacitance reported previously
for the whole electrode (e.g. 130 F/g for freestanding
3DG/Mn0O,).* Moreover, the Ragone plot of the freestanding
3DG/CoS, composites shows that with the increase of power
density from 0.6 to 12 kW/kg, the energy density change from 22
to 15 Wh/kg (Fig. 4f). A high power density of 12 kW/kg and a
high energy density of 22 Wh/kg are obtained at fast and slow
charge/discharge rates, respectively.

The cycling stability of the freestanding 3DG/CoS,
composites is further examined at a current density of 2 A/g. The
charge/discharge curves of the composites are maintained with a
symmetric shape over a long period (>10° s) of charge-discharge
time (Fig. 5a). The specific capacitance is retained at ~ 90% after
5000 charge/discharge cycles (Fig. 5b, red curve), substantially
higher than previous report of the CoS nanocages (70.3% after
3000 cycles).”> The Coulombic efficiency is increased from the
initial 89% to 98% at ~ the 1000th cycle, and is well maintained
afterwards with slight change of CoS, nano-flake morphology
after 5000 cycles (Figure S4a). In addition, the CV curves of the
freestanding 3DG/CoS, composites are almost overlapped with
each other after repeated folding and extending for tens of times
(Fig. 5c¢), suggesting the good mechanical stability and flexibility
of the composites. Moreover, Nyquist plots obtained from the
electrochemical impedance spectroscopy (EIS) show that the
3DG/CoS, composites have a smaller equivalent series resistance
(1.2 Q) than that of the CoS, powder (10.6 Q) (Fig. 5d),
indicating that 3DG is highly conductive and serve as the main
charge transport pathways.
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Fig. 5 (a) Charge/discharge profile of the composite electrode at a current
density of 2.0 A/g. (b) Cycling performance of 3DG/CoS, composite
electrode at a current density of 2.0 A/g (the blue curve: coulombic
efficiency of 3DG/CoS;; the red curve: specific capacitance calculated
from CoS, only; the pink curve: specific capacitance calculated from the
3DG/CoS;, entire electrode). (¢) CV curves of 3DG/CoS, before and after
repeated folding with an angle of almost 180°C at a scan rate of 5 mV/s
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(d) Nyquist plots of CoS, and the 3DG/CoS composite electrode . 45 and subsequent electrodeposition of CoS, nanoflakes to obtain the
freestanding 3DG/CoS, composites. The densely packed CoS,

Finally, the potential of using the freestanding 3DG/CoS, nanoflakes provide high surface area and electrochemically
composites as HER catalysts is investigated in a PBS (Phosphate reactive surface, and the freestanding 3DG framework allows for

Buffered Saline) electrolyte solution. Compared to the 3DG efficient charge transport pathways. As a proof-of-concept, the
s substrate with almost no HER activity, the 3DG/CoS, composites s electrode made of the 3DG/CoS, composites possess remarkable
exhibit a low onset potential of -0.11V, and a high current density electrochemical performances, with a high specific capacitance,
of 13.34 mA/cm®* at -0.4 V vs. RHE (Fig. 6a). This low onset excellent cycling stability and mechanical stability. Due to its
potential is almost the same as the best reported HER activity for light weight, the total electrode (including the 3DG substrate)
CoS, structures under similar conditions,'> and close to that of even delivers a high specific capacitance of 106 F/g, which is
10 Pt3* A Tafel slope of 93 mV/dec is obtained, also comparable to  ss more than those using metal substrates as current collectors.
the best reported results '* (Fig. 6a, inset). Repeated scans of the Moreover, the freestanding 3DG/CoS, composites also exhibit a
freestanding 3DG/CoS, composites show that the current density low onset potential and high current density for HER activity.
drops ~ 30% from the Ist to the 1000th scan cycles, suggesting a Taking together, the freestanding 3DG/CoS, composites show
good electrochemical stability of the composite (Fig. 6b). The substantial potential for next-generation light-weight, high-
15 durability of the 3DG/CoS, in neutral pH water is further e performance energy storage and conversion.
measured in a longer-duration controlled potential electrolysis
test (Fig. S5). The 3DG/CoS, provides a good HER activity, with Acknowledgements
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