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Abstract

Herein, 3D graphene/nickel foam (GE/NF) composite matrix was successfully fabricated by using NF as template through a self-
catalytic thermal chemical vapor deposition process. By using the prepared GE/NF as substrate, CoS nanosheets were deposited
via a facial one-step electrochemical deposition method. Owing to the advantage of GE in boosting the electrical contact between
the electroactive host material and current collector, the as-prepared 3D CoS/GE/NF electrode demonstrated a superior capac-
itance value of 2308 F g ' at 1 A g ' and a high rate capability of 70.49% at 20 A g~'. After depositing the polypyrrole (PPY) film
on 3D CoS/GE/NF electrode, the electrochemical performance of CoS was further greatly improved and delivered an extremely
high capacitance value of 3450 F g ' at 1 A g, with good rate capability (62.61% at 20 A g ') and improved cycling stability.
The enhanced electrochemical performance of PPY/CoS/GE/NF electrode is closely related to the advantage of PPY film in
increasing the electrical conductivity and reinforcing the integrity of electrode.
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Introduction

Efficient harvesting and utilization of renewable/alternative
energy resources, such as wind, solar energy, and geothermal
energy, is considered to be an appealing method to alleviate
the rapid consumption of fossil fuel and thus induced serious
environmental pollution [1]. However, these energy resources
usually work unstably and strongly depend on natural condi-
tions [2]. To make these energy resources be stably outputted,
high-performance energy storage systems are therefore
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needed to partake in the power fluctuation smoothing, peak
shaving, and valley filling. Among all energy storage systems,
pseudocapacitors (PCs) have been regarded as one of promis-
ing candidates due to their high power density, fast charging/
discharging rate, super-long lifespan, and excellent cycling
stability [3—5]. In general, the electrode materials of PCs
mainly include electroactive conducting polymers, and transi-
tion metal oxide/hydroxide (TMO/TMHO). Among them, the
TMO/TMHO-based pseudocapacitors are principally domi-
nated by the faradaic redox reaction and have proved to pos-
sess higher capacitance than carbon-based EDLCs. Driven by
their high theoretic capacitance, various TMO/TMHO, in-
cluding RuO, [6], MnO, [7], NiO [8], Ni(OH), [9], Co;04
[10], Fe,O5 [11], and their binary components, such as NiCo
layered double hydroxide (LDH) [12], NiAl LDH [13],
NiCo,04 [14], and Ni(OH),/NiO [15], have been successfully
constructed on nickel foam (NF) or carbon-based current col-
lector. Since the faradaic occurred both on the electrode sur-
face and also in the bulk of active material, the as-prepared
TMO/TMHO-based pseudocapacitive materials delivered the
acceptable specific capacitance. As evinced by a large
number of research articles and technical reports, these
pseudocapacitive TMO/TMHO materials still suffer from
their low intrinsic electrical conductivity, which together
with ion diffusion rate, determines the electrochemical
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performance of active material [16, 17]. To develop high-
energy-density pseudocapacitor device, it is urgent to explore
new positive pseudocapacitive material with high electrical
conductivity, high theoretic capacitance value, and excellent
cycling stability.

Recently, transition metal sulfides (TMS) have attracted much
interest due to their high electrical conductivity, low-cost, envi-
ronmental benignity, and natural abundance [18]. It has been
established that the TMS exhibit the typical metal characteristics
rather than the semiconductor, much different from that of cor-
responding TMO or TMHO compound. As an important family
of TMS, the electrochemical performance of CoS received spe-
cial attention, owing to their rich redox couples (Co”*/Co”* and
Co™*/Co™), variety morphologies, and ultra-high theoretic ca-
pacitance value [19]. According to eq. C=axF/(AVxM) (where
« is the moles of charge per mole of CoS, F is Faraday’s con-
stant, AV is the potential window, and M is the mole mass of
CoS), the theoretic capacitance value of stoichiometric CoS is
calculated to be as high as 4241 F ¢! on the premise that the
Co** was finally converted to Co**. Triggered by these special
physical and chemical features, various CoS materials were pre-
pared and their electrochemical properties were evaluated. For
example, amorphous CoS polyhedral nanocage, which prepared
by utilizing zeolitic imidazolate framework-67 nanocrystals as
templates, can deliver a high specific capacitance of 1475 F g
at a current density of 1 A g ' [20]. Lately, cathodic deposited
cobalt sulfide nanosheets on NF demonstrate a high capacitance
of 1471 F g ' [21]. The achieved capacitance values of the cobalt
sulfide-based electrode are much higher than that of cobalt oxide
(CoO or Co0304), confirming the improvement of capacitance
due to sulfuration [22]. Despite the remarkable progress, these
attempts still failed to further improve the capacitive performance
of cobalt sulfides due to the inferior interfacial contact between
the cobalt sulfides and the native oxide layer on nickel foam
current collector. Moreover, currently, the electrochemical perfor-
mance of TMS materials still suffer from the serious capacitance
deterioration associating with the repeated lattice expansion/
shrink and attenuation of active material during the charging/
discharging process [23-25]. Therefore, a highly conductive
but chemical-inert current collector as well as a highly conductive
protecting film is needed to optimize the electrical interfacial
contact and meanwhile consolidate the nanostructure of cobalt
sulfide.

In light of these considerations, herein, we report a two-
step process for fabricating the 3D porous polypyrrole/CoS/
graphene (PPY/CoS/GE) composite electrode. Thanks for the
highly conductive graphene film in reducing the interfacial
electrical resistance between the CoS and current collector,
as well as the highly conductive PPY film in consolidating
the configuration of CoS nanosheets, the as-prepared 3D PPY/
CoS/GE composite electrode showed greatly improved capac-
itance and cycling stability as compared with those of CoS/
GE/NF and CoS/NF electrodes.

@ Springer

Experimental section
Deposition of 3D graphene on NF

Deposition of 3D graphene layer on NF substrate was realized
through a self-catalytic thermal chemical vapor deposition
(TCVD) strategy, as described elsewhere [26]. Prior to depo-
sition, NF substrates (1 x 1 x0.1 cm3) were successively
rinsed in 3 M HCI, deionized water, and absolute ethanol in
an ultrasonic bath for 15 min. Then, the cleaned NFs were
introduced into the center of the quartz tube of a TCVD sys-
tem and heated up to 1000 °C at a ramp rate of 10 °C/min
under Ar/H, atmosphere (Ar: H, =200:20 sccm), and
annealed for 5 min to reduce the native oxide layer on NF
surface. Subsequently, absolute ethanol was introduced and
used as carbon source to grow graphene by using Ar/H, as a
carrier gas. After desired growth time, the samples were rap-
idly cooled down to room temperature under Ar/H, flow and
finally taken out for following experiments.

Fabrication of 3D CoS/GE/NF electrode

Deposition of cobalt sulfide on NF and NF/GE substrates was
carried out on a commercial CHI660E electrochemical work-
ing station (Chenhua, Shanghai) within a deposition bath con-
taining 5 mM of CoCl,-6H,0 and 0.75 M of thiourea. The pH
value of the electrolyte was adjusted to 6 using a small amount
of diluted NH,OH aqueous solution. The electrochemical de-
position was performed by using cyclic voltammetry (CV) in
a potential interval from -1.24 t0 0.16 V (vs. SCE) with a scan
rate of 5 mV s ! for four cycles. Afterward, the electrodes
were soaked in deionized water for 1 h to exchange the resid-
ual ions contained within the electrodes. Subsequently, the
electrodes were dried at 60 °C for 12 h in a vacuum oven.
The average deposition mass of CoS on GE/NF substrate was
~ 0.4 mg. The involved electrochemical deposition process
can be described by the following equations:

2H,0 +2¢ —20H + H, (1)
SC(NH,), +20H —S$*" + OC(NH,), + H,0 (2)
Co*" 4 8* —CoS (3)

Deposition of PPY film on 3D CoS/GE/NF electrode

Typically, 0.208 g p-TSA was firstly dissolved in 30 mL an-
hydrous alcohol. After vigorous stirring, 0.024 M pyrrole
monomer was added into the aforementioned solution and
stirred for 10 min to form a uniform solution (denoted as
solution A). Meanwhile, 0.06 g APS was dissolved in
20 mL deionized water under stirring to form a uniform solu-
tion (denoted as solution B). Then, the as-prepared 3D CoS/
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GE/NF electrode was placed in a clean petri dish. Solution A
was slowly dropped into the sample by using a Transferpette
to ensure the sample was just infiltrated (140 uL of solution A
for each sample). Next, the same volume of solution B was
dropped onto each sample. Afterwards, the samples were left
in the dark for 24 h before rinsing with deionized water to
remove residues. Finally, the product was dried at 60 °C over-
night in a vacuum oven. By weighing the mass of the elec-
trode before and after PPY deposition, the mass of the PPY
film was measured to be 0.15 mg cm >,

Measurement and electrochemical characteristic

The crystal structure of the as-prepared samples was investi-
gated by a powder X-ray diffractometer (XRD, D/max-2400,
Dikagu, Japan) with radiation of Cu target (Ko, A =0.1541).
Morphologies of the samples were observed by a field emis-
sion scanning electron microscopy (FESEM; JSM-6701,
JOEL) and a high-resolution transmission electron microsco-
py (HRTEM; JEM 2010F, JOEL). Fourier-transform infrared
(FT-IR) spectra of the samples were recorded by IFS66V/S
spectrometer using pressed KBr pellets technique. The chem-
ical surface state of the samples was characterized by X-ray
photoelectron spectroscopy (XPS, Kratos AXIS Ultra DLD,
Al Kx).

Electrochemical performance of all prepared samples was
investigated on the aforementioned electrochemical working
station within a three-electrode cell containing 1 M KOH
electrolyte. Cyclic voltammetry (CV) and galvanostatic
charge/discharge (GCD) techniques were used to evaluate
the electrochemical performance of the prepared electrodes.
Electrochemical impedance spectroscopy (EIS) measure-
ments were performed by applying AC voltage with ampli-
tude of 5 mV in a frequency range from 0.01 Hz to 100 kHz at
open circuit potential. The specific capacitance (F g ') of the
electrode was calculated based on the total mass of the
electroactive materials (CoS and PPY) by using the equation
as follows: C=1-At/AV-m, where I, At, m, and AV are
discharge current (A), discharge time (s), mass of electroactive
materials (g), and the discharge voltage (V), respectively.

Results and discussion

Deposition of cobalt sulfide on NF and NF/GE substrates was
performed through a simple electrodeposition method in a
three-electrode-cell configuration at room temperature. The
crystal structure of the as-prepared cobalt sulfide was deter-
mined by XRD technique. Considering the strong signal of
NF substrate and its strong signal shield effect on the host
material, the cobalt sulfide was electrochemically deposited
on carbon cloth (CC) for XRD measurement. As observed in
Fig. 1, besides a sharp peak at ~ 26° and a broad weak peak at
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Fig. 1 XRD pattern of the PPY/CoS on carbon cloth substrate

~ 43° that originated from CC substrate, several diffraction
peaks at 33.8°, 43.6°, and 53.2°, which matches well with
the (101), (102), and (110) faces of hexagonal CoS (JCPDS
card No. 65-0407), were also clearly detected. The survey
XPS spectrum demonstrates the presence of Co and S on the
surface of the as-prepared 3D CoS/GE/NF electrode (Fig. 2a)
besides the physically adsorbed C and O elements. The core-
level spectra of Co 2p and S 2p of the 3D CoS/GE/NF elec-
trode are shown in Fig. 2b and c. The core-level spectra of
Co2p can be fitted as two spin-orbit doublets and two shakeup
satellites. The strong broad excitation satellite peak at
786.6 eV indicates a dominant proportion of Co(Il) in the
prepared Co-based composite. The difference of the binding
energy between Co 2p;, and Co 2ps3,, is more than 15 eV,
suggesting the co-existence of Co(II) and Co(III) in the com-
posite electrode [27-31]. Figure 2c presents the core-level
spectrum of S 2p region. The binding energy at 163.5 and
162.1 eV corresponds to the S 2p;,, and S 2ps)», respectively,
suggesting that the S species exist as S*~ in composite elec-
trode [32]. The satellite peaks at around 166—171 eV can be
ascribed to the inconsequential amount of Co,Sy (x=1,2...4;
y=1,2...9) compounds, implying that there are small amount
of nonstoichiometric cobalt sulfides existing in the electrode-
posited CosS film [29]. Generally, by considering the XRD and
XPS results, it can be claimed that the electrochemically de-
posited cobalt sulfide compound is dominantly composed of
hexagonal structured CoS phase.

To tailor the interfacial contact between the active material
and current collector, in present study, we deposit the CoS on
both NF and GE/NF composite substrates, and investigate the
effect of electrical contact on the electrochemical performance
of CoS material. Graphene film was grown on NF matrix via a
self-catalytic thermal CVD process. According to our
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Fig. 2 a Survey XPS spectrum and b and ¢ the core-level spectra of Co 2p and S 2p on 3D CoS/GE/NF electrode

previous reports, the grown graphene film consists of single-
to few-layer graphene, forming a uniform 3D GE/NF matrix
for depositing electroactive host materials [26]. Figure 3
shows the FESEM images of the electrodeposited CoS on
GE/NF and NF matrices. As observed in inset of Fig. 3a, after
electrochemical process, CoS film is uniformly deposited on
the skeleton of GE/NF matrix. No obvious aggregation of CoS
nanoparticles is observed. Higher-magnification FESEM im-
age (Fig. 3b) suggests that the electrodeposited CoS film ac-
tually is composed of numerous cross-linked CoS nanosheets
with thickness of ~ 30 nm, demonstrating a typical porous
morphology feature. HRTEM image further confirms the
highly porous structure of CoS film prepared in our study
(Fig. 3c). The electrodeposited CoS on pristine NF matrix is
roughly same as that on GE/NF matrix. The similar morphol-
ogy of CoS on two matrices enables us to investigate the effect
of interfacial electrical contact on the electrochemical perfor-
mance of CoS material.

The electrochemical behavior of CoS on NF and GE/NF
matrices was investigated by CV and GCD techniques.
Figure 4a shows the CV curves of CoS/NF electrode at various
scan rates. Obviously, all CV curves is characterized by a pair of
well-defined redox peaks within a low potential window of
—0.1~0.02 V (P;/P; couple) and a pair of highly symmetric
redox peaks within a higher potential window of 0.05~0.45 V
(P3/P4 couple). While for 3D CoS/GE/NF electrode, the CV
curves at different scan rates are dominated by the P3/P, redox
couple (Fig. 4b). The P/P, redox couple was suppressed due to
the strong current peak of the P5/P, redox couple. By compar-
ison, the current density of the P3/P, couple in the CV curves of

3D CoS/GE/NF electrode is nearly twice that of CoS/NF elec-
trode at the same scan rate, suggesting the enhanced /-V re-
sponse of 3D CoS/GE/NF electrode due to the deposition of
graphene film. The performance difference of the two elec-
trodes also can be reflected by their discharge curves. As shown
in Fig. 4c, the discharge curves of CoS/NF at 1 A g ' consist of
a remarkable inflection point at ~0.2 V and a faint inflection
point at —0.05 V, corresponding to the reduction of P4 and P,
peaks in CV curve. For 3D CoS/GE/NF electrode, its discharge
curve is characterized by an obvious inflection point at ~0.2 V
(Fig. 4d). According to their discharge curves, the specific
pseudocapacitances of two electrodes at various current densi-
ties are calculated and are plotted in Fig. 4e. The 3D CoS/GE/
NF electrode can deliver the high pseudocapacitance of 2308,
2088, 1932, 1813, 1710, and 1627 F gf1 at current densities of
1,3,5,10, 15, and 20 A gﬁl, giving a high capacitance retention
of 70.49% within the presented current density range in our
experiment. It should be noted that the gravimetric fraction of
the GE foam in our study cannot be precisely measured because
of its ultra-thin layer (less than five graphene layers,
<0.02 mg cm ?). Meanwhile, considering the extremely low
pseudocapacitance value of CVD-graphene (< 250 F g at
1 A g "), the pseudocapacitance contribution of GE foam to
the whole electrode can therefore be fully ignored. For CoS/NF
electrode, it delivers the relatively lower pseudocapacitance
values than that of 3D CoS/GE/NF electrode at same current
density. For example, at 1 A g', only a low pseudocapacitance
value of 1272 F g' can be achieved for CoS/NF electrode,
which value is even much lower than that of 3D CoS/GE/NF
electrode at 20 A g '. It can be inferred that enhanced

g - s # 74

Fig. 3 FESEM images of CoS nanoflakes deposited on a GE/NF substrate and b NF substrate. ¢ HRTEM image of CoS on 3D CoS/GE/NF electrode
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pseudocapacitive performance of CoS on GE/NF current col-
lector is possibly related to the graphene film in improving the
electrical contact between the active material and current col-
lector. This can be verified by the great decline of the charge-
transfer resistance and equivalent series resistance of the 3D
CoS/GE/NF electrode as compared to that of 3D CoS/NF elec-
trode, as shown in Fig. 6f. Although the presence of the
graphene greatly improves the pseudocapacitance value of the
CoS, the cycling performance of CoS on GE/NF still does not
satisfy the practical requirement of high-performance energy
storage device. As can be seen from Fig. 6e, after 1000 cycles,
only 26% of the capacitance retention is remained. Therefore,
more efforts should be devoted to further improving the cycling
stability of CoS/GE/NF electrode.

Deposition of highly conductive polymer coating is an al-
ternative strategy to boost the electrochemical performance of
the active material and consolidate the integrity of the whole
electrode. In present study, PPY, a kind of highly conductive
polymer, was selected and deposited on 3D CoS/GE/NF elec-
trode through a polymerization strategy to improve the elec-
trochemical performance of the CoS material and stabilize the
geometry configuration of the electrode. After the polymeri-
zation process, a thin layer of cross-linked PPY network is
coated on 3D CoS/GE/NF electrode (Fig. 5a), preserving the
porous surface morphology of the CoS nanosheets on GE/NF
current collector. Figure 5b shows the FT-IR spectrum of PPY/
CoS composite. Compared with that of CoS, several new
characteristic peaks can be found in the FT-IR spectrum of
PPY/CoS composite powder. The peak at 1546 cm™ ' is
assigned to the pyrrole ring, i.e., the combination of C=C

and C—C stretching vibrations. The band at 1456 cm ™' corre-
sponds to C—N stretching vibration [33]. The peak at
1038 cm ™! can be ascribed to the C—H deformation vibration
[34]. The existence of PPY film on the surface of CoS can be
further confirmed by the XPS spectra of 3D PPY/CoS/GE/NF
electrode, as shown in Fig. Sc. It can be seen that the deposited
film consists of C, S, O, Co, and N elements. In N 1s spectrum
(Fig. 5d), the two deconvoluted peaks centered at 397.8 and
399.7 eV can be assigned to the neutral imine-like structured —
C=N- group and neutral amine-like structured -NH— group,
respectively [35, 36]. The NH™ group (~400.8 V) reported in
literature is very weak in our study. All these together confirm
the deposition of PPY film and successful preparation of po-
rous 3D PPY/CoS/GE/NF electrode.

Figure 6 shows the electrochemical performance of the 3D
PPY/CoS/GE/NF electrode. For comparison, the electrochem-
ical performance of 3D PPY/GE/NF and 3D CoS/GE/NF elec-
trodes were also tested. As can be seen from the normalized CV
curves of the three electrodes at 5 mV s~' (Fig. 6a), the pure
PPY electrode exhibits extremely low and negligible electric
current. Compared with that of 3D CoS/GE/NF electrode, the
3D PPY/CoS/GE/NF electrode shows similar CV curve but
enormously enhanced /-V response (Fig. 6a). At scan rates of
520 mV s !, the peak current densities of the 3D PPY/CoS/
GE/NF electrode augment with the square root of the scan rate
(Fig. 6b). This implies that the deposition of the PPY network
does not prevent the intimate contact between the CoS and
electrolyte. According to the discharge curves as shown in
Fig. 6c, after depositing PPY film, the electrodeposited 3D
CoS can deliver the high pseudocapacitance values of 3450,

@ Springer
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Fig. 5 a FESEM image of 3D a
PPY/CoS/GE/NF electrode. b FT-
IR spectra of CoS, PPY, and CoS/
PPY composite. ¢ Survey XPS
spectrum and d N 1s core-level
spectrum of 3D PPY/CoS/GE/NF
electrode

o

Transmitance (%)

N-H, . . , \
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'1)

~ Co 2p1/2
Co 2p3/2

Co LMM Auger

O KLL Auger- -

Intensity (a.u.)

Intensity (a.u.)

3138, 2813, 2728, 2340, and 2160 F gf1 at current densities of
1,3,5,10,15,and 20 A gﬁl, respectively, much higher than that
of 3D PPY/GE/NF electrode and 3D CoS/GE/NF at same cur-
rent density (Fig. 6d). Even including the mass of PPY film
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which has the extremely low pseudocapacitance value of 260
and 95 F g ' at current densities of 1 and 20 A g, the specific
pseudocapacitance values of 3D PPY/CoS/GE/NF are much
higher than those of 3D CoS/GE/NF, especially at the current
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Fig. 6 Electrochemical performances of 3D PPY/CoS/GE/NF and 3D
CoS/GE/NF electrodes. a Comparative CV curves of two electrodes at
ascan rate of 5mV s ' b CV curves of 3D PPY/CoS/GE/NF electrode at
various scan rates. ¢ Charge-discharge curves of 3D PPY/CoS/GE/NF
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electrode at various current densities. d Specific capacitances of the two
electrodes at different current densities. e Cycling performance of the two
electrodes at 3 A g '. f Nyquist plots of the EIS spectra of the two
electrodes
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Fig. 7 FESEM images of the two
electrodes after 1000 cycles. a 3D
CoS/GE/NF and b 3D PPY/CoS/
GE/NF electrodes

densities of 1, 3, 5, and 10 A g '. The enormous enhanced
capacitance value of 3D PPY/CoS/GE/NF electrode over 3D
CoS/GE/NF electrode is closely related to the presence of po-
rous PPY film on electrode surface which greatly improves the
electrical conductivity of the whole electrodes and thus de-
creases the equivalent series resistance of the 3D PPY/CoS/
GE/NF-based three-electrode-cell system. This can be validated
by the EIS spectra of 3D PPY/CoS/GE/NF electrode (Fig. 6f),
in which smaller intercept of the semicircle on the real axis was
observed. Besides the significant role of the PPY network in
improving the pesudocapacitance values of the CoS material,
the presence of PPY coating also can improve the cycling sta-
bility of the electrode. As observed in Fig. 6e, after 1000 cycles,
the 3D PPY/CoS/GE/NF electrode can give a capacitance re-
tention of 73%, much higher than 26% capacitance retention of
3D CoS/GE/NF electrode. More importantly, the capacitance of
3D PPY/CoS/GE/NF electrode at 1000th cycle still is compa-
rable to that of 3D CoS/GE/NF electrode at 1st cycle, further
confirming the significant role of PPY film in improving the
cycling stability of the CoS material.

The significant role of PPY in consolidating the integrity and
improving the cycling stability of the electrode can be verified by
the FESEM image of the electrode after cycling test. As demon-
strated in Fig. 7a, the 3D CoS/GE/NF electrode hardly maintains
its nanosheet structure and evolved into a flatten surface after
cycling test, while the 3D PPY/CoS/GE/NF electrode (Fig. 7b)
roughly preserves its initial surface morphology as shown in Fig.
5a. The enormous difference of surface morphology of the two
electrodes after cycling further validates the important role of PPY
in improving the integrity and cycling stability of the electrode.

Conclusions

We have successfully synthesized the CoS materials on 3D
GE/NF and NF substrates through an electrochemical deposi-
tion method. Owing to the significant role of graphene in
improving the interfacial electrical contact between the
electroactive material and current collector, the electrochemi-
cal performance of CoS was greatly improved. The electrode-
posited 3D CoS on GE/NF current collector delivered much
higher specific capacitance value and comparable rate

capability as compared with those of 3D CoS deposited on
NF current collector. The deposition of PPY porous film on
3D CoS/GE/NF electrode can further enhance the electro-
chemical performance of CoS material due to the advantage
of PPY film in improving the electrical conductivity of the
electrode and reinforcing the integrity of the whole electrode.
As a result, the PPY-coated 3D CoS material exhibits higher
specific capacitance (3450 F g ' at 1 A g™"), better rate capa-
bility (62.61% at 20 A g '), and higher capacitance retention
(73% at 3 A g ' after 1000 cycles) over those of 3D CoS on
GE/NF current collector.
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