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In order to make best use of the superior electrochemical properties of nickel sulfide (NiS) as an
electrode material for supercapacitors, increase in surface area through electrode nanostructuring is one
of the major issues. However, currently used NiS nanostructuring methods, such as hydrothermal and
solvothermal techniques, require high-temperature, long and complicated nano-processes, and hence
are not suitable for practical use. In this work, we developed a new, simple method for fabricating
porous, nanostructured NiS electrodes by dipping a titanium oxide (TiO,) nanoparticle-deposited
substrate in nickel acetate and sodium sulfide solutions, alternately, at room temperature. One cycle of
this alternate dip-coating process takes only 6 min and the amount of deposited NiS can be easily
controlled by the number of deposition cycles. Maximum specific capacitance (Csp) of 1044 F/g,
comparable to the values of previously reported NiS nanostructure electrodes, was obtained. The
voltammetric response retention at high scan rates was also improved by the nanostructuring,
exhibiting a value 1.5 times larger than that of the planar film electrode.

Keywords: supercapacitor, nickel sulfide, nanostructured electrode, alternate dip-coating.

1. INTRODUCTION

Supercapacitors have been widely studied as next-generation energy storage devices due to
their unique electrochemical properties such as rapid charge-discharge rate, large specific capacitance
(Csp) and high power density [1-3]. Especially, pseudocapacitors that utilize fast faradic processes have
recently attracted growing interest because they employ higher capacitive properties compared to
currently used electrochemical double layer capacitors (EDLCs) [1,4]. Typical electrode materials for
pseudocapacitors are transition metal oxides (TMOs) and conductive polymers [5]. Recently, however,
transition metal sulfides (TMSs) are emerging as a promising candidate for the electrode material
because of their superior properties compared to their corresponding TMOs, such as higher electrical
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conductivity, mechanical and thermal stability, and richer redox reactions [6]. Among various TMSs,
nickel sulfides (NiSy) have been most widely investigated owing to their large theoretical capacitance,
high electrical conductivity, environmentally friendly characteristics and low price [7-11]. The
electrochemical performance of NiSy in pseudocapacitors involves the reversible reaction between the
Ni(I1) and Ni(l111) oxidation states in the presence of hydroxide anions as follows [12,13]:

NiSy + OH < NiS,OH +e" (1)

However, agglomeration and pulverization of nickel sulfides commonly occur during repetitive
charge-discharge processes, which deteriorates the electrochemical properties of the electrodes and
hampers their practical applications [7,14]. To solve these problems, two feasible approaches have
generally been used: nanostructuring the electrodes [8,15-20] and fabricating composites with carbon-
based nanomaterials [11,14,21-23].

Nanostructuring the electrodes is important to improve the capacitive performance of the
supercapacitors because the increased surface area can provide increased sites for charge storage
processes and an effective path for ion transport [6,24]. In this context, various NiS nanostructures
such as nanoparticles [15], nanoflakes [16], nanowires [20], flower-like micro/nano-structures [8], and
hollow nanospheres [17] have been proposed. The other approach is fabricating composites with
carbon-based nano-materials such as carbon nanotube (CNT) [11,22] and reduced graphene oxide
(rGO) [14,21]. However, these approaches require harsh reaction conditions such as hydrothermal or
solvothermal processes in an autoclave at significantly high temperatures for a long time, which
severely hampers the practical application of the nanostructured NiS electrodes. In addition, most
carbon-based nanocomposites have to blend with polymeric binders for prevention of detachment from
current collectors, which inhibits ion transport between the electrolytes and active materials [25,26].

To overcome these problems, we developed a much simpler technique, namely alternate dip-
coating technique, for facile fabrication of nanostructured NiS electrodes. The technique involves dip-
coating of NiS thin films on TiO, nanoparticles, alternately, in Ni- and S-precursor solutions at room
temperature. One cycle of NiS coating takes only 6 min, and the thickness of the coated films can be
easily controlled by the number of coating cycles. TiO, nanoparticles were selected as support material
due to their high surface area and stability, low cost, and high electrical conductivity (10° — 102 S/cm)
[27-29]. The fabricated NiS electrodes in this work exhibited a Cs, value of 1044 F/g, comparable to
the values previously reported for NiS nanostructure electrodes.

2. EXPERIMENTAL

2.1. Fabrication of NiS-coated TiO, nanoparticles

A fluorine-doped tin oxide (FTO)-coated glass substrate was subjected to UV-Oj3 cleaning for 5
min. A 200 nm-thick porous TiO, (p-TiO,) layer was formed on the cleaned substrate by spin-coating
of commercial TiO, nanoparticle (NPs) paste (90-T, Dyesol) diluted in ethanol (1:6 weight ratio) at
2500 rpm, followed by annealing at 300°C for 1 h. For the alternate dip-coating of NiS on the TiO,
layers, 0.15 M Ni- and 0.15 M S-precursor solutions were prepared by dissolving nickel acetate
(Ni(Ac)2, 99%, Aldrich) and sodium sulfide (Na,S, 98.0%, Aldrich) in a methanol/water (1:1 volume
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ratio) mixed solvent, respectively. The TiO,-deposited FTO substrate was placed in the Ni-precursor
solution for 3 min, taken out and blown with N, gas, placed in the S-precursor solution for 3 min, and
washed with distilled water. This alternate dip-coating cycle was repeated until the desired NiS
deposits were obtained. Finally, the NiS-coated TiO; electrodes were annealed at 300°C for 1 h. The
weights of the NiS deposits were determined by a quartz crystal microbalance (QCM, Stanford
Research System QCM 2000). In order to estimate the effect of the porous nanostructure, a compact
TiO, (c-TiO,) layer was also prepared for the fabrication of planar thin-film NiS electrode. The c-TiO;
layer was formed on the substrate via spin-coating of 0.15 M titanium diisopropoxide (TDIP, Sigma-
Aldrich) in IPA at 2000 rpm and subsequent annealing at 300°C for 1 h. NiS deposition on the ¢-TiO;
layer was then performed using the same alternate dip-coating process.

2.2. Fabrication of asymmetric supercapacitors based on AC//NiS electrodes

The p-TiO,/NiS and activated carbon (AC) electrodes were employed as positive and negative
electrode, respectively, for an asymmetric two-electrode supercapacitor. The slurry for the negative
electrode consisting of AC as active material, super-P as conductive additive, and poly(vinylidene
difluoride) (PVDF, Aldrich) as polymeric binder (8:1:1 weight ratio) was blade-coated on an FTO-
coated glass substrate. The electrode was dried at 90°C for 1 day. The two electrodes were assembled
into a sandwich structure with a separator in between, and 2.0 M KOH aqueous solution was used as
an electrolyte.

2.3 Characterization

The crystalline structures and morphologies of the TiO, and NiS layers were characterized by
x-ray diffraction (XRD, Philips PW1827) and field emission scanning electron microscope (FE-SEM,
JEOL JSM-7410F, JEOL Ltd.), respectively. The electrochemical properties of the NiS electrodes
were evaluated by cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) technique in
2.0 M aqueous KOH solution at room temperature using a cyclic voltammeter (ZIVE SP2,
WonATech). The measurements were performed in a three-electrode electrochemical cell in which the
TiO,/NiS electrode was used as a working electrode, a platinum plate was used as a counter electrode,
and Ag/AgCI (in 3.0 M KCI) was used as a reference electrode.

3. RESULTS AND DISCUSSION

The basic strategy for the alternate dip-coating of NiS onto the p-TiO, layer is illustrated in Fig.
1. First, the rutile p-TiO, layer was prepared by spin-coating of TiO, nanoparticles with an average
diameter of 20 nm and subsequent annealing at 300°C for 1 h. The crystalline structure of the p-TiO,
layer was consistent with the reported rutile phase (Fig. 2a). It is known that, among the three
representative TiO, phases, i.e. anatase, brookite and rutile, the rutile phase exhibits the highest
electrical conductivity and largest surface area [30,31].
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Figure 1. Schematic of the fabrication of nanostructured p-TiO,/NiS electrodes using the alternate dip-
coating process.

The NiS thin films were then formed on this p-TiO, layer by alternate dip-coatings in the
Ni(Ac), and Na,S solutions for 3 min each. After the deposition cycles, the p-TiO,/NiS electrode was
annealed at 300°C for 1 h. From the XRD pattern as shown in Fig. 2(b), we can observe that the NiS
film is mainly composed of a-phase crystallites; among various phases of NiS crystals, the a-phase
crystallites were reported to show the best electrochemical performance as supercapacitor electrode
[32]. This new fabrication technique for a nanostructured NiS electrode has a lot of advantages
compared to the previously proposed techniques summarized in Table 1. Almost all NiS
nanostructures and nanocomposites reported were fabricated using hydrothermal or solvothermal
techniques as shown in the table. The reactions were performed in an autoclave at temperatures of 120
— 180°C for 6 — 48 h. However, our process is considerably shorter and simpler, and can be performed

at room temperature.
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Figure 2. Powder x-ray diffraction patterns of fabricated (a) TiO, nanoparticles and (b) NiS films. The
diffraction peaks indexed are consistent with standard data from JCPDS.
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Table 1. Recently reported results on nanostructured NiS electrodes for supercapacitors.

9592

Preparation

Preparation

Structure method conditions Capacitance Ref
Nanoparticle Solvothermal 120°C, 9-30 h 800 F/g at 0.5 A/g [15]
Hierarchical flower- 150°C, 24 h &
like Solvothermal 120°C. 24 h 1123 F/gat 1 A/g [8]
Porous nanoflake CBD 35%()(3,(21.95 r? & 713 Flgat2 Alg [16]
Hollow sphere Hydrothermal 180°C, 24 h 1848 F/g 1A/g [17]
: : Electrodeposition + . 45 mF/cm?
Hierarchical porous sulfurization 400°C, 1 h at 10 mV/s [18]
Hollow cube Hydrothermal 120°C,6 h 875 F/gat1 Alg [19]
Nanowire Hydrothermal 180°C,9h 2188 F/g at 3mV/s [20]
. 180°C, 12h &
NiS/rGO Hydrothermal 160°C, 12 h 905 F/g at 0.5 Alg [14]
NiS/SWCNT Solvothermal 180°C, 12 h 1110 F/g at 5 A/g [11]
NiS/rGO Solvothermal 180°C, 12 h 852 F/lgat2 Alg [21]
NiS/Gr/CNT Solvothermal 180°C, 24 h 2377 Flg at 2mV/s [22]
NiS/C-aerogel Solvothermal 180°C, 12 h 1606 F/g at 1 A/g [23]
. . ) : 1044 Flgat 1 This
NiS/p-TiO, NPs Alternate dip-coating RT,1h mA/em? work

Figure 3. Surface FE-SEM images of the p-TiO,/NiS electrodes after (a) 0, (b) 1, (¢) 7 and (d) 11

cycles of NiS alternate dip-coating process on the p-TiO, layer.
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Figure 4. Cross-sectional FE-SEM images of the p-TiO,/NiS electrodes after (a) 0, (b) 1, (¢) 7 and (d)
11 cycles of NiS alternate dip-coating process on the p-TiO; layer
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Figure 5. Surface SEM-mapping images for Ni atoms taken after (a) 1, (b) 7 and (c) 11 cycles of NiS
alternate dip-coating process on the p-TiO, layer. (d) Cross-sectional SEM and SEM-mapping
images of (c).
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Representative surface FE-SEM images after various alternate dip-coating cycles of NiS on the
p-TiO, layer are shown in Fig. 3. TiO, nanoparticles with diameter of ~20 nm were clearly observed
before the deposition of NiS (Fig. 3a). As the number of deposition cycles increased, the size of the
nanoparticles gradually increased and some particles were interconnected by the deposited NiS. After
11 alternate dip-coating cycles, almost the entire surface was covered with NiS as shown in Fig. 3(d).
The cross-sectional FE-SEM images (Fig. 4) show that the thickness of the p-TiO,/NiS layer barely
changed during the NiS deposition process, indicating that NiS successfully infiltrated into the
interstitial spaces of the p-TiO, layer during the deposition process, at least up to 11 alternate dip-
coating cycles. The elemental mapping results for Ni atoms (Fig. 5) also show that the amount of NiS
deposits gradually increased, and the NiS was deposited successfully even on the TiO, nanoparticles
existing at the bottom of the p-TiO, layer.

The NiS deposit weights, measured by QCM, are nearly proportional to the number of
deposition cycles, as shown in Fig 6(a). The average deposit weight of NiS was estimated to be 3.4
ug/cm? per alternate dip-coating cycle. The CV measurements for half-cell supercapacitors with the p-
TiO,/NiS electrodes, given various numbers of alternate dip-coating cycles, were performed ina 2.0 M
KOH aqueous solution at a potential range from 0.0 V to 0.5 V, as shown in Fig. 6(b). The scan rate
for all the measurements was fixed at 10 mV/s. The oxidation and corresponding reduction peaks are
located at 0.33 V and 0.24V, respectively. Constant current galvanostatic charge-discharge
measurements were also performed; the discharge curves at various current densities within the
potential range of 0 — 0.5 V are shown in Fig. 6(c). The potential plateaus at around 0.2 V correspond
to the cathodic process revealed in the CV measurements. The specific capacitances are calculated

according to the following equation:
|- At
9=y O

where | (A) is the discharge current, m (g) is the mass of deposited NiS, At (s) is the total discharge
time, and 4V (V) is the potential drop during the discharge. Fig. 6(d) shows the dependency of the Cs,
values on the loading amount of NiS. Up to seven alternate dip-coating cycles, the C, value increased
gradually and reached 1044 F/g. However, further deposition of NiS led to a decrease in the Cs, value,
which was 775 F/g after 11 coating cycles. The drop in specific capacitance is probably the result of
over-deposited NiS particles coalescing and gradually blocking electrolyte accessibility to the space in
the layer. The obtained maximum Cs, value of 1044 F/g is comparable to values previously reported
for nanostructured NiS electrodes. As shown in Table I, the reported specific capacitances of the
nanostructured NiS electrodes were 800 — 1848 F/g, excluding the values obtained at extraordinarily
slow scan rates. Furthermore, the preparation is extremely simple and can be performed at room
temperature. The preparation was performed within 2 h, which is significantly shorter than the 6 — 48 h
required for conventional hydrothermal or solvothermal techniques. The excellent specific capacitance
of the fabricated NiS electrode is reasonably attributed to the porous nanostructured current collector
(p-TiOy) layer with desirable thickness of NiS, which not only facilitates charge transfer but also
reduces average distance for ion transportation during the charge-discharge process [33,34].
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Figure 6. (a) Deposit weights of NiS as a function of the number of alternate dip-coating cycles. (b)
Cyclic voltammograms and (c) galvanostatic discharge curves of the p-TiO,/NiS electrode
given various numbers of NiS deposition cycles. The scan rate in (b) and current density in (c)
are fixed at 10 mV/s and 1 mA/cm?, respectively. (d) Plots of the specific capacitances of the p-
TiO,/NiS electrode as a function of the number of NiS deposition cycles.

Figure 7. Surface FE-SEM images of the (a) c-TiO, layer and (b) c-TiO,/NiS electrode after 7 cycles
of NiS alternate dip-coating process on the c-TiO; layer. FE-SEM images of (c) and (d) are
cross-sectional ones of (a) and (b), respectively.
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Figure 8. Surface AFM images of the (a) p-TiO; and (b) c-TiO, layers.

In order to evaluate the effect of the nanostructure, NiS thin films were also fabricated on the
compact TiO, (c-TiO,) layer using the same alternate dip-coating cycles and compared. The surface
FE-SEM image (Fig. 7a) shows that the surface morphology of this c-TiO, layer is significantly
smoother than that of the p-TiO; layer (Fig. 3a). The AFM measurements also confirm a smaller rms
roughness of 14.3 nm for the c-TiO; layer compared to that of the p-TiO, layer, 19.2 nm, as shown in
Fig. 8. The entire surface coverage by NiS deposition on the c-TiO, layer was therefore performed
more rapidly. Fig. 7(b) shows the surface of the c-TiO2/NiS electrode after 7 cycles of alternate dip-
coating; this surface is similar to the p-TiO,/NiS electrode surface after 11 cycles. Less infiltration of
NiS due to the compact morphology of the c-TiO, layer was also observed by cross-sectional FE-SEM
measurements. Whereas the thickness of the TiO2/NiS layer barely changed even after 11 cycles of
NiS deposition for the p-TiO,/NiS electrode (Fig. 4), an increase of the thickness was clearly observed
for the c-TiO,/NiS electrode after 7 cycles of NiS deposition (Fig. 7d). Fig. 9(a) shows the CV curves
for the p-TiO2/NiS and c-TiO,/NiS electrodes after 7 alternate NiS dip-coating cycles. As expected, the
area of the CV contour for the p-TiO,/NiS electrode is significantly larger than that of c-TiO,/NiS
layer, indicating the superior areal capacitance of the nanostructured electrode. The areal capacitance
was calculated by the following equation;

[adv

Coreal =0 T ()
AV (dV /dt)

where J (mA/cm?) is the current density in the CV curve, 4V (V) is the potential window, and dV/dt
(mV/s) is the scan rate. Another merit of electrode nanostructuring is an enhancement in the
voltammetric response. Figs. 9(b) and 9(c) show CV curves for the p-TiO,/NiS and c-TiO,/NiS
electrodes, respectively, at various scan rates ranging from 10 mV/s to 100 mV/s. Oxidation and
reduction peaks for both electrodes were observed at 0.33 V and 0.24 V, respectively, at a scan rate of
10 mV/s. As the scan rate increased, the oxidation peak shifted to a more positive potential, and the
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reduction peak shifted to a more negative potential; this is due to the increased polarization at high
scan rate [35,36]. Fig. 9(d) shows the plots of areal capacitance retention as a function of scan rate. In
the case of the c-TiO,/NiS electrode, the specific capacitance of 5.58 mF/cm? at a scan rate of 10 mV/s
dropped to 1.93 mF/cm? at 100 mV/s, and hence the retention was 34.5 %. In contrast, for the p-
TiO4/NiS electrode, the specific capacitance was 30.7 mF/cm? at a scan rate of 10 mV/s; this value
decreased to 16.3 mF/cm® at 100 mV/s, and the retention was 53.1 %. This enhancement in
voltammetric response of the nanostructured electrode can also be attributed to the efficient access of
ions to active sites of the electrode surface. It is well known that the voltammetric current for
pseudocapacitive materials originates from surface capacitive reaction and bulk diffusion [26,37,38];
an anodic peak current (ip) at 25°C can be expressed by the Sevick equation [39,40]:

ip =2.69x10° xn¥% x Ax DJ/2><C0><V]/2 (4)

where n is the number of electrons involved in the reaction, A is the surface area of the electrode, D is
the diffusion coefficient of the electrode material, Cy is the proton concentration, and v is the scan rate.

(a) ,,. (b)
© | —p-TiO,/NiS 5] —10mV/s
’ : ——20mV/s
1.56{ —c-TiO,/NiS J
- 2 < 4 —3omvis
§ 1.0 5 3] —somwis
< < 5] —100mVis
E s £ ?
2 2 N
g2 0.0 2 0
[ Q
° T 14
£ -0.51 t
o g -2
8 -1.0 1 L=> 3]
'1 5 T T T T T T ‘4 T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Potential (V vs. Ag/AgCl) Potential (V vs. Ag/AgCl)
() .. (d)
—10mV/s 1004
44 ——20mV/s 90
< ——30mV/s e
34 s i
§ —— 50mVis s«
g 2] —100mvis S 704
= 9 S 604
2 % 50
2 0 @ 53.1%
[} O 40
° 1 s
e £ 309 34.5%
5 g 20] —m—p-Tio/Nis
e 3 O 10{ —e—c-TiO,/NiS
-4 T L) T T T T 0 T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0 20 40 60 80 100
Potential (V vs. Ag/AgCl) Scan rate (mV/s)

Figure 9. (a) Cyclic voltammograms of the p-TiO,/NiS (black) and c-TiO2/NiS (red) electrodes. The
number of NiS deposition cycles is 7 and the scan rate is 10 mV/s for both samples. Cyclic
voltammograms of the 7-cycle NiS deposited (b) p-TiO2/NiS and (c) c-TiO2/NiS electrodes at
various scan rates. (c) Plots of the C, retention for the p-TiO2/NiS (black) and c-TiO2/NiS (red)
electrodes as a function of the scan rate.
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Figure 10. (a) Plots of the anodic peak current as a function of the square root of scan rate of the p-
TiO2/NiS (black) and c-TiO,/NiS electrodes. The dashed lines are linear fits. (b) Plot of Cs,
retention for the 7-cycle NiS deposited p-TiO,/NiS electrode as a function of the number of
galvanostatic charge-discharge cycles. (Inset) Galvanostatic charge-discharge curves measured
after 1 and 1000 cycles at a constant current density of 3.0 mA/cm?.

The almost linear i, vs. v plots of the p-TiO./NiS and c-TiO2/NiS electrodes shown in Fig.
10(a) represent the pseudocapacitive characteristics of the electrodes. The approximately 3.1 times
larger slope for the p-TiO,/NiS electrode also indicates its significantly larger surface area compared to
that of the c-TiO,/NiS electrode. This is because the n, Cq and v values were constant, and the D value
of the p-TiO,/NiS electrode is probably not larger than that of the c-TiO,/NiS electrode since the D
value is known to decrease as particle size becomes smaller [41]. The cycle stability of the p-TiO,/NiS
electrode was examined by repeating continuous GCD cycles at a constant current density of 3
mA/cm?. Fig. 10(b) represents the Cs, retention as a function of the cycle numbers, and the inset shows
the galvanostatic curves measured after 1 and 1000 charge-discharge cycles. Similar to previous
reports for NiS electrodes [12,13,42], a relatively steeper decrease in the capacitance occurred during
the first 100 cycles. This could be attributed to the irreversible reaction between the electrode materials
and the electrolyte, including the phase transformation from NiS to Ni(OH), [42,43].

4. CONCLUSION

A nanostructured NiS electrode for supercapacitor applications was prepared by repeated
cycles of alternate dip-coating of NiS onto TiO; nanoparticles. The thickness of NiS was controlled by
the number of alternate dip-coating cycles; each cycle takes only 6 min. A maximum specific
capacitance of 1044 F/g at a scan rate of 1mA/cm? was obtained for the 7 cycle coated p-TiO2/NiS
electrode. In addition to the superior capacitance, the voltammetric response retention at high scan
rates for the nanostructured NiS electrode was significantly larger than that for the planar NiS
electrode fabricated on compact TiO, layer. These enhancements in capacitive properties of the
nanostructured electrode were attributed to the increased surface area and effective contact with the
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electrolyte. The results presented here demonstrate the benefits of the alternate dip-coating method for
fabricating nanostructured NiS electrodes for supercapacitors.
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