#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Ultra-thin NiS nanosheets as advanced electrode

i") Check for updates‘
for high energy density supercapacitorst

Cite this: RSC Adv., 2020, 10, 8760

Hailong Yan,® Kejia Zhu,?® Xu Liu,?® Yinghui Wang,?® Yangbo Wang,®®

Deyang Zhang,® Yang Lu, ©22° Tao Peng,?® Yunxin Liu @< and Yongsong Luo {2 *2°
Low energy density of supercapacitors is one of the major downsides for their practical applications. Here,
a simple hydrothermal method was developed to synthesize NiS nanosheets on Ni foam. NiS nanosheets
with a rough surface promise large electroactive surface area for energy storage, and show an ultra-high
capacitance of 2587 F g™t at a scan rate of 0.2 A g~ ! (corresponding to the discharge time of 5563 s).
The NiS nanosheets also present an outstanding cycling stability of 95.8% after 4000 cycles. As a positive
electrode material for hybrid supercapacitors (HSC), NiS nanostructures provide a broad voltage window
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1. Introduction

The exhaustion of traditional energy accompanying environ-
mental pollution has led to an increase in the requirements of
efficient energy storage devices. Supercapacitors with good
cycling performance and excellent power density are considered
as promising power-supply devices."® Many carbon nano-
structures such as graphene and CNT have been applied in
supercapacitors and other power supplies.*” However, large-
scale application of carbon-based supercapacitors is still
a challenge due to their lower energy density and high material
cost. NizS,, NiS, Co,Sg, NiC0,0, and NiCo,S, have received
substantial attention for their good capacitance performance,
various oxidation states and abundant raw materials.®™
Compared to many oxides, NiS and Ni;S, have higher conduc-
tivity and richer redox reactions.'®** To the best of our knowl-
edge, many researches on high performance electrodes are
mainly focused on Ni;S,, and a good capacitance performance
of 2885 F g~" has been received.’* However, numerous reports
indicate that the electrochemical performances of NiS are still
unsatisfactory.

On the other hand, one way to address the challenge of high
energy density is developing HSCs with a much higher voltage
window.'**®* The HSCs based on the Ti;C,T,@CNT electrode
delivered an energy density of 62 W h kg ' with a voltage
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of 1.7 V. Our device also shows a high energy density of 38 W h kg™ at a power density of 1.5 kW kg™,

window of 1.6 V.° Li et al. synthesized an N-doped activated
carbon electrode for HSC, which showed great energy density
and a good cycling stability.*

Here, we successfully fabricated NiS nanosheets by a hydro-
thermal method and investigated its electrochemical perfor-
mance. The NiS electrode exhibits a high specific capacity of
2587 Fg ' at a current density of 0.2 A g~ . It is noteworthy that
the NiS electrodes showed 4.2% capacity decay after 4000
cycling tests. HSC was assembled with NiS nanosheets and
activated carbon as the electrodes. The HSC delivered an energy
density of 38 W h kg™ with a voltage window of 1.7 V.

2. Experimental section
2.1 Materials preparation

Ni precursors were prepared by a one-step hydrothermal method
(as shown in Fig. S17). First, 0.4 g urea and 0.58 g NiNO;-6H,0
were stirred for 60 min in a mixture of 3 mL ethanol and 37 mL
purified water. Second, this solution and a rectangular Ni foam
substrate were transferred into an autoclave that was heated to
180 °C at a heating rate of 3 °C min~" and kept at 180 °C for 18 h.
Third, the product was taken out from the autoclave and cleaned
by ultrasonication for 10 min to remove the loose products on the
surface. NiS nanosheets were then prepared by transferring Ni
precursor and Na,S solution into an autoclave, which was heated
and kept at 120 °C for 3 h. Finally, the as-obtained samples were
washed with deionized water and dried at 60 °C for further
characterization. The mass and area loading of NiS on Ni foam
were about 28 mg and 3.2 cm?, respectively. The mass loading per

unit area was calculated to be 8.8 mg cm ™2,

2.2 Preparation of the HSCs

NiS nanosheets and activated carbon (AC) were used as the
electrodes of HSC. A piece of commercial separator and 3 M

This journal is © The Royal Society of Chemistry 2020
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KOH were also used in the HSC. The negative electrode was
formulated with AC, carbon black, and polyvinylidene following
a typical procedure as shown in ref. 14 and 20. Based on the

harge bal lationship ™ = ¥

charge balance relationship el TS
and negative electrodes were calculated to be 12 mg and
32.3 mg, respectively.

the mass of positive

2.3 Materials characterization

NiS sample with Ni substrate was cut into a series of squares
with sides of about 4 and 8 mm for further characterization.
Micro-structural characterization of the NiS sample (4 mm x 4
mm) was performed by scanning electron microscopy (SEM,
Hitachi, Chiyoda-ku, S4800). Phase identification of the NiS
nanosheets was measured by X-ray diffraction (XRD, Bruker D8-
Advance). The chemical elements of the NiS sample (8 mm x 8
mm) were evaluated by X-ray photoelectron spectroscopy (XPS,
PHI 5600).

2.4 Electrochemical measurements

The electrochemical performance of the NiS electrode was
tested on an electrochemical workstation (Chenhua, CHI 660E,
China). The saturated calomel electrode (SCE) and Pt foil were
used as the reference electrode and counter electrode, respec-
tively, in the measurements. 0.15 mol KOH was stirred in 50 mL
purified water, which was then used as the electrolyte. The valid
mass of NiS electrode immersed in the KOH solution was about
21 mg.

3. Results and discussion

Fig. 1a presents the microstructural characterization of the
hydrothermal precursor on Ni foam wherein the Ni foam is
covered by dense NiS nanosheets. An enlarged view shown in
Fig. 1b and c reveals that the nanosheets with a size of a few
micrometers grow on the substrate, forming a 3D framework
structure. Fig. 1d shows the high magnification SEM image of

Fig. 1 (a—c) SEM images of the NiS precursors on Ni foam. (d) SEM
image of NiS nanosheets vulcanized for 3 h.
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NiS nanosheets vulcanized for 3 h. After this process, the
surface of NiS nanosheets became rougher, leading to an
enlarged interface area between the active material and the
electrolyte.

The phase identification of the NiS nanosheets was studied
by XRD measurements (Fig. 2a). The diffraction lines observed
at 26 of 31°, 33.5°,60.3°, 62.1°, and 70° corresponded to NiS and
are in agreement with the standard data (PDF: 02-1280). Two
peaks at 45° and 50.8° can be indexed to the (111) and (200)
crystal faces of Ni, respectively (JCPDS 04-0850). No impurity
peaks were observed in the pattern, which further suggests that
the nanostructures are made of pure NiS. XPS tests were carried
out to obtain the chemical states of nanosheets. Fig. 2b is the
survey scan spectrum of NiS nanosheets that show peaks cor-
responding to both S and Ni elements. Two major peaks at
857 eV and 874.8 eV are assigned to Ni 2p;, and Ni 2p3,
respectively (Fig. 2c). Two peaks at 862.7 eV and 880.3 eV are
indexed to the satellite peaks of Ni 2p;,, and Ni 2p,, signals due
to the coulombic interaction between holes and valence elec-
trons. Fig. 2d shows the XPS spectrum after the decomposition
of the S element. The binding energy of 164.2 eV corresponds to
the S that is bonded with Ni, and another peak at 169.4 eV
corresponds to sulfur oxides at the surface.”

To assess the electrochemical performance of NiS nano-
sheets, a three-electrode system was employed in 3 M KOH.
Fig. 3a shows the cyclic voltammetry (CV) curves of the blank
electrode and NiS electrode measured at 4 mV s~ '. Obviously,
the specific capacity of NiS electrode is much higher than that of
the blank electrode. Fig. 3b displays the CV curves of the NiS
electrode measured at scan rates of 1, 2, 4, 6, 8 and 10 mV s .
Well-defined redox peaks were found in every CV curve proving
the pseudocapacitive nature of the NiS electrode. The specific
capacity of the NiS electrode was calculated to be 2038 F g~ " at
a scan rate of 1 mV s~ via the following equation,’

C=JIdV/(VmV) (1)

where [IdV represents the integral area of CV curves, V, v and m
are the potential, scan rate and the mass of active materials,
respectively. When the scan rate was increased to 10 mV s, the
specific capacity was estimated to be 857 F g~ '. Fig. 3c displays
the charge/discharge (CD) curves of NiS electrodes tested at
different current densities. The capacity of NiS electrodes can be
worked out based on the following equation.>®

C = IA/(Vim) @)

where C, I and At are the specific capacity, current density and
discharge time, respectively. V and m are the voltage window
and the mass of active material, respectively. The specific
capacity of NiS electrodes was estimated to be 2587 F g™ ' at
a current density of 0.2 A g~' (corresponding to the discharge
time of 5563 s). The capacity could reach 1297 F g~ " at a current
density of 2.5 A g~ " (Fig. 3d). Fig. 3e shows the cyclic stability of
NiS electrodes at different CD rates. The capacities within 150
cycles were 1764, 15 404, 1399 and 1257 F g ' at different
current densities of 0.5, 1.0, 2.0, and 2.5 A g’l, respectively. In

RSC Adv, 2020, 10, 8760-8765 | 8761
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Fig. 2 (a) XRD patterns of NiS nanosheets vulcanized for 1.5 and 3 h. (b) The survey scan spectrum, and (c and d) the survey scans of Ni 2p and S
2p.
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Fig. 3 (a) CV curves of NiS and Ni foam electrodes. (b) CV curves of NiS measured at different scan rates. (c) CD curves of NiS electrode. (d)

Specific capacitance of NiS at various scan rates. (e) High rate capability of NiS electrodes at progressively increased current densities. (f) Cyclic

performance of the NiS electrodes at 1.5 A g

addition, high cycling performance of the NiS nanosheets at
a current density of 1.5 A g~ " is shown in Fig. 3f. The capacity
retention of 95.8% was finally obtained after 4000 cycles. The
CD curves of the final 10 cycles were similar to the first few
cycles (see the inset of Fig. 3f). The performance of NiS

8762 | RSC Adv, 2020, 10, 8760-8765

~1 (the inset shows the charge/discharge curves of the last 10 cycles).

electrodes has also been compared with other sulphide elec-
trodes, especially NiS (as listed in Table 1). The performance of
the NiS electrode in our work can compete with or even surpass
the reported values for NiS and other materials. To further
understand the superiority of this NiS, electrochemical

This journal is © The Royal Society of Chemistry 2020
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Table 1 The electrochemical performance of NiS nanosheets and electrodes as reported by others
Capacitance
Electrodes Capacitance Current density Cycle number retention Reference
NiS 2587 Fg ' 02Ag" 4000 95.8% This work
CuCo,0, 796 F g " 2Ag" 5000 94.7% 3
NiO 1126 Fg ' 2Ag7" 2000 95% 4
Ni;S, 1209.6 Fg~* 3Ag! 8
NiCo0,S, 2036.5F g " 1Ag! 5000 94.3% 13
Ni3S, 1024 F g * 0.8Ag" 1000 80% 14
Ni;S,, 2885 F g ' 2Ag7 " 10 000 60% 15
NiS 1606 F g~* 1Ag" 10 000 91.2% 16
NiS 1897 Fg ' 1Ag! 4000 100% 23
NiS 1122.7F g ' 1Ag! 1000 97.8% 24

impedance spectra of NiS and NiO nanosheets were measured
in the frequency range of 0.01 Hz to 100 kHz. At a high
frequency region, NiS has a smaller radius compared to NiO,
which shows a lower interfacial charge transfer resistance (as
shown in Fig. S27). The slope of NiS is similar to that of the NiO
electrode indicating that they have the same diffusion resis-
tance. Moreover, the real axis intercept of NiS is smaller than
that of NiO. These results revealed that NiS has unique electrical
conductivity and contact resistance.

The energy storage modes of the supercapacitor can be
grouped into Faraday reaction process and electric double layer
storage process. The surface capacity contribution can be
separated according to equation.®

i= k1V + k2V1/2

(3)

Fig. 4a—e show the CV curves tested at scan rates of 1, 2, 4, 6
and 8 mV s~ '. The grid area of the CV curve indicates the ratio of

capacity contributions to the total charge in the electrode. The
capacity contribution of the diffusion-limited processes
increased from 87.9% to 92.3%. When the scan rate is lower,
there is enough time for the ions to migrate and intercalate.
While at higher scan rates, there is no sufficient time for ion
migration and intercalation. The relationship between the
measured current (i) and sweep rate (v) could be described by
the power law.?>*?

(4)

For sweep rates ranging from 1 to 10 mV s, the b-values for
cathodic and anodic peaks are 0.481 and 0.475, respectively,
suggesting that the kinetics is mainly diffusion controlled (as
shown in Fig. S37).

To evaluate the performance of the NiS electrode for the
practical applications, we assembled an HSC device with the
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Fig. 5 (a) Schematic diagrams of the HSC cell and charge storage mech

anism. (b) CV curves of NiS electrode at 10 mV s~2. (c) CD curves of NiS

electrode at different current densities. (d) Cyclic performance of the HSC at 2 A g~*. (e) Ragone plots of the NiS//AC devices and recent works.

NiS nanosheets and AC electrode, as shown in Fig. 5a. Fig. S4at
demonstrates the CV curves of AC and NiS electrode measured
at a scan rate of 6 mV s~ ' in a three-electrode system. The
potential windows of AC and NiS were —1 to 0 Vand 0 to 0.6 V,
respectively. The specific capacitances of AC were estimated to
be 274 and 267 F g~ at current densities of 5 and 10 A g™/,
respectively (as shown in Fig. S4bt). Fig. 5b presents a CV curve
of the HSC in a potential range of 0-1.7 V. Two clear redox peaks
were found in the curve indicating that the device could work
stably at 0-1.7 V. Fig. 5c displays the CD curves at current
densities of 2, 3 and 5 A g~ ', the maximum capacity of the HSC
obtained is 106 F g~ . The HSC also shows an excellent cycling
stability of 89.3% after 400 cycles (Fig. 5d). The energy and
power density can be worked out from these equations.>* ¢

1
E=3CA V? (5)

P = E/At (6)

The energy density was estimated to be 38 W h kg™ ' at the
maximum power density of 1.5 kW kg~ ". The highest power
density calculated was 3.7 kW kg™ ', when the energy density
was 29 W h kg . This result can compete with or even surpass
that of the reported Ni,S;-based HSC (Fig. 5e), such as Ni;S,
(35.2 Wh kg™ "),® Ni;S, (19.8 W h kg™ *),** NiS (21.5 W h kg™ !),"
NiS (11.6 W h kg™ "),?* and NiS (31 W h kg™").2° The outstanding
performance can be attributed to the following factors. First, the
energy density is largely improved due to the expansion of the
potential window. Second, vertical growth of NiS nanosheets
ensures a good electrical connection to the current collector,

8764 | RSC Adv, 2020, 10, 8760-8765

and third, the rough surface increases the electrolyte-material
contact area.

4. Conclusions

We demonstrated the preparation of NiS nanosheets on a flex-
ible substrate and examined their performance as electrodes for
supercapacitors. These NiS nanosheets have superior electro-
chemical properties including ultrathin structure, adequate
active sites and strong adhesion to the substrate. The NiS
electrode delivers a high capacity of 2587 F g~ at a current
density of 0.2 A g~ ' (corresponding to long discharge time of
5563 s) and a retention ratio of 95.8% after 4000 cycles. The
assembled NiS/AC device shows a broad working voltage of
1.7 V, which is beneficial to acquire an energy density of
38 W h kg *. This work is helpful for the application of NiS
electrodes in supercapacitors.
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