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NizS4 quantum dots (QDs) have great potential for supercapacitors due to their unique quantum effects,

high specific surface area, high water solubility and good stability, but the current preparation process is

cumbersome and toxic. Here, we highlight a facile and environmentally-friendly synthesis of NizS; QDs
for the first time by virtue of the synergy of polyvinylpyrrolidone (PVP) and ethanol. The synergistic
mechanism was revealed by using XRD to investigate the effect of the synthesis solvent. When QDs
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were used as a supercapacitor electrode material they exhibited excellent electrochemical properties,
and the specific capacitance at 1 A g~ was 1440 F g~*. In addition, NizS, QDs and activated carbon (AC)
are assembled into a NizS; QD//AC asymmetric supercapacitor (ASC), which delivered a maximum

energy density of 60.4 W h kg’l. This work provides new ideas for the preparation of QDs and opens up

rsc.li/frontiers-materials

1. Introduction

In the fields of mobile electronic devices and hybrid vehicles, the
demand for energy and electricity has witnessed a continuous
increase, which has triggered a boom in the research of electrode
materials for advanced energy storage equipment, for instance,
lithium-ion batteries and supercapacitors.! Among various energy
storage devices, lithium-ion batteries have greatly improved
people’s lives and have recently won the Nobel Prize.”” However,
they suffer from low power density, while supercapacitors can
provide high power in an instant, and also have a higher energy
density than a conventional dielectric capacitor.*®

It is well known that the capacitance and charge storage
capacity of supercapacitors are highly dependent on the nature
of the electrode material. Currently, various types of electrode
materials have been studied, such as sulfides,®” oxides,®°
hydroxides,'® polymers'* and carbon materials."> Among various
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new concepts for the synthesis of nickel sulfide.

electrode materials, transition metal sulfides have been exten-
sively studied due to their unique chemical and physical
properties.”®> Among them, Ni;S, is favored by researchers for
its higher theoretical specific capacitance and good rate
performance.™* In addition, due to the rich sources and low
price of Ni;S,, it can meet the increasing demand of energy
storage systems. Although various morphologies of Ni;S, have
been studied as electrode materials for supercapacitors such as
rose,” polyhedron'® and composite materials,"” their performance
needs to be further improved.

For supercapacitors, the structure and morphology of
electrode materials have a very important influence on their
capacitance performance. Increasing the specific surface area
of the material can enhance the redox reaction between the
active material and the electrolyte.'® With the dimensionality
reduced to zero, the proportion of atoms exposed on the surface
of the QDs increases. Because the surface atom coordination is
insufficient, the surface atom activity increases. These highly
active surface atoms have a significant effect on the properties
of the QDs, such as high catalytic activity, and strong reduction
and oxidation."*™>" Making nickel sulfide into QDs can improve
the electrochemical performance, including increasing the
specific surface area, improving the electrochemical activity,
and giving more charge transport routes. Preparation of nickel
sulfide QDs has been reported, which usually involves toxic
solvents and requires complex nitrogen protection and injection,
for example, NiS, QDs synthesized in oleylamine, which demands
a nitrogen atmosphere,** and NizS, QDs synthesized in ethylene

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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glycol;** NiS, QD-C;N, composite materials have also been
synthesized, but this method cannot synthesize pure NiS,
QDs.>* Therefore, developing a simple and environmentally-
friendly synthetic method will promote the application of
nickel sulfide QDs in supercapacitors.

The particles reduce the mutual contact between themselves
by electrostatically adsorbing a surfactant, thereby reducing the
size of the product. Common neutral surfactant PVP has good
biocompatibility, and is non-toxic and harmless and widely
used in many fields. Because the unpaired electrons of the
nitrogen atom in PVP participate in the pyrrole ring conjugated
system, the electron cloud is biased toward the oxygen atom, so
the nitrogen atom is weakly positively charged.>® Not only does
the nitrogen atom weaken the formation of hydrogen bonds,
but it can also adsorb on negatively charged materials. At the
same time, due to the long molecular chain of PVP, it has a
good dispersion effect on the adsorbed material.

To put the above proposal into practice, PVP-induced Ni3S,
QDs were synthesized in a facile and environmentally-friendly
fashion in one step. A mixed solution of water and ethanol was
used as the solvent without the need for nitrogen protection
and injection. The prepared Ni;S, QDs exhibited a high specific
capacitance of 1440 F g~ at 1 A g~ . In addition, the assembled
Ni;S,//AC-ASC exhibited an energy density of 60.4 W h kg™ " at a
power density of 400 W kg '. In the end, the device was
successfully used in practice, and an LED was lit. This work
demonstrates that NizS, QDs can be used as an excellent
supercapacitor electrode material and provides a simple and
environmentally friendly new method for preparing QDs.

2. Experimental
2.1. Synthesis of Ni;S, QDs

The reagents used were of analytical grade and were used
without treatment. 3 mmol NiCl,-6H,0, 4 mmol Na,S,0;-5H,0,
15 mmol urea, and 0.5 g PVP (K-30) were dissolved in 20 mL of
distilled water and ultrasonically assisted to dissolve, and
then 20 mL of absolute ethanol was added and stirred uni-
formly. The mixed solution was transferred to a 50 mL round
bottom flask and magnetically stirred, and then heated in an
oil bath at 120 °C for 6 h. The small amount of air remaining
in the flask is negligible. After that, the flask was taken out
and cooled in cold water. We added 80 mL of acetone to the
product solution and let it stand for 8 h to allow the Ni;S, QDs
to precipitate naturally. Thereafter, the supernatant was slowly
poured out, 20 mL of distilled water was added, and the
precipitate was uniformly dispersed by ultrasonic waves.
We added another 50 mL of acetone and let it stand for 8 h
to precipitate. The Ni;S, QDs were cleaned 5 times in this way,
and finally placed in a 60 °C vacuum drying oven for 12 h
(the product is labeled P1).

In order to explore the formation mechanism of Ni;S, QDs,
we changed the solvent (20 mL water and 20 mL ethanol) to
40 mL of water. The other reaction conditions remained
unchanged, and the synthesized product was labeled as P2.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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2.2. Material characterization

The crystal structure was determined by X-ray diffraction (XRD,
9 kW/SmartLab, Japan). The elemental valence state was
analyzed by X-ray photoelectron spectroscopy (XPS, 250Xi/
ESCALAB, USA). The morphological structure was obtained by
transmission electron microscopy (TEM, JEM-2100, Japan) and
scanning electron microscopy (SEM, HITACHI S-4800, Japan).
The surface area and pore size distribution of the product are
measured by BET (Autosorb-IQ, USA).

2.3. Electrochemical measurements

Preparation of the working electrode. The prepared elec-
trode material, acetylene black, and polytetrafluoroethylene
(PTFE) were mixed at a mass ratio of 7:2:1 to prepare a film
with a thickness of about 0.1 mm, and dried at 60 °C for
5 hours. The film was fixed on nickel foam with a tableting
machine.?® The weight of active material is about 2 mg. Each
electrode had a geometric surface area of about 1 cm>.

Electrochemical performance test. We used the electrode
material, AC (Vulcan XC-72 carbon, USA) and a Hg/HgO elec-
trode as a working electrode, counter electrode and reference
electrode, tested in 6 M KOH. Electrochemical testing was
performed on a Chenhua CHI660E electrochemical workstation
and cycling stability testing was performed on a LAND CT2001A.

The specific capacitance of the electrode material can be
calculated based on eqn (1):*”

_I><Az (1)
ST mx AV

where C is the specific capacitance in F ¢~ '; I is the discharge
current in A g '; ¢ is the discharge time in s; m is the mass of the
electrode material in g; and AV is the voltage difference in V.
The mass ratio of the positive and negative materials of the
asymmetric capacitor is calculated by eqn (2) to ensure charge
balance:**
~my  C_ AV

R=—"_—-—"— " - 2
me_ C+‘AV+ ()

The following equation calculates the energy density (E) and

power density (P):*°

C x AV?

E= 7200 ()
E x 3600

A @

where E is the energy density (W h kg™') and P is the power
density (W kg™).

3. Results and discussion
3.1. Structure and morphology

The as-obtained P1 (in water and ethanol mixed solvent) and P2
(in water medium) were firstly characterized by XRD, which is
exhibited in Fig. 1a. Clearly, as compared to the standard PDF
card, it can be seen that P1 is NizS, and P2 is Ni,(OH),(CO3).
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Fig. 1 (a) XRD patterns of P1 and P2, and (b) schematic illustration of the synergy between PVP and ethanol.

Among them, the peak of the XRD is broad due to the small size of
the QDs. It’s well known that Ni*" (for example Ni(OH),, NiCOs;,
NiO etc.) and S atoms are easily sulfided in the same system.
However, the Ni** precursor with $,0;>  reacting in water
medium was not sulfided but yielded P2 Ni,(OH),(CO3). Here,
we proposed a reaction mechanism, which is shown in Fig. 1b.
Given urea has a lower decomposition temperature than S,0;>",
urea-decomposed CO;*~ and OH~ would first combine with Ni**
to form Ni,(OH),(CO3). Afterwards, the surface of Ni,(OH),(CO;)
adsorbs O atoms of PVP through hydrogen bonding, hindering
Ni,(OH),(CO;) being sulfurized by S,0;>.*° By contrast, when

ethanol was added to the solvent, ethanol and PVP formed
hydrogen bonds, which blocked the adsorption between PVP
and Niy(OH),(CO;) and facilitated the reaction between
Ni,(OH),(CO5) and $,05>", finally resulting in Ni,S,. Also, the N
atoms of PVP were electrostatically adsorbed on the surface of
NiS,, which would prevent Ni;S, agglomeration.** Moreover, due
to the steric hindrance effect of N atoms, Ni;S, wrapped with
nitrogen could confine Ni;S, to be QDs. The chemical reaction

equations involved were as follows:**"

CO(NH,), + 3H,0 — 2NH," + CO, + 20H~  (R1)
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Fig. 2
NisS4 QDs.
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CO, + 20H™ — CO;*~ + H,0 (rR2)
Ni*" + CO;>” + 20H — Ni,(OH),(CO3) (R3)

Niy(OH),(CO;) + 85,05>” — 2NiS + 6S0,>~ + 8S + 20H ™ + CO5>~
(R4)

3NiS + § — Ni;S, (R5)

XPS was used to detect the oxidation state of the elements of
the NizS, QDs. In the full scan spectrum of the sample (Fig. 2a),
the elements Ni, S, C, N and O were detected. C, N and O
were derived from air adsorption. The measured Ni/S atomic
ratio was 3/4.4. In Fig. 2b, the binding energy of 856.3 eV and
874.1 eV indicated the presence of Ni**, and the binding energy
of 861.8 eV and 879.9 eV indicated the presence of Ni**.***> For
the XPS spectrum of S 2p (Fig. 2c), the binding energies at
161 eV and 162.5 eV suggested the presence of Ni-S chemical
bonds and S*”. The binding energy at 168.7 eV was attributed
to a high oxidation state of sulfur, such as S,04>",*® which
could be due to the surface oxidization of Ni;S, QDs by air.

Atomic ratio:
Ni:S=42.5:57.5

oo SR -
) u u 1 2 0] " ] »
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Since the surface area and pore size distribution will affect
the performance of the supercapacitor, a larger specific surface
area will provide more active sites, and an appropriate pore size
will facilitate the transmission and diffusion of electrolyte ions.
Therefore, Ni;S, QDs were tested for the nitrogen adsorption-
desorption and pore size distribution as exhibited in Fig. 2d,
which showed that the isotherms of the Ni;S, QDs were type IV
of the IUPAC classification, promoting the diffusion and trans-
port of electrolyte ions.?” The pore size distribution of the Ni;S,
QDs calculated by the BJH method shows that the pore size
distribution was mainly below 5 nm. The measured BET surface
area of the Ni;S, QDs was 98.8 m> g %, and the average pore
diameter was 4 nm, demonstrating the great advance of Ni;S,
QDs as electrode materials.

The morphology of Ni,(OH),(CO3) revealed by SEM showed a
porous structure (Fig. 3a) which was due to the adsorption of
PVP on the surface of Ni,(OH),(CO;) preventing the agglomera-
tion of the material. As displayed in Fig. 3b of the TEM image,
NizS, QDs of about 2-3 nm were well-dispersed, which was
further verified by the inset of Fig. 3b. As can be seen, Ni;S,
QDs in ethanol dispersions showed no precipitation after being

Fig. 3 (a) SEM image of Ni»(OH),(CO3); NizS4 QDs: (b) TEM image, (c) HRTEM image, (d) SAED image, (e) EDS image, and (f and g) mapping patterns.
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left for 1 month, indicating that the QDs have good stability.
The HRTEM image of the Ni3S, QDs (Fig. 3c) showed recogniz-
able lattice fringes, suggesting good crystallinity, which was
consolidated by the SAED image (Fig. 3d). The atomic molar
ratio of Ni and S in the NisS, QDs measured using the EDS
spectrum (Fig. 3e) is 42.5:57.5, which was also consistent
with XPS and the chemical formula. In Fig. 3f and g, the EDS
mapping of the NizS, QDs clearly showed the uniform distribu-
tion of Ni and S elements. According to the above test results,
it was proved that this method can effectively synthesize
Ni;S, QDs.

3.2. Electrochemical properties of Ni;S, QDs

The cyclic voltammetry (CV) curve of Fig. 4a shows the pseudo-
capacitor characteristics of the NizS, QDs. At the same time, as
the scan rate increased, the shape of the CV curve was basically
unchanged, demonstrating the superior rate performance of
the Ni3S, QDs. According to the galvanostatic charge-discharge
(GCD) curve of the NizS, QDs (Fig. 4b), it can be seen that the
Niz;S; QD energy storage worked together with the electric
double layer capacitance and the pseudocapacitance, but the
specific capacitance contributed by the electric double layer
capacitance was very small.*® The specific capacitance of the
Niz;S, QDs was calculated according to Fig. 4b and eqn (1).
When the current density was 1, 3, 5, 8,10, 15,20, and 25 Ag ™",
the specific capacitance was 1440, 1213, 1085, 952, 882, 744,
628, and 500 F g~ '. The specific capacitance decrease with the
increase of the current density was attributed to the fact that

View Article Online
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there was not enough time for the redox reaction. Fig. 4c shows
the electrochemical impedance spectroscopy (EIS) spectra of
the Ni3S, QDs, and the inset is the equivalent circuit diagram
(frequency range: 1-10° Hz, potential amplitude: 5 mV). It can
be seen from the figure that the charge transfer resistance of
the Ni;S, QDs was very small at only 0.71 Q. The slope of the
Ni;S,; QDs was the largest in the low frequency region, which
indicated that the surface diffusion rate of the electrolyte on the
QDs was fast due to the large specific surface area of the QDs.*”
Fig. 4d shows the cycle stability test results of the Ni;S, QDs at
10 A g~'. As the number of cycles increased, the specific
capacitance of the material gradually decreased. After 10k tests,
the specific capacitance of the Ni;S, QDs was maintained at
78% of the initial capacity, suggesting excellent cycle stability.
Furthermore, the cycle performance of the prepared Ni;S, QDs
was compared with previously reported work as follows:
CoONi,S, (49%, 2000 cycles at 4 A g~ "),*° Zng 76C0q.24S (86.4%,
2000 cycles at 5 A g ')," CuCo,S; (90.1%, 5000 cycles at
3 A g ),* NiS/CoS/NiCo,S, (60%, 500 cycles at 5 mV s '),**
and CoS (95%, 1300 cycles at 10 A g ').** The NizS, QDs
exhibited obvious advantages of a larger number of cycles
and longer service life. According to the above analysis, PVP
and ethanol induced Ni;S, QDs are excellent electrode materials
for supercapacitors.

3.3. Electrochemical performance of the Niz;S, QD//AC-ASC

As is known, an ASC can help increase the voltage range and
energy density. To make NizS, QDs convenient for practical
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Fig. 4 NizS4 QDs: (a) CV curve, (b) GCD curve, (c) Nyquist plot of EIS, and (d) cyclic stability.
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Fig. 5 NisS; QD//AC-ASC: (a) CV curve in different voltage ranges, (b) CV curve with different scan rates, (c) GCD curve, (d) relationship between the

energy density and power density, (e) EIS spectrum and (f) cyclic stability.

applications, a Ni3S, QD//AC-ASC was assembled using Ni3S,
QDs and AC as the positive and negative electrodes, and tested
in a 6 M KOH solution. AC (YEC-8A) was purchased from
Fuzhou Yihuan Carbon Co., Ltd, China. The mass ratio of the
positive electrode and the negative electrode was determined
according to eqn (2). In fact, the essence of eqn (2) is charge
balance theory and the calculated m(NizS, QDs): m(AC) = 1:2.2.
As shown in Fig. 5a of the CV curves of the ASC in different
voltage ranges, the ASC can stably expand to 1.6 V. When it was
greater than 1.6 V, electrochemical polarization would occur,
manifested by electrolyzed water and bubbles. Based on the
non-rectangular CV curve of the ASC (Fig. 5b), it can be seen
that the reactions are mainly redox reactions. When the scan
rate increased, the shape of the CV curve didn’t change,
indicating good rate performance. The symmetrical GCD curve

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

(Fig. 5¢) showed that the ASC had high Coulombic efficiency. As
shown in Fig. 5d of the energy density and power density
calculated from eqn (3) and (4) and the GCD curves, the ASC
had a power density of 400 W kg™' at an energy density of
60.4 W h kg~ '. Even when the power density was 16 kW kg™,
the energy density can still maintain 23.6 W h kg *. The
performance of our assembled ASC devices was superior to
many previously reported nickel sulfide ASCs, such as NisS,//
AC,"™ Ni;S,@rGO-20//rGO,'® Ni;S,-MoS,//AC,"” Ni;S, QD/NF//
AC/NF,** TRGO//NCC2,** NG/Ni-S-1//AC,** Ni;S,@p-NiS//AC,*®
Ni;S,@PPy//AC,"” and Co>" doped Ni;S,//AC.*® Fig. 5e shows
the EIS spectrum of the ASC (frequency range: 1-10° Hz,
potential amplitude: 5 mV), which showed that the equivalent
series resistance was only 0.85 €, indicating that the internal
resistance and charge transfer resistance of the ASC are very

Mater. Chem. Front., 2020, 4,1764-1772 | 1769
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low, which is conducive to electron transport. In order to
evaluate whether the ASC device can be used for a long time,
we performed 10k constant current charge and discharge cycle
tests under a voltage window of 1.6 V and a current density of
10 A g~ '. As shown in Fig. 5f, the specific capacitance kept 76%
of the initial value, indicating that the ASC has good cycle
stability, which was compared with the previously reported
work as follows: NizS,//AC (93%, 5000 cycles at 2 A g~ 1),*°
TRGO//NCC2 (83%, 6000 cycles at 12 A g '),*> 3DNC@
MnCo,S4//AC (82%, 5000 cycles at 10 A g~ '),* CuCo,S4/GA//
AC (70.4%, 5000 cycles at 2 A g '),°° NiC0,S4/GA//AC (71.6%,
5000 cycles at 2 A g '),>' and ZnCo,S,//AC (98.7%, 2000 cycles
at 6 A g~ ').°> Two ASC devices connected in series can success-
fully illuminate an LED light, which can be well applied in
practice. Considering the simple and environmentally-friendly
synthesis method and its high energy density, our synthesis
method holds great promise in the application of high energy
storage devices.

4. Conclusions

In summary, by taking advantage of the synergy of PVP and
ethanol, we facilely synthesized Ni;S, QDs, during which the
whole process not only did not require nitrogen protection but
also was environmentally-friendly. In addition, insight into the
synergistic mechanism was explored. When Ni;S, QDs were
used as the electrode material, they delivered a high specific
capacitance of 1440 F g " at 1 A g~ ' and superior cycle stability.
The ASC with Ni;S,; QDs as the positive electrode and AC as the
negative electrode showed a high energy density of 60.4 W h kg ™"
at a power density of 400 W kg™, which successfully drove an
electronic device, demonstrating that the as-synthesized Ni3S,
QDs witnessed great advances for supercapacitors. This work
provides a simple and environmentally-friendly method for
designing metal-sulfide QDs as electrode materials.
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