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Abstract

We proposed a facile strategy to synthesize porous zinc-doped copper sulfide (Zn-CuS) nanoflowers using a cationic
surfactant (CTAB) by hydrothermal route. The end product is used as electrode material in supercapacitor in KOH as
electrolyte. Initially it is found that inorganic dopant (Zn?*) plays a vital role in controlling or modifying the morphology
of CuS which has resulted in the newer materials exhibiting multi-functional, high-performance stabilizer character
further than what traditional single nanomaterials possess. Morphological analysis illustrates flower-like structures that
the size of Zn-CuS nanostructure is about 14-20 nm. When utilized as an electroactive material for electrochemical
capacitors, the Zn—-Cus electrode delivers a specific capacitance (C,) 826.31 Fg~' at 5mAcm™2, which is higher than the
CuS electrode 328.26 Fg~' at 5mAcm 2. The outstanding electrochemical behavior is essentially by reason of the porous
nature of synthesized nanostructures, which gives quick diffusion pathway to electronic and ionic transport on electrode
and electrolyte interfaces. This exploration work affirms that the Zn-CusS electrode can serve as more attractive material
for supercapacitive applications.
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1 Introduction

With the expanding utilization of electronic devices and
vehicles, explore research have been made to investigate
superior storage frameworks. Among these charge storage
systems, SCs have been shown to be most favorable power
sources attributable to their outstandingly high energy
density, small charge and discharge times, and ultra-long
cycle life [1-5]. Be that as it may, the energy density of
commercially used SCs is about 5 wh kg“, which is lower
than other energy storage devices like Li-ion batteries [6].
The charge in SCs is stored by the electro active materials.
So it is attractive and vital to design superior electrode
materials so as to advance the energy density of SCs.

Carbon-based materials, transition metal oxides/
hydroxide, and conducting polymers are among the most
seriously investigated SC's electode materials. Carbon
materials show low capacitance because of their surface
predominant EDLCs mechanism [7-9]. Transition metal
oxides show higher capacitance inferable from their redox-
response improved energy storage system. Be that as it
may, these materials have poor electrochemical strength,
a reality that has, to a great extent constrained their far
reaching applications in SCs. Therefore, it is vital to grow
new electrode materials with attractive supercpacitor
properties, such as high electrical conductivity, porous
structure, substantial capacitors, and great electrochemi-
cal stability.
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Recently sulfide materials have been examined as novel
SC’s electrode materials with enhanced electrochemical
performance. The metal sulfide nanostructures such as
ZnS, CuS, and CoS were utilized as electrode materials for
energy storage applications [10-12]. The substitution of
two or more valance states of metal constituents present
in sulfides and the sulfur have high theoretical capacity
than that of oxides and it can provide better capacitance
behavior.

The covellite copper sulfide is exhaustively studied
material attributable to great potential applications in
several fields. Recently unary transition metal sulfides
viz., copper cobalt sulfides [13] and iron copper sulfides
[14] have been examined as new electrode materials for
supercapacitor. Huang et al. synthesized CuS hexagonal
nanosheets by solvothermal route and based on these CuS
electrode showed a C, of 833 Fg™' under a high current
density of 1 Ag™' [15]. Peng et al. synthesized flower-like
Cus for SCs with high C, of 597 Fg™" at a current density
of Ag™' [16]. Zhu et al. reported CuS nanoneedles on car-
bon nanotubes by a multiple step and template method,
and supercapacitors via this composite demonstrated
a capacitance of 114 Fg™' at a scan rate of 2 mv/s in the
three-electrode tests [17].

It was reported that the binary sulfides such as Zn-CuS
have an electronic conductivity of about 2 orders higher
than that of the oxide partners and a lot higher conductiv-
ity than that of the binary sulfides [18-20]. Also, the elec-
trochemical commitments from both Zn and Cuions in the
binary sulfides are relied upon to give more extravagant
redox responses than that of the single ternary sulfides.
Pu et al. built up Zn-CuS hallow nanostructure that was
sulfurized from a Zn-Cu precursor by a two-step sacrifi-
cial template method. This Zn—Cus$ hallow structure mani-
fested a high C, of 437 Fg™', when tried as a SC’s material
at a current density of 1 Ag™' [21].

In this work, a novel mesoporous flower-like Zn-Cu$S
and CuS nanostructure was synthesized via hydrother-
mal treatment using organic cationic surfactant (CTAB)
as structure promoting agent. The first important point
is no researcher uses flower-like mesoporous nanostruc-
ture as the electrode material to attain high C; compared
to spherical CuS nanostructure. The formation mecha-
nism of CuS and Zn-Cu$S was elaborately discussed. The
electrochemical behavior of the CuS and Zn-Cu$S was
investigated as electrode material for supercapacitors
in 2 M KOH electrolyte solution. As estimated, the con-
ventional composites bear the cost of generous upgrade
and prompting to enough redox reactions. Such special
highlights enable the fusion electrode to display consid-
erably enhanced energy storage ability when compared
CuS and earlier reports. The results obtained from this
nanocomposite demonstrated promising execution of
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hybrid structure of mesoporous binary metal sulfide for
future energy storage applications.
The synthesis of Zn-Cus$ has the following aims:

1. The high electrical conductivity of Zn-Cus$S will assist
to overcome the limited electrical conductivity

2. The Zn-CuS will relax ion transfer for the reason that
the short ion diffusion paths and give reversible, quick
faradic reactions.

3. The Zn-CuS will improve the utilization rates of elec-
trode materials due to the porous nature.

The outcomes in this investigation demonstrate that
the fabricated Zn-CuS show high specific capacitance,
and long cycle life, and are potential electrode materials
for SCs.

2 Experimental sections
2.1 Synthesis of CuS and Zn-Cu$S nanostructures

In a typical procedure, 1 mM of Cu (NO3)0.3H,0, 2 mM
of Tu,Sc(NH,), and 0.1 mM of CTAB were dissolved in
40 ml of ethylene glycol and magnetic stirring for 1 h.
The solution into a Teflon-lined autoclave is maintained
at 140 °C for 9 h. The prepared black powder was washed
many times and dried at 70 °C for 6 h. The three different
concentrations of Zn-CuS were synthesized under same
conditions with the addition of Zn (NO;)0.3H,0.

2.2 Materials characterization

The diffraction patterns were recorded on X'Pert-PRO
using Cu Ka radiation. X-ray diffractometer was at a
scan rate of 1° min~! over the range 10°-70° (26) at room
temperature. The optical properties were determined by
UV-Vis spectroscopy (Shimadzu UV1700). The change in
morphology on increasing the concentration of Zn-ion-
doped CuS was inspected through a (JEOL-JSM - 5610
LV with INCA EDS) SEM and the elemental analysis was
studied using EDX, and the morphology was confirmed
with (SUPRA 55) field emission scanning electron micro-
scope (FESEM). The TEM morphologies were analyzed
on a TEM CM-200. Chemical compositions were investi-
gated by XPS (Kratos Analytical). The BET parameters of
the Zn-CusS surface area were measured in Micromet-
rics ASAP-2010 system using the liquid nitrogen adsorp-
tion-desorption method.
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2.3 Electrochemical measurements

In our previous paper, the electrode preparation and elec-
trochemical characterization techniques of prepared sam-
ples were discussed [22].

3 Results and discussion
3.1 XRD

The crystal phase, purity and crystallographic structures
of all synthesized samples were tested by X-ray diffraction
(XRD) measurements. Figure 1a depicts the XRD spectra of
synthesized CuS nanostructure and Fig. 1b—d shows the
synthesized Zn-CuS nanostructures. The well-crystalline
diffraction patterns with 20 values at 26.53°,27.41°, 29.24¢,
31.75°,32.850,47.98°, 52.54°, and 59.05° are oriented along
the (100), (101), (102), (103), (006), (110), (108), and (116)
planes of covellite CuS and Zn-Cu$S nanostructures, with
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Fig. 1 XRD patterns of (0.1 mM) CTAB-assisted CuS doped with Zn:
(a) 0.0, (b) 0.05, (c) 0.15 and (d) 0.30 mM

lattice constants of a=3.792 A and c=16.344 A (JCPDS
No.06-0464). All diffraction planes in good crystalline
quality are in good agreement with the previous report
[23]. The diffraction peak of the (006) crystal plane with
(0.05 mM) Zn-doped CuS is considered. This shoulder
peak will be suppressed compared to pure CuS as shown
in Fig. 1b. When the Zn concentration increases (0.15 mM
and 0.30 mM), the (006) crystal plane also increases. Some
extra peaks appear in the (0.30 mM) Zn-doped CuS. Nota-
bly, a slight left shift of the peak intensity of (0.05 mM)
Zn-CusS contributes to the Zn?* incorporated into CuS and
the substitutional cationic sites are occupied and the peak
intensity is not shifted for Zn (0.15 and 0.30 mM)-doped
CuS nanostructures. These results may suggest that the Zn
(0.15 and 0.30) doping concentration is appreciably incor-
porated into CusS lattice structure. This observation may
suggest that the lower concentration of Zn?* (0.05 mM)
is easier to replace Cu?*. Results show that (0.05 mM) Zn-
doped CuS has optimum concentration as compared to
other Zn (0.15 mM and 0.30 mM)-doped CuS. Absence of
impurity peaks is monitored, signifying the high purity of
the samples by this simple method.

The average grain sizes were found to be 14,7, 12, and
17 nm for CuS, CuS/Zn (0.05), CuS/Zn (0.15), and CuS/Zn
(0.30), respectively, and were quantified using Scherrer
Eq. (1)

094
~ PBcos6 (M)

The lattice parameters of CuS and Zn—CusS crystals are
estimated using Eq. (2):

1 4(h*+hk + k? I
2, 3\« )'a @
hkl

For the hexagonal system, volume of the unit cell was
quantified by Eq. (3) [24].

V =0.8661 x a’ x c (3)

Table 1 summarizes the lattice parameters, grain size
and volume of the unit cell. When dopant (Zn?**) con-
centration increases, lattice parameters and the unit cell

Table 1 Doping concentration,
lattice parameters, cell volume
and average crystal size

Concentration of doping

Cell volume A3

Lattice parameters (A)

Average crystal

(mol%) size D (nm)
a=b d
(0.00%) Zn-CuS 3.789 16.345 203.213 14
(0.05%) Zn-CuS 3.791 16.352 203.514 7
(0.15%) Zn-CuS 3.794 16.360 203.936 12
(0.30%) Zn-CuS 3.797 16.369 203.371 17
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volume increase, which reveal the well incorporation of
Zn?" in lattice sites.

The substitution of the Cu®" ions (rc, 2" =0.74 A) [25]
with similar radius Zn* ions (r,,>* =0.74 A) [26] outcome
in a minute diminish in lattice constant of CuS. But, the
lattice parameters of Zn-CusS (d,4;=3.791, d;;,=16.352)
are similar to that of CuS (d,y;=3.789, d;;,=16.345). It
might be caused by same radii of Cu (r.,2* =0.74 A) and
Zn (rz,* =0.74 A). The lattice constants of the Zn-CusS are
more extensively increased than the CuS nanostructures.
It provides a strong confirmation for the merging of Zn?*
ion into the Cus lattice.

3.2 XPS

For chemical states and elemental composition of the
obtained samples, X-ray photoelectron spectroscopy
(XPS) measurements were conducted. Figure 2 shows
the survey spectrum and the peaks recognized Zn, Cu, S,
O, and C elements. The peaks for Cu, Zn, and S elements
are identified in the EDS spectra (Fig. 3¢, f, i, ), which
confirms that the sample is generally composed Cu, Zn,
and S elements. Elemental composition of the Zn-Cu$S

is quantified by XPS, and shown in Fig. 2a. The full spec-
trum reveals that the survival of peaks is attributed to S,
Zn, Cu, O and additionally C elements. From this survey,
no other element is found which implies the high purity.
Figure 2b shows that core-level spectrum of Cu 2p is
splitinto two main peaks Cu 2p3/2(931.71) and Cu 2p1/2
(951.79) eV.The intensity peaks of Cu 2p3/2 and Cu 2p1/2
are separated by an energy difference of 20 eV which is
fundamentally the same binding energy [27]. Figure 2c
reveals the core-level spectrum of Zn 2p lines. The main
peak Zn 2p3/2 appears at 1022.35 eV and another peak
Zn 2p1/2 is located at 1045.23 eV [28]. In Fig. 2d, the
core-level spectrum of S 2p indicates the assignment of
the binding energy at 161.9 and 162.9 eV can be allo-
cated to 2p3/2 and 2p1/2, respectively, which is typical
the co-ordination of S ions with metal ions. Obviously,
the XPS data demonstrate that Zn-CuS material has a
composition containing S?*, Zn2?*, and Cu?*, which is
consistent with the previous reference for CuS [29]. The
atomic ratio of Zn, S, and Cu elements as, 1:2:1, equiv-
alent to the chemical formula of Zn S Cu. The weight
percentage and atomic percentage of Zn(0.05 mM)-CuS
nanocomposite are tabulated in Table 2.

a =89 § b Cu 2p372
0 55&5
'\"RN N 5
b
{
‘l
E | R E] Cu 2p172
; ‘nwx«ww‘”““‘p\‘ ; - ;;;‘
E ha =
g LW\"‘ } g g
B | &9 =
UL o, 8
s .. JL'"J w= |
el ‘JL'M
1200 ' lob ' 8’“ ‘r” 4°I° z;o ' [ *70 9;5 96I0 9;5 9%0 DAIIS inlll 9:;5 9;!0 225
Binding Energy (eV) Binding Energy (eV)
¢ d S 2p3n2
Zm 2p372
S 2p172
? Zm 2pli2 \ 'u.?!‘
N ‘ ~
"E. m \‘ ‘l 'g
g ' ‘l K sat
5 J{J i\ 5
(T AL TR Y /o
Ml. My o M‘*‘JwﬂHﬂ*’JF‘WﬂW\W Mﬂ“‘y“ﬁf‘”ﬂfﬁ"!ﬁ“ 'w\'hﬂ*"
1|]I5[| 1[|I4|] lnl3[| lllIZIJ 1010 172 ) 1';ll . 1;8 . 1;6 . 16l4 . 1:52 . 11;!] . l;ll ' 156

Binding Energy {eV)

Binding Energy (eV)

Fig.2 XPS spectra of (0.1 mM) CTAB-stabilized Zn (0.05 mM)-doped CuS nanostructures a full spectrum, b Cu2p,cZn2pandd S 2p
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Fig.3 SEM images of (0.1 mM) CTAB-stabilized a, b pure CuS, d, e Zn (0.05)-CusS, g, h Zn (0.15)-CuS, j, k Zn (0.30 mM)-CuS nanostructures

and ¢, f, i, | are corresponding EDAX spectra

Table 2 Elemental analysis of Zn(0.05 mM)-CuS nanocomposite

Sample name Element Wt% At%

(0.05%) Zn-Cu$S C 2.1 3.1
Cu 27.81 37.14
S 56.73 21.27
Zn 13.35 38.47

3.3 Surface morphological analysis
3.3.1 SEM/EDX

The representative SEM images reveal the formation of
CuS and Zn-CusS structures to a size of 1 and 0.5 pm as
shown in Fig. 3a-k. The SEM micrographs reveal the uni-
formly dispersed with cluster structure of CuS microstruc-
tures are shown in Fig. 3 (a, b). The SEM micrographs of Zn
(0.05 mM)-doped CuS are shown in Fig. 3 (d, e). The flower
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like structure comprises irregular nanoflakes are well
defined flower like Zn doped CuS which are obtained and
the regular petal growth and each microflower is arranged
identical interlaced nanoflakes compared with other Zn
(0.15 and 0.30)-doped CusS. The cationic surfactant is
supplied as a “soft” template material to synthesize the
flower-like nanostructures. The creation of transitional
pores was observed on the surface, which is the specific
feature for obtaining high C.. Figure 3g, h, j, and k) depicts
the remaining two samples Zn (0.15 and 0.30)-CuS micro-
graphs which reveal irregular nanoflakes agglomerated
and sheet-like accumulations are arranged and distributed
zigzag patterns of the microstructures in a coherent form.

The elemental compositions were analyzed with EDX.
The EDX spectra of CuS confirmed the presence of Cuand
S peaks alone (Fig. 3c). The elemental compositions of
Zn-CusS are shown in Fig. 3f, i and | which indicates subsist-
ence of Cu, Zn, and S element. Absence of other elements
in all the spectrums implies high purity of the samples.

3.3.2 FESEM
Figure 4a, b shows the FESEM images of Zn (0.05 mM)-

doped CuS nanostructures are flower-like CuS nanostruc-
ture that is about 200 nm.
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The FESEM image shows compactly combined flower
urchin-like Zn (0.05 mM)-CuS architectures in the exist-
ence of CTAB. At high magnification, the image (Fig. 4b)
presents each hierarchical CuS nanoflowers built up by
many interleaving and slight bending nanoflakes with
the thickness of about 14-20 nm, which entangle together
to behave a network in the bud-like flower. The surface
of the Zn—CuS appears much rough, which is essentially
credited to the quick ion interactions accompanied with
the Kirkendall effects amid sulfidation [30]. The rough sur-
face has been additionally affirmed by the TEM image. The
architecture might present generous upgrade in electron
transport and providing active sites for redox reduction.

3.3.3 TEM/SAED

The TEM images of Zn (0.05 mM)-CuS nanostructures are
flower-like morphologies in the range of 100-500 nm are
shown in Fig. 4c-e. TEM images show that each nano-
flower surface and outer nanostructure consists of the
aggregations of darker secondary branches (nanoflakes).
Moreover, these nanoflakes are interconnected to form
a flower-like porous architecture. A clear dissimilarity
among the pale center and dark edges can be observed,
which confirms CuS nanoflowers have a hollow interior.

Avieless w9 g 217
Mag= 201 02KX Teme 91287 & \

Fig.4 a, b FESEM images c-e TEM images and f SAED pattern of (0.1 mM) CTAB-stabilized Zn (0.05 mM)-doped Cu$S nanostructures

SN Applied Sciences

A SPRINGERNATURE journal



SN Applied Sciences (2020) 2:1023 | https://doi.org/10.1007/s42452-020-2668-5

Research Article

There are many nanopores on the shell of the hierarchical
nanostructures.

The SAED pattern (Fig. 4f) reveals well-recognized
diffraction rings of Zn (0.30)-CuS representing highly
structured subunits and polycrystalline nature. The SAED
patterns display a set of diffraction rings which can be
indexed as (101), (102), (103), (110), (108), and (116) corre-
sponding to the Zn—CusS phase. Actually Zn (0.05 mM)-CuS
signifies its crystal structure.

3.3.4 Growth mechanism

To know the growth mechanism, the reaction conditions
are monitored. The SEM images demonstrate that the
shape and size of the material change gradually with Zn?*
concentration. Based on the results obtained above, the
growth mechanism of the flower-like Zn-doped CusS archi-
tectures are presented in Scheme 1.

The CTAB served as template for the formation of micro-
structures and thiourea serves as a sulfur source, which
combines with Cu?* and ethylene glycol. Initially Cu®* is
coordinated with Zn?", leading to the formation of metallic
complexes. Hydrolysis takes place and leads to the forma-
tion of Zn and CuS nuclei when heating the solution and
it contains a large number of dangling bonds and favors
the introducing of Zn?* to the CuS crystalline and leads
to its anisotropic growth. As the reaction continues, the
nanoflakes self-assembled to the hierarchical flower-like
mesoporous microstructures are formed.

3.4 Optical properties

The semiconducting materials are highly dependent on
the nature and it is well known that structure sensitive
and the quantity of limitations are present in a crystal. Fig-
ure 5a—-d depicts the UV-Vis spectra of samples CuS and
Zn-CuS in the range of 200-800 nm.

The UV-Vis spectra depend on the nature of dopant
concentration as well as copper and sulfur composition

Ny

of Cu$S nanostructures. All the absorption curves appeared
at 270 nm for CuS and 272, 271, 270 nm for Zn-CuS nano-
structures [31] are compared with bulk CuS [32]. Especially
Zn (0.05 mM)-CusS a broad absorption at 500 nm is due to
the covellite phase [33] which reveals that there are dis-
tinct red shifts compared with other Zn-CuS [34, 35]. This
clearly shows that the absorption edges are red shifted.
The maximum red shift of the Zn-CuS nanostructures may
be associated with the construction of CuS nanoflakes and
it signifies decrease in the crystallite size and change in
shape (nanoflowers) obtained. The ionic radius of Zn*tis
similar to Cu?*, which indicates Zn?* ion doped in Cus lat-
tice. The unusual phenomena in the UV-Vis spectra may
have many applications in the optical field.

Figure 6 shows the bandgap plots of (ahv)? vs. hv as
per Tauc’s equation for all the samples and bandgaps are
2.65, 3.60, 2.82, and 3.50 eV for CuS and Zn-CuS nano-
structures, respectively. The bandgap energy values of

Absorbance (a.u)

Wavelength (um)

Fig. 5 UV-Vis spectra of (0.1 mM) CTAB-stabilized CuS doped with
Zn: (a) 0.0, (b) 0.05, (c) 0.15 and (d) 0.30 mM

CulNoy), 31,0 —

+ Hydrothermal e.\ ® Nucleigrowth Refhuding
Zn{No,),.3H,0 —.;QE ) _
¥ 130°C, CIAB - ‘i‘e Self Assembly Growth

Thiourea
B s CIAB . n B ZnCus

Scheme 1 lllustration of possible growth process of the flower-like Zn-Cus architectures
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(v (@)
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Fig.6 Typical Tauc’s plot of (0.1 mM) CTAB-stabilized CuS doped
with Zn: (a) 0.0, (b) 0.05, (c) 0.15 and (d) 0.30 mM

synthesized samples are estimated [36] by the following
Eq. (4):

(ahv)" = K(hv - E)) 4

The highest absorption curve is detected at Zn
(0.05 mM)-CusS (Fig. 5b) which has excellent optical prop-
erty, as a result of good agreement with Zn (0.05 mM)-Cus,
which is supported by XRD pattern (Fig. 1b).

3.5 BET measurements

The porous structure and specific surface area of the as-
synthesized CuS and Zn (0.05 mM)-Cu$S nanoflowers are
investigated using N, adsorption-desorption isotherm
and the consequent results are shown in Fig. 7a, b. The
hysteresis circles at a general weight of 0.3-1.1 shows that
the isotherms can be assigned sort IV, and the ordinary iso-
therm bend watched Zn-CuS exhibited the mesoporous
qualities of the anode [37]. The normal pore diameter
of Zn-CuS nanofower is — 3-71 nm and for (0.1 mM)
CTAB-CuS is - 3-76 nm. The surface area of the Zn-CuS is
18.23 m%/g and for (0.1 mM) CTAB-CusS is 8.32m?%/g.
However, at high relative pressure from 0.95 to 1.0,
the uptake is attributed to the pore spaces between the
nanoflowers. The porous structure and high surface area
provide low-resistance pathways and more electroactive
sites are beneficial for the Zn-CusS, which enhances charge
transport and power capability. Therefore, the Zn-Cu$S
sample utilized as electrode materials can expect better
electrochemical properties for supercapacitors.
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Fig.7 a N2 adsorption-desorption analysis of (0.1 mM) CTAB-sta-
bilized CuS nanostructures and inset represents the correspond-
ing pore-size distribution. b N2 adsorption—-desorption analysis of
(0.1 mM) CTAB-stabilized Zn (0.05 mM)-doped CuS nanostructures
and inset represents the corresponding pore

3.6 Electrochemical studies
3.6.1 Effect of scan rate

For electrochemical measurements, the as-prepared CuS
and Zn-CuS nanostructures were fabricated as incor-
porated electrodes and explored in the three-electrode
test in a voltage window between 0.0 to 0.5 V (vs. SCE)
with 2 M KOH as aqueous electrolyte solution. However,
Fig. 8a shows the CV curve of the CuS electrode [22] which
exhibits roughly rectangular shape with weak redox curves
with broad faradaic curve in the range of 0.12 to 0.41V
[38]. We assumed that the intimate bonding of CusS elec-
trode reduced the contact resistance among them; thus,
Faraday processes of the electrochemically active species
become easy [39]. Figure 8b shows the redox peaks pre-
sent in Zn-CusS electrode at all sweep rates which may sup-
ply fast transport and facile accessibility to active sites for
electrolyte species.
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With an increasing sweep rate, a pair of redox curves
was observed and better response relationship of the
specific current of redox peak and a typical pseudoca-
pacitance become visible in all the CV curves caused by
Faradaic reactions inside the electrode materials [40]. It is
notable that the Zn-CusS displays more positive cathodic
peak potential than the CuS electrode which suggests
their excellent intrinsic electrochemical ability and con-
ductivity of the Zn-CusS electrode. At high scan rate, the
CV curve has a larger area compared to the lower scan rate
and resulted the capacitance decrease during the redox
process [41]. Contrasted to CusS, the curve of Zn-CuS CV
shows more clear redox curves and larger region, which
implies better reversibility and higher capacitance in
light of the fact that the electroconductibility of Zn-Cu$S
is superior to that of CuS.

Notably the CV curves show non-rectangular shape, and
Zn-CusS electrode exhibits a pseudocapacitance behavior
due to Faradaic reactions which are liable for charge stor-
age. At high scan rate, broader redox curves are obtained
in Zn—CuS CV than the low scan rate. When compared with
the CTAB-CusS electrode, the CTAB-Zn-doped Cus elec-
trode exhibits a greater area of CV curves, indicating the
CTAB/Zn-CusS electrodes acquire higher C.. The smallest

variations in redox curve positions indicate low polariza-
tion effect which may feature the difference in electrode
polarization behaviors. This behavior is closely related to
the chemical composition and physical morphology of
the electrode material. This excellent C, may be ascribed
to the mesoporous structure of Zn-CusS. Porous structure
can be considered to get better consumption and the C,
of electroactive materials [42].

3.6.2 Chronopotentiometry test

The chronopotentiometric measurements were done to
quantify the C, of CuS and Zn-Cu$S materials. Figure 8¢,
d illustrates GCD curves of two electrodes at a current
density of 5 mA cm™' signifying the Faradaic reaction.
Obviously, the discharge curve can be separated into
two districts, a rapid potential fall caused by the internal
resistance of electrode materials and a time-consuming
potential decay owing to the Faradic redox reaction. The
C, of both CuS and Zn-CusS electrodes is determined
from the discharge curves according to the following
Eq. (5):[43, 44]
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The CTAB/CuS modified GCE delivers 328.26 Fg™' at
5 mA cm™2 and the CTAB/Zn-Cu$S modified GCE deliv-
ers 826.31 Fg~' at 5 mA cm™2 C; of the CTAB/Zn-CuS
is higher than that of CuS electrode material. The high-
est C, enhanced owing to two reasons: (1) Improved
electrical conductivity provides fast charge transfer in
Zn-CuS and (2) Porous structure of Zn-CuS nanostruc-
tures can considerably extend the consumption and the
C, of electroactive materials [45]. Comparison of specific
capacitance for synthesized CuS and Zn-CusS electrode
materials with other reported electrode materials are
tabulated in Table3.

3.6.3 EIS

Figure 9 displays the EIS results of the CuS and Zn-CuS
electrodes in the fitting circuit (see inset the equiva-
lent circuit of the supercapacitor in Fig. 9), R, is solu-
tion resistance and R is charge transfer resistance, Cy
is the double layer capacitance and Z,, is the Warburg
impedance.

Nyquist plot of CuS and Zn-CusS electrodes is shown
in Fig. 9a, b. In samples (a and b), at high-frequency
region a semicircle is obtained and goes to (R.) of the
electrode. This R, is mostly relay to the surface region
of the Zn-CusS, because of the Faradic process of CuS
and Zn-CusS. Both electrodes exhibit a linear portion in
the lower frequency region and semicircle in the high-
frequency region corresponding to Warburg impedance
(Z,,) [46]. Both the materials have ideal capacitor behav-
ior. Also the electrochemical impedance spectra ana-
lyzed by nyquist plot confirmed by capacitance behavior.
The current study diameter of the semicircle for CTAB/
CuS increases as compared with Zn-CusS. From this EIS
analysis, Zn-CusS electrode exposes suitable electrode
for SCs.

Table 3 Comparison of specific capacitance for synthesized CuS
and Zn-CuS electrode materials with other reported electrode
materials

Electrode materials Specific capacitance Reference

(Fg™
GNPs 312@20mVs™ Aval et al. (2018) [47]
PVA/KOH 922 @ 2 mA/cm? Fard et al. (2019) [48]
CNTs 410@20mVs™" Aval et al. (2018) [49]
CuS 328 @ 5 mA/cm? Present work
Zn—-CuS 826 @ 5 mA/cm? Present work
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Fig.9 (a) EIS spectra of the CTAB-CuS, (b) CTAB-Zn (0.05 mM)-
doped CusS electrode

4 Highlights

e Development of new useful Zn-CuS nanocomposites
electrode materials for supercapacitor will be the out-
come of this paper.

e Porous nature of Zn-CuS nanocomposites will play
major role can provide fast ion/ electron transfer
leads to improved reaction kinetics and high perfor-
mance compared to other hybrid composites. The
mesopores in these materials can supply numerous
catalytically active sites, facilitating the oxygen diffu-
sion and electrolyte throughout the electrode.

e Major drawback of supercapacitor is low energy den-
sity compared to batteries. To overcome this draw
back by changing suitable electrode material, this
may enhance the energy density and stability of the
supercapacitors in future.

o Therefore, it is extremely important to develop alter-
native metal sulfide electrode material with a combi-
nation of low cost, larger capacitance and excellent
electrochemical stability.

e Combining all the above results, it has been con-
cluded that the Zn-CuS nanocomposites used in the
present work proves to be a low cost and environ-
ment friendly in nature for its application as an elec-
trode materials in supercapacitors.



SN Applied Sciences (2020) 2:1023 | https://doi.org/10.1007/542452-020-2668-5

Research Article

5 Conclusion

In summary, a novel hierarchical Zn-CuS mesoporous
nanoflowers are synthesized by simple one-pot mild
hydrothermal approach. The crystal phase, purity and
grain size are estimated by XRD. The SEM, FESEM and TEM
images of Zn-CuS show that flower-like nanostructures are
built up by many interleaving slightly bending nanoflakes.
Profiting from the progressive and mesoporous structures
have demonstrated considerable upgrade in active sites
for redox responses. The growth mechanism is discussed
elaborately. The pore diameter of Zn-Cu$S nanoflower is
-3-71 nm.The BET surface area of the Zn-CuS sample is
18.23 m?%/g. Moreover, the Zn-Cu$S samples exhibit supe-
rior specific capacitance, and the Zn?" ion concentration
on CuS is optimized. The electrochemical behavior of the
mesoporous nanoflowers can be ascribed to the effect
of these factors viz., high surface area, the presence of
mesopores and the existence of nanoflakes in the flower.
The existence of CTAB behaves as shape promoting and
is also favorable for mesoporous structures. The Zn-Cu$S
sample exhibits high specific capacitance 826.31 Fg™' at
5 mA cm~2. The consequences of supercapacitors with the
Zn-CusS electrode propose that such effortless strategy
holds a promising electrode for superior supercapacitors.
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