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A novel zinc sulfide impregnated carbon composite
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The pyrolysis of metal—organic frameworks (MOFs) is an easy approach to prepare metal oxides as well as
nanoporous carbon with high specific surface area. In the present work, for the first time, ZIF-8 (zeolitic
imidazolate framework-8) has been pyrolyzed under different conditions to derive two products, i.e.,
highly porous carbon (C) and zinc sulfide (ZnS) infused carbon (ZnS@C). These two materials, i.e.,
nanoporous C and ZnS@C, have been investigated as a negative and a positive electrode, respectively,
for potential application in a hybrid asymmetrical solid-state supercapacitor device (HASD). The
controlled pyrolysis approach for the preparation of ZnS@C has yielded uniformly distributed ZnS
nanoparticles inside the carbon structure. A 1.8 V HASD has been assembled, which delivered an
excellent energy density of 38.3 W h kg™* (power density of 0.92 kW kg™ along with the greatly
desirable feature of cycling stability. The proposed selection of materials as electrodes is promising to
develop futuristic hybrid capacitors.

1. Introduction

The existing energy storage devices (ESDs) need technological
improvements to meet the future requirements of high energy
(ED) and power density (PD) delivery and long cycle life."?
Supercapacitors have shown potential to meet such require-
ments, e.g., in automobile and other power-demanding appli-
cations.® Among the symmetrical (SSC) and asymmetrical (ASC)
configurations, the former design does not necessarily deliver
sufficient ED because of the relatively narrow potential
windows. The latter configuration (ASC), with two electrodes of
different materials, offers some distinct charge storage prop-
erties, e.g., high ED and wide operating potential windows.* In
a hybrid configuration, one electrode works on the principle of
faradaic processes while the second might follow non-faradaic
behavior, i.e., electric double layer capacitance (EDLC).

Most of the ASCs are based on sulfide or oxide-based elec-
trodes and they function via a redox type charge storage
mechanism. However, some technological challenges need to
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be addressed, e.g., poor electrode stability due to the partially
irreversible redox reactions.>® At times, the limitation of low PD
is encountered because of the less conductive nature of the
oxide/sulfide based electrodes and the structural changes in the
electrode material during the charging/discharging steps. The
use of composites is a solution to obtain better conductivity.”*
For the preparation of an efficient composite electrode material,
a uniform distribution of the components is one of the most
desirable conditions.”*® For instance, the oxides or sulfides
should be well distributed within the porous structure of
a conductive additive (e.g., C).*** Such structural configurations
help in achieving better electrical charge transport and the
much required control of volume changes during the charging-
discharging processes.

Metal-organic frameworks (MOFs) have been explored in
a wide range of applications owing to their exceptional prop-
erties, such as large surface area, wide range of pore size
distribution, thermal stability, etc.*> However, in the context of
their energy storage applications, most MOFs possess limited
electrical conductivity and may undergo crystal deformation
during the redox reactions. The above issues limit the applica-
tions of MOFs in energy storage devices."*'* Nonetheless,
various suitable MOFs can be used as a sacrificial framework to
derive other functional materials like carbon, oxides, sulfides,
phosphides, and nitrides. Due to the hierarchical structure and
coordinate linkages between the metal center and organic
linker, the pyrolysis of MOFs facilitates an even distribution of
components within the composite structure.'>'® The metal part
can be transformed into metal oxide/sulfides/phosphides

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(faradaic nature) while the organic linker dissociates to get
converted into carbon. Therefore, the pyrolysis of MOFs can
yield useful composite materials for energy storage applica-
tions. Zhao et al. utilized the above strategy to convert a Co-MOF
into nano-architectured CoSe, microcubes, which showed
electrocatalytic behavior toward the hydrogen evolution (HER)
and oxygen evolution (OER) reactions."” Similarly, Cu-MOF and
Ni-MOF were used to derive Cuz;N-CuzP and Niz;N hetero-
structures, respectively for the HER application.'®" Li et al. have
worked on the utilization of MOFs for preparing carbon
composites (Co-N,/C).2° This homogeneous mixture of Co-N,
and C exhibited good electrocatalytic activity toward the OER.
Likewise, Fe-SBU (iron 2,5-dihydroxyterephthalic acid) was
incorporated into a ZIF-67 matrix and the resulting matrix (Fe-
SBU@Co-Matrix) was proposed for the OER application.”* A
MOF@COF (COF = covalent organic framework) was used to
derive a N doped carbon@COF structure that could exhibit
a high activity toward the oxygen reduction reaction (ORR).>
Young et al. have demonstrated the conversion of a bimetallic
MOF (NiCo-MOF-74) into a hybrid heterostructure (e.g., carbon,
metal, and metal oxide) which was further used in a super-
capacitor.” The above heterostructure material showed a high
capacitance of 715 F g ' at a discharge rate of 1 A g~'. The
presence of graphitic carbon with uniformly doped binary
mixed metals was responsible for the excellent output realized
in the above study.

Due to their high oxidation states and effective electronic
pathways, sulfides have attracted the attention of many
researchers in the field of ESDs in recent years. In particular,
zinc sulfide (ZnS) has emerged as an attractive candidate
because of the features of high conductivity, high stability, and
vast morphological properties.>® However, ZnS based super-
capacitors might encounter the problems of material aggrega-
tion during electrode preparation and volume expansion during
the charge-discharge cycles.”>*® As demonstrated in the present
study, a Zn-based MOF can be utilized as a sacrificial template
to derive the ZnS@C composite which not only addresses the
issue of material aggregation but also facilitates fast electronic
charge transfer due to the presence of carbon. Moreover, the
mesoporous nature of the precursor MOF microstructure
ensures that the ZnS nanoparticles forming during the pyrolysis
step confine well inside the carbon microstructure. Such
a composite material (ZnS@C) is likely to be a useful super-
capacitor electrode with both EDLC and pseudocapacitance
based charge storage mechanisms. Apart from this, ZIF-8 has
also been pyrolyzed completely into a nanoporous carbon (NPC)
material, which is used as a second supercapacitor electrode in
the asymmetric supercapacitor (ASC) configuration. We have
prepared the ZIF-8 precursor using relatively harmless chem-
icals (e.g., zinc acetate and 2-methylimidazole), demonstrating
the environment friendliness of the whole approach.””

The ASC device has yielded an outstanding ED of
38.3 W h kg™ with a high PD of 0.92 kW kg~". The novelty of
this work lies in the fact that the application of the ZnS infused
carbon composite, derived from a MOF, has not been reported
for supercapacitors to the best of our knowledge. Additionally,
the use of a single MOF as a template material for the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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preparation of both positive and negative electrode materials,
applicable in a hybrid ASC device, is seldom explored. We have
investigated the pyrolysis of the MOF at different temperatures
so as to obtain optimized pore size evolution in the carbon
structure. This becomes relevant as the present study also
shows the effects of the surface area and the presence of
different pore sizes on the electrochemical performance. A
number of important electrochemical performance parameters
have been identified to establish the best values of capacitance,
ED, PD, and charge-discharge stability. The proposed approach
of preparing a functional composite can also be extended to
other MOFs with different linkers and metal ions. This might
lead to realization of novel supercapacitor electrodes possessing
combined EDLC and redox features.

2. Results and discussion

The detailed synthesis of ZIF-8 and its conversion to carbon and
the composite is described in the ESI.f The X-ray diffraction
(XRD) pattern of ZIF-8 is provided in Fig. S1 of the ESL.{ Various
other optimization steps along with the experimental condi-
tions are also mentioned in the ESL{ The methods of electrode
preparation and electrochemical studies are given in ESI
Section $1.2.3.7 The different ZIF-8 derived carbon products are
denoted as ZFC-n (ZFC = zinc-free carbon, n = pyrolysis
temperature). Based on the optimization results, ZFC-800 is
found to possess a larger specific surface area than ZFC-700 and
ZFC-900. Since ZFC-800 has been used in all the other electro-
chemical investigations, it is denoted as ZFC for the sake of
clarity in the text. The zinc sulfide-loaded carbon (ZnS@C) is
denoted as ZLC. For the assembly of the hybrid asymmetric
supercapacitor (ASC) device, ZFC-n and ZLC have been chosen
as the negative and the positive electrodes, respectively. The
primary characterization and the electrochemical testing of ZFC
and ZLC are described in the subsequent subsections. The
detailed characterization of different ZFC-n products is
provided in the ESLf

2.1 Positive electrode

2.1.1 Materials characterization. First, ZIF-8 was pyrolyzed
in an argon environment (e.g., at 800 °C). This resulted in the
formation of a Zn containing carbon material, which was
further treated hydrothermally for different time durations
(details in the ESIt) to obtain the desired zinc loaded carbon
product (ZnS@C-n or ZLC-n, where n is the reaction tempera-
ture). The formation of ZnS@C from ZIF-8 was also studied with
respect to the reaction time, e.g., 6, 12, and 24 h. A reaction time
of less than 24 h did not yield the desired ZnS nanoparticles as
evidenced from the XRD (Fig. S2t) and FE-SEM (Fig. S37) data.
The XRD of the samples of ZnS@C prepared with 6 or 12 h of
reaction time contained weak intensity diffraction peaks of ZIF-
8, pointing toward an incomplete transformation of the
precursor into the desired product. The SEM images also indi-
cated the existence of polyhedron shaped ZIF-8 crystals with
size of around 1 pm. A reaction time of 12 h was able to deliver
a greater quantity of the ZnS product as recognized by the
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identifiable diffraction peaks in the XRD pattern but it still
contained impurity peaks as well. The SEM images also indi-
cated the presence of some partially broken ZIF-8 crystals. A
reaction time of 24 h ensured the formation of ZnS
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Fig. 1 XRD patterns of ZnS (reference) and ZLC products recovered
after 24 h of reaction treatment.
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nanoparticles as suggested by the SEM image in which the
nanosized particles can be seen without the presence of any
large size ZIF-8 crystals (Fig. S3f). The XRD study further
confirmed this as only the typical ZnS related diffraction peaks
were observed.

The XRD pattern of the ZnS@C (ZLC-800 or ZLC) indicates
that it is a ZnS infused carbon composite (Fig. 1). The charac-
teristic peaks of ZnS at 26 of 28°, 47.5°, and 56.2° are attributed
to the (111), (220), and (311) planes, respectively.”**® These
peaks verify the presence of ZnS in the cubic phase (spheru-
lite).*® The EDS analysis of the ZLC sample further confirms the
purity and the ratio of ZnS to C in the prepared sample
(Fig. S47). Based on the XRD and EDS studies, the formation of
impurity-free ZLC is confirmed.

X-ray photoelectron spectroscopy (XPS) of the ZLC was per-
formed to explore the surface composition. The survey scan is
shown in Fig. 2a. The spectrum reveals the C 1s, O 1s, S 2p, Zn
2p, and N 1s peaks at their appropriate positions. The Zn and S
peaks confirm the presence of the desired elements in the
sample. Since carbon is present as the largest fraction, the C 1s
peak is of highest intensity. Furthermore, the high-resolution
XPS (HRXPS) spectrum was recorded and the data of C 1s, Zn
2p, and S 2p peaks are given in Fig. 2b—d. The deconvolution of
the C 1s spectrum yields four peaks at binding energies
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Fig. 2 XPS characterization of ZLC. (a) Survey scan; (b—d) high-resolution spectra of C 1s, Zn 2p, and S 2p.
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assigned to different carbon bonds with other elements
(Fig. 2b). The HRXPS of Zn 2p and S 2p spectra are found to be
split into two peaks at their own specific binding energies
associated with the spin-orbit coupling of the p orbital. In these
spectra of Zn 2p and S 2p, the corresponding binding energies
of the peaks can be attributed to the bonding in ZnS. The actual
peak of Zn metal is observed at around 1021.7 eV for 2p;.;
however it shifts towards higher energies (e.g., 1022 eV) due to
sulfur.*® Similarly, the binding energy of 161.6 eV for S 2p;, is
also assigned to ZnS.** The HRXPS for O 1s and N 1s are
provided in Fig. S5.1 The resolved peaks of O 1s at 533.2 eV and
532.5 eV correspond to the C-O-H and C-O-C bonds.** The low-
intensity peak at 530.8 eV is ascribed to a small amount of
impurity (Zn-0).** A small fraction of ZnO might have formed as
some Zn reacted with oxygen during the hydrothermal reaction.
Nonetheless, this impurity is relatively very small and not
identifiable in the X-ray diffraction pattern. The resolved HRXPS
of N 1s shows two peaks at 399.5 eV and 398.1 eV, assigned to
the different bonding configurations of nitrogen with carbon
(Fig. S5b7).32 The presence of nitrogen in the carbon structure is
usually considered favorable for supercapacitor applications as
it contributes toward electrical conductivity.**

Fig. 3a—c present the SEM based morphological analysis of
ZLC. Carbon particles can be seen as large size spherical
structures, in which ZnS nanoparticles are almost

View Article Online
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homogeneously distributed. The appearance of the ZnS nano-
particles on the carbon surface can be linked with volume
expansion occurring during the conversion of zinc metal to ZnS.
Note that the morphology of the material can influence some of
the critical electrochemical aspects of the material, such as
electrical conductivity and diffusion of ions. A spherical
microstructure of carbon provides open spaces for the transfer
of electrolyte ions inside the pores of the active electrode
material. Furthermore, the nanosized ZnS particles allow
a highly exposed surface area to facilitate the surface faradaic
reactions. Thus, the synergy between the conductive pathways
of carbon and high surface area of infused ZnS nanoparticles
would guarantee high and stable electrochemical activity. As
another advantage, the porous carbon structure can withstand
volume changes induced during the ZnS nanoparticle catalyzed
faradaic reactions. Based on SEM studies, the average size of the
ZLC particles has been assessed to be around 1.5 pm. The TEM
and HRTEM analyses (Fig. 3d-f) also confirm the distribution of
ZnS nanoparticles in the carbon shell. The d spacing of the ZnS
nanoparticles can be distinguished, which further confirms the
crystalline nature of the ZnS nanoparticles (Fig. 3f). The defects
in the ZnS nanoparticles, as observed in the HRTEM image,
correspond to the screw and edge dislocations. Furthermore,
the elemental mapping of the ZLC has been performed to
determine the distribution of the elements (Fig. 3g-j). Zinc and

Fig. 3 Morphological analysis of ZLC. (a—c) FESEM images; (d and e) TEM images; (f) HRTEM image; (g—j) elemental mapping images.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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sulfur are distributed all over the carbon structure. It is to be
noted that the ZnS nanoparticles are not aggregated and appear
in relatively small lumps. Some bigger lumps are observed at
some locations where ZnS nanoparticles protrude from the
carbon structure.

2.1.2 Electrochemical characterization. After confirming
the successful formation of the ZLC possessing a favorable
morphology, we further investigated this material as a positive
electrode in a supercapacitor. The electrochemical studies have
been performed in a positive voltage range (0-1 V) in the pres-
ence of 1 M Na,SO, as an electrolyte. Cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS), and galvano-
static charge-discharge (GCD) have been performed to evaluate
the charge storage capability and cycling stability of the ZLC
electrode. The CV data at different scan rates in a potential
window of 0-1 V are shown in Fig. 4a. All the CV curves show
quasi-rectangular patterns which implies that the charge
storage takes place via both faradaic and non-faradaic
processes. The specific capacitance has been calculated using
eqn (S1) (ESIT) and is found to be 120.7 Fg~* (5 mV s ). Fig. 4b
shows the comparative CV data of a ZLC and a reference ZnS
electrode. Note that the area of the CV curves provides quali-
tative information about the specific capacitance of the system.
The area of the curve for the ZLC electrode is larger than that of
the reference ZnS electrode, suggesting a better specific capac-
itance of the former. Also, the bare ZnS electrode experiences
a steep increment in the current value at lower potential values,
which is indicative of an early decomposition of the electrolyte
ions.* This observation suggests that the bare ZnS electrode can
only support a lower working potential window range as

o
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compared to the ZLC electrode. The limitation of a lower
working potential range of the bare ZnS electrode is likely to
affect the overall working potential window of the assembled
device as well. Apart from this, the specific capacitance of the
bare ZnS electrode is much lower (65 F g ) than that of the ZLC
electrode (93.3 F g " at 10 mV s~ '). The higher specific capaci-
tance of the ZLC electrode is attributed to the well-dispersed
ZnS nanoparticles and the existence of the conductive path-
ways provided by the spherical-shaped nanoporous carbon.

The variation of the specific capacitance of ZLC as a function
of scan rate is shown in Fig. 4c. The ZLC electrode exhibits an
excellent capacitance of 120.7 F g~ * at a scan rate of 5 mV s~ "
that decreases to 29.6 F g~ ' with a 20-fold (100 mV s~ ') increase
in the scan rate. The decrease in the specific capacitance at large
scan rates can be associated with the hindered adsorption of the
electrolyte ions within the pores of the electrode material and
the incomplete surface reactions.**

GCD studies are useful to determine the practical super-
capacitor performance of the electrode materials as these
experiments allow accurate estimations of the specific capaci-
tance values (eqn (S2) of the ESIt). The GCD data for the ZLC
electrode within a potential window similar to that chosen in
the CV experiments at varying current densities (2, 3, 5, and
10 A g~ ") are shown in Fig. 4d. The ZLC electrode (as a positive
electrode) yields a specific capacitance of 127.8 Fg " at2 Ag™ ..
The specific capacitance decreases upon increasing the current
density, e.g., 36.3 F g~ at 10 A g~ . Like the observations made
during the CV studies at high scan rates, the GCD studies also
point to a decrease in the specific capacitance at high current
densities. Fig. 4e shows the comparative GCD data of the bare

|—5 mV/s 2.04—2LC
—10mvis "1 —zns-24 1204 ®
D 44—20mVis D 1.54 Ky
< }—50mvis < 100
=, |—100mvis =~ 1.0 0
22 > 3 n
s ol 2
& g S 8o
o 01 3 -
= 0 0.0 m
c € &
8.2 @ -0.54 o 607
3 3 1.0 e
1.0 e
4 (a) o (b) S 404 \(C)
-1.54 =3 L}
" n
b T T T T T T 2.0 20 T T T T T T
00 02 04 06 08 10 00 02 04 06 08 10 0 20 40 60 8 100
Potential (V) vs Ag/AgCI Potential (V) vs Ag/AgCI Scan Rate (mV/s)
10
1.0 —2Alg 1.0 ZLC lm-ZLC
- ——3Alg — Zns-24 91.e-2nS-24
(8] ——5Alg | = 8
> o
Do ——10 Alg 20.8- _r
=] < &7
< > 5 .
0.6 < 0.6- g
4 = £
— 2 < 57
b = 94_
5 041 £ 44 A
,s, (d) % Y 34
5 0.2- o 0.2 29 f' /
[-% 14
0.0l 0.0 0 —— r

0 20 40 60 80 100 0 5 10
Time (Sec)

15 20 25 30 35 40 45 4 5 6 7 8 9 10 11 12
Time (Sec)

Z' (Ohm cm?)

Fig. 4 Electrochemical studies of the ZLC (ZnS@C) and ZnS electrodes. (a) CV of the ZLC electrode at different scan rates; (b) comparative CV
curves of ZLC and ZnS at 5 mV s~ (c) variation of specific capacitance of ZLC with different scan rates; (d) GCD analysis of the ZLC electrode at
different current densities; (e) comparative GCD plots of ZLC and ZnS electrodes; (f) Nyquist plots for ZLC and ZnS electrodes.
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ZnS and ZLC electrodes. This study clearly indicates that the
ZLC electrode can deliver a better specific capacitance with
a larger discharge time than the bare ZnS electrode. A better
performance of the ZLC electrode is associated with more
effective transport of electrolyte ions. The presence of carbon
encapsulating the ZnS nanoparticles also contributed to a better
electrochemical performance. The ZnS nanoparticles remained
well confined within the mixed micro- and meso-porous phase
carbon shell, which aided in preventing agglomeration. In the
bare ZnS electrode, the agglomeration of the nanoparticles
(Fig. S37) affects the electrochemical output. Though some
agglomeration of ZnS nanoparticles can also be seen in ZLC it is
much less than in the bare ZnS. A highly porous carbon shell
also facilitates a large surface-to-volume ratio for the faradaic
reactions. The variation of specific capacitance of the ZLC
electrode at different current densities is shown in Fig. S8a.7

Electrochemical impedance spectroscopy (EIS) has been
performed on both the ZLC and bare ZnS electrodes. Nyquist
plots, depicting the relationship between the real and imaginary
parts of the impedance, are shown in Fig. 4f. The starting point
of the curve (corresponding to the ohmic nature of the system)
defines the effective series resistance (ESR), which is the sum of
resistances from the electrolyte, electrode material, and current
collector. The ZLC electrode shows a lower ESR value (4.29 Q)
than the bare ZnS electrode (6.23 Q). This improved property of
ZLC can be attributed to the confinement of ZnS nanoparticles
within the carbon shell. The absence of a significant semi-
circular shape in the Nyquist plot indicates that the system
possesses negligible charge transfer resistance. Beyond the
semicircular shape is the diffusion region, which can be used to
identify the nature of the charge storage mechanism, ie.,
diffusion processes. The above studies conclude that the pres-
ence of carbon has facilitated conductive pathways and as
a result the ZLC electrode displays both EDLC and pseudoca-
pacitance based charge storage. The pseudocapacitance mech-
anism is helpful in achieving a high specific capacitance, while
the involvement of EDLC processes would ensure cycling
stability. Thus, ZLC is a potentially attractive positive electrode
material for HASD applications.

2.1.3 Surface and diffusion charge distribution. The total
capacitance (Cy) of the material can be divided into two parts: (i)
surface charge storage (C,) via adsorption of charges and (ii)
diffusion of charges (Cq) (eqn (1)).

Cr=0C,+ (Cp (1)

The above two types of process are dependent on the scan
rate (v) as per the Cottrell equation (eqn (2)),
1
qoev2 (2)
where ¢ is the charge on the electrode. From eqn (2), the rela-
tionship between capacitance (C) and scan rate can be further
expressed as follows (eqn (3) and (4))
ki

C:$+CO (3)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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L (o i)+ g

where k; and k, are the constants, C, is the outer capacitance,
and Cr is the total capacitance. The values of C, and Cr can be
estimated by plotting the data of C and 1/C against 1//v and
\/v, respectively.

The CV data have been used to investigate the surface and
diffusion charge contributions as per the above defined equa-

tions. The variation of specific capacitance with — is plotted in
14

Vv

Fig. 5a. A linear relationship is observed at lower scan rates (v)
and these data points have been used to fit the curve. At higher
v, a non-linearity in the curve is observed because of the
increase in ohmic resistance. The fitting model is based on the
fact that the diffusion of charges in the material would decrease
with increasing v because under these conditions the ions do
not diffuse completely inside the bulk material. Therefore, at
relatively high », the surface charge contribution-based charge
storage mechanism dominates. The linearity of the fitted data
has been extrapolated to the zero point to simulate very high »
conditions. At this point, the contribution of the surface
capacitance was recorded to be 20 F g~ ". Similarly, the variation
of 1/Cy with /v is shown in Fig. 5b. The extrapolation of the
linear line toward the origin gives an estimation of the total
capacitance. Fig. 5c¢ depicts the contribution of the diffusion
charge based mechanism to the total capacitance of the mate-
rial. The extents of the surface and diffusion charge contribu-
tions towards the total capacitance have also been investigated.
It has been observed that at lower scan rates the diffusion of the
electrolyte is the dominating factor toward the total capaci-
tance. However, at high scan rates the surface charge contri-
bution becomes more prominent. For instance, the surface
charge contribution is only 15% at 5 mV s~ but it surpasses
50% at 100 mV s~ .

2.1.4 Advantages of using ZIF-8 as a template to obtain
ZLC. The electrochemical performance of a supercapacitor can
be identified on the basis of some important parameters. The
discharge curve generally encounters two types of voltage drop:
(i) one associated with the capacitance of the device and (ii) the
other associated with the ionic and electrical resistances of the
electrolyte and the material, respectively. A generalized relation
between the voltage drop and current can be written in the
following form:

dVIR drop o | (5)

where dVjz qrop is the voltage drop and I is the current.
Furthermore, the above equation can be expressed as a straight-
line equation involving a proportionality constant (R, the sum of
ionic and electrical resistance).

dVIRdrOp:RXI+C (6)

where c is also a constant.

Using eqn (6), the value of R can be assessed from the slope
of the straight line. Since the present study has also investigated
zinc-free carbon (ZFC) as a negative electrode for the assembly
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Fig. 5

(a—c) Study of surface and diffusion charge distributions in the ZLC electrode by investigating the variation of specific capacitance as

a function of scan rate. (a) Evaluation of the minimum surface charge contribution; (b) evaluation of the maximum capacitance that can be
attained; (c) variation of surface and diffusion charge distributions against scan rate. (d and e) Dependence of voltage (IR) drop on current
densities in different electrodes. (d) IR drop in ZLC; (e) IR drop in ZFC; (f) comparison of IR drops in the ZnS, ZLC, and ZFC electrodes.

of a hybrid asymmetric supercapacitor device (HASD), the
extent of voltage (IR) drop was also studied for ZFC, maintaining
identical experimental conditions, including the electrolyte.
The linear curves for ZLC and ZFC are fitted and shown in
Fig. 5d and e. A comparison of dVi ¢rop Observed in ZFC, ZLC,
and bare ZnS electrodes is summarized in Fig. 5f. The curve for
the ZLC electrode exhibits a larger slope (corresponding to 19
mQ) than that of the ZFC (16.7 mQ). The additional presence of
ZnS nanoparticles in ZLC could be attributed to its higher
charge transfer resistance than that of the ZFC. Furthermore,
the bare ZnS electrode shows the highest dViz grop values,
indicating a larger resistance in this material (74.7 mQ).
Apparently, ZnS nanoparticles, when mixed with carbon black,
could not form as efficient interface as we obtained in the ZLC
material. Therefore, despite adding carbon black, the electro-
chemical performance of the bare ZnS doesn't seem to match
that of the ZLC electrode. These results clearly highlight the
advantage of using the ZIF-8 MOF as a precursor material to
derive ZnS loaded carbon (ZLC). The conversion of ZIF-8 into
ZLC is characterized by a regular and effective infiltration of the
ZnS nanoparticles in the carbon shell. Due to the crystalline
nature of ZIF-8, we obtained an electrically conducting phase of
carbon, in which ZnS was infiltrated almost uniformly. The ZLC
composite has nanoscale interfacial contact between the ZnS
and carbon components. The ZnS nanoparticles, once intro-
duced into the carbon shell, are unlikely to encounter the issue
of aggregation and as a result they maintain robust surface-to-
volume contact with carbon. The results obtained in the
present study demonstrate the advantages of using a MOF as

6170 | Nanoscale Adv., 2021, 3, 6164-6175

a template to obtain effective composite materials whose
preparation otherwise is not as straightforward. We have also
measured the comparative current-voltage (IV) characteristics
(electrical resistance) of the ZLC and bare ZnS in powdered
sample form using an in-house fabricated device (schematic
shown in Fig. 6a). The ZLC material possesses much lower
electrical resistance than the bare ZnS (Fig. 6b).

2.2 Fabrication and electrochemical analysis of the HASD

After confirming the excellent electrochemical performance of
the positive (ZLC) and negative (ZFC) electrode materials, we
assembled a hybrid asymmetrical supercapacitor device
(HASD). It might be mentioned here that assembling
a symmetrical supercapacitor is easier than assembling a HASD
because in the former configuration both the electrodes are
identical, i.e., same material with equal weight. Nevertheless,
maintaining an equal mass of material on the positive and
negative electrodes may not always work in an optimal manner.
The same electrode might deliver different specific capacitances
in positive and negative potential ranges. This can result in
charge disbalance, causing a loss in the overall potential
window of the device. Therefore, it is of significance to maintain
a charge balance between the two electrodes. Note that it is of
even greater importance in a HASD as it utilizes different
materials on the positive and negative electrodes. To elaborate
on this factor, the potential window ranges of ZLC and ZFC are
shown in Fig. 7a. The exact weight loadings of the active
material to maintain the above charge balance conditions are
determined by the following eqn (7).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Electrochemical characterization of the assembled HASD (electrolyte: PVA—1 M NaySQ,). (a) CV curves of the ZLC and ZFC electrodes (3-
electrode study) highlighting the individual working potential windows of the positive and negative electrodes as well to establishing the overall
potential window of the device; (b) CV curves of the HASD in different potential windows at a scan rate of 50 mV s~%; (c) CV curves of the HASD at
different scan rates; (d) GCD curves of the HASD at different current densities; (e) cycling stability test of the HASD for 4000 charging—dis-
charging cycles at a current density of 20 A g~ * (the inset shows the GCD curves of the device after an interval of 100 charging—discharging

cycles); (f) Ragone plot.

myCyVy=m_C_V_ (7)

where m, and m_ denote the mass, C, and C_ refer to the
specific capacitance, and V. and V_ indicate the potential
window of the positive (+) and negative (—) electrodes. As esti-
mated, the ratio of ZLC and ZFC-800 was optimized to 1.1: 1
(1.1 mg ZLC and 1 mg ZFC). The above two electrodes were
assembled to realize a HASD employing PVA-1 M Na,SO, as
a gel electrolyte. The HASD was tested under various cell
potential windows (up to 2 V) at a fixed scan rate of 20 mV s~
(Fig. 7b). The CV characteristics of the device indicate the
emergence of semi-rectangular curves with an increase in

© 2021 The Author(s). Published by the Royal Society of Chemistry

potential window. This observation points toward the func-
tioning of the device via hybrid EDLC and faradaic type charge
storage processes. The edge of the CV curve becomes smaller
particularly for the 2 V range, suggesting a reduction in the
specific capacitance. Note that the extent of specific capacitance
is directly proportional to the area under the CV curve. There-
fore, the optimized potential window was established as 1.8 V.
This experimentally optimized potential window range is in
excellent agreement with the data shown in Fig. 7a revealing the
individual potential window ranges of the positive and negative
electrodes. The operation of the device at broader potential
windows caused the undesirable evolution of H, and O, gases as

Nanoscale Adv, 2021, 3, 6164-6175 | 6171
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evidenced by a rapid increase in the current values at the outer
edge of the CV curve for the 2 V window (Fig. 7b). The evolution
of the gas at the electrodes would result in a low coulombic
efficiency from the device (Fig. 7d).

After optimizing the working potential window, the device
was scanned at different scan rates (Fig. 7c). The CV curves are
not completely rectangular in shape at low scan rates, sug-
gesting charge storage via a combination of surface charge and
diffusion processes. However, the CV curves attain an almost
rectangular shape at high scan rates, indicating that the surface
charge is the main contributor toward the achieved capacitance.
The rectangular shape of the CV curves at high scan rates is also
associated with restricted access of the electrolyte ions to the
inner portion of the bulk material.

The GCD of the HASD was recorded at different current
densities (1, 2, 3, 5, and 10 A g ') in a working cell potential
window of 1.8 V (Fig. 7d). Similar to the conclusion reached with
the CV studies at high scan rates, the triangular GCD curves
observed at higher current densities indicate a pure capacitive
behavior. The discharge curves show some non-linearity at low
current densities, highlighting that the total capacitance is
a result of the mixed contribution of surface adsorption and
diffusion processes. The device also exhibits lower coulombic
efficiency at low scan rates/current densities as there is an
evolution of H, and O, gases due to the slow movement of
charges. The use of high scan rates or high current densities
leads to a shift in the gas evolution potential toward higher
values. This is elaborated in Fig. S11f with two representative
CV curves of the same electrode at low (5 mV s ') and high
(100 mV s~ ") scan rates.

The device delivered a maximum specific capacitance value
of 85 F g~ at a current density of 1 A g '. The capacitance
decreases to 21.6 F g~ ' upon increasing the current density ten
times, i.e., 10 A g~ '. The variation of specific capacitance with
scan rate and current density for the HASD is presented in
Fig. S12.1 The equations used to calculate the specific capaci-
tance of the device are given in the ESL

The cycling stability of the HASD is a crucial test to assess its
potential commercial viability. The device was tested for 4000
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continuous charging—discharging cycles at a high current
density of 20 A g~ (Fig. 7e). As the results show, the device
retains 92% of its initial capacitance even after 4000 cycles,
which demonstrates the device's utility for long-term use. To
determine the stability of the carbon structure, we performed
the FESEM analysis of the electrode before and after the cycling
tests (Fig. S131). No significant change is observed in the
morphology of the electrode, which supports a long-term suit-
ability of the system during multiple events of electrolyte
adsorption-desorption. The energy and power densities are also
two important criteria of any energy storage device. The HASD
delivers a high ED of 38.3 W h kg™ " at a PD of 0.92 kW kg *. The
variation of ED with increasing PD values is shown in the
Ragone plot (Fig. 7f). The ED and PC characteristics of the HASD
are attributed to the hybrid configuration, which uses one
electrode composed of metal sulfides (pseudocapacitance) and
the second made up of nanoporous carbon (EDLC). The mixed
meso-/micro-porosity of the electrode material allows charge
transfer with negligible resistance while the use of gel electro-
lyte also facilitates the fast kinetics of electrolyte ion diffusion.

The EIS characteristics of the device have also been investi-
gated. The Nyquist plot (Fig. 8a) contains two significant regions,
i.e., high-frequency and low-frequency regions. The equivalent
circuit is also shown in Fig. 8a. The values of ESR and R were
estimated to be 2.6 Q and 1.47 Q, respectively. A vertical rise in
the impedance value is observed in the high-frequency region,
indicating a capacitive behavior. The intermediate region
between the high and low frequency regions, having an imped-
ance angle of 45° between the real and imaginary parts, is
associated with Warburg resistance. The realization of the War-
burg element is a result of the frequency-dependent movement
of the electrolyte ions within the pores of the electrodes.

The relaxation time is a fundamental characteristic of
a supercapacitor, representing its response time as a function of
changing current direction. The shorter the relaxation time, the
faster the response of the supercapacitor to the high-frequency
AC. The relaxation time can be evaluated by plotting the power
dissipation factor as a function of frequency.*® For the HASD,
the plot of normalized power against the change in angular
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Fig. 8 EIS analysis of the HASD. (a) Nyquist plot (the zoomed in region shows the semicircular shape) and equivalent circuit; (b) relaxation time as

calculated from normalized power versus angular frequency.
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Fig.9 Flexibility test of the device. (a) CV curves at different bending angles; photographs of (b) the ZLC electrode and (c) ZLC electrode loaded
with PVA gel electrolyte; (d) photograph of the assembled HASD; (e) photograph showing the stretchability of the PVA gel electrolyte; (f—j)

bending of the HASD at 30°, 45°, 60°, 90°, and 180° angles.

frequency is shown in Fig. 8b. More details on this topic and the
equations used to calculate the normalized real and imaginary
power are provided in the ESIL.T The intersection of the real and
imaginary normalized power is the point of relaxation angular
frequency (w). The relaxation time (1/w) was calculated to be 420
milliseconds, which is small enough to outline the fast chem-
ical kinetics behavior.

A comparison of the electrochemical performance of the
herein presented HASD with that of previously reported super-
capacitors is given in Table S21 and represented in a Ragone
plot (Fig. 7f).*”** As shown in Fig. 9, the HASD, containing
a solid-state electrolyte, is fairly flexible as well. The vital char-
acteristics (e.g., specific capacitance) of the HASD do not show
any noticeable change even when it is operated at different
bending angles, e.g., 30-180° (Fig. 9a).

3. Conclusion

The present study has elaborated the use of a single MOF (ZIF-8)
precursor to prepare ZnS nanoparticle loaded carbon (ZLC) and
zinc-free porous carbon (ZFC) materials which are then utilized
as a positive and a negative electrode, respectively, for the
assembly of a high-performance HASD. The pyrolysis of ZIF-8 is
optimized at different temperatures in an inert atmosphere to
identify the best conditions for the preparation of electrode
materials with respect to the critical features of large specific
surface area, pore size distribution, and high conductivity. The
optimized ZFC material, when used as the negative electrode,

© 2021 The Author(s). Published by the Royal Society of Chemistry

operates in a potential window of 0.1 to —0.8 V and delivers
a high specific capacitance of 145.7 F g ' (current density of
2 A g "). The ZLC material is characterized by uniformly
distributed ZnS nanoparticles inside the porous carbon shell.
The ZLC material has proven to be a useful positive electrode
material, operatable in a potential window of 0-1 V, while
exhibiting a high specific capacitance of 127.8 F g~ " at a current
density of 2 A g~*. Using the ZLC and ZFC electrodes, a hybrid
asymmetric supercapacitor device (HASD) is successfully
assembled which could operate within a wide potential window
of 1.8 V. The use of PVA-1 M Na,SO, as a gel electrolyte has
allowed the fabrication of a flexible device. This device exhibited
an excellent ED at a high power density and more than 90% of
its initial capacitance could be retained even after 4000
charging/discharging cycles.

The use of ZIF-8 as a precursor and the experimental strategy
adopted for the preparation of ZFC have yielded a composite
which contains well-distributed ZnS nanoparticles within the
porous and conducting carbon shell. The approach can also be
extended to other MOFs with different linkers and metal ions to
obtain novel composites for energy storage applications.
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