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Electrochemically triggered rational design of
bismuth copper sulfide for wearable all-sulfide
semi-solid-state supercapacitor with a wide
operational potential window (1.8 V) and
ultra-long lifet

Edugulla Girija Shankar, Bhimanaboina Ramulu,
Jae Su Yu 2 *

Manchi Nagaraju and

There has been a growing need for supercapacitors (SCs) as a promising energy storage device with high
energy and power densities. For this reason, electrodes with a wide operational potential window (OPW)
and high capacity are desirable for energy storage. Previously, carbon-based electrodes were mostly used
as a negative electrode in SCs, but their low capacity and narrow OPW hindered the performance of the
SCs. Hence, a novel binder-free faradaic type bismuth copper sulfide (BCS) electrode has been synthesized
in 600 s at room temperature via a simple and swift electrodeposition (ED) method. The effect of the Bi and
Cu molar concentrations in the growth solution (Bi,Cuz_,Sz) on its crystal structure and surface morphology
is investigated during the ED process to further understand the synergistic benefits of Bi and Cu ions for
enhanced electrochemical performance. The optimized BCS electrode exhibits excellent electrochemical
properties with a wide OPW of 1.2 V and a specific capacity of 290 mA h g=. Additionally, nickel sulfide (NS)
as a faradaic type positive electrode is synthesized via the ED. The BCS and NS electrodes are employed as
negative and positive electrodes, respectively, to fabricate a novel gel electrolyte-based wearable all-sulfide
semi-solid-state SC (ASSSC). The ASSSC device maintains ~100% capacitance retention across the 40 000
charge—discharge cycles. Furthermore, two serially connected ASSSC devices are attached to the human
fingers to power the electronic gadgets using various finger movements.

to batteries, limiting their real-life application as an efficient
energy storage device.”> The energy density (E) can be calcu-

Demand for economical, highly efficient, flexible, lightweight,
and wearable energy storage devices is increasing in day-to-
day life. Supercapacitors (SCs) have attracted much attention
due to their advantages such as rapid charge-discharge rates,
low cost, eco-friendliness feature, safe operation, and long
life." For modern wearable electronics, carbon cloth (CC) is
being extensively used as a current collector for flexible SCs
because of its high electrical conductivity, flexibility, and
mechanical toughness.> However, despite their merits, the
SCs suffer from incompetent energy density when compared
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lated using E = 0.5 x CV?, where C and V represent the capaci-
tance and operational potential window (OPW), respectively.
Considering the following, the SCs comprised of electrodes
with a wide OPW and high capacitance can enhance the
energy density. This evolved into the concept of asymmetric
SCs (ASCs) consisting of different electrodes with high elec-
troactive sites, wide OPW, and fast ion-electron transfer kine-
tics. So far, various metal oxide and chalcogen-based positive
electrode materials for SCs have been reported with satisfac-
tory results.* Graphene-based materials as well as typical car-
bonaceous materials such as activated carbon and biomass-
derived carbon have been reported.” However, a limited
specific capacitance (Cs) and OPW fails to enhance the energy
density of the ASC, impeding its commercialization.
Therefore, a negative electrode with a wide OPW and high C;
is extremely desirable to assemble an ASC with enhanced
energy density.
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In this respect, electrode materials with a multielectron
transfer can offer a promising way to enhance the capacitance
in an aqueous alkaline medium.®’” Bismuth (Bi)-based elec-
trode materials show multiple reversible redox reactions in an
aqueous alkaline medium, unveiling a distinct “quasi-conver-
sion reaction” mechanism (Bi,O; < Bi°).® According to pre-
vious studies, Bi,O; exhibits a very high specific capacity (Cis)
of 345.11 mA h g '. Recently, copper-based materials have
been employed as a negative electrode due to their unique
property and high theoretical capacity in an alkaline medium
with a wide OPW below 0 V (vs. H/H").>'® Furthermore, the
addition of sulfur (S) to the crystal structure of a bimetallic
structure is anticipated to boost the electrochemical properties
due to the lower electronegativity and higher electrical conduc-
tivity (S = 5 x 107>®* S m™") of S when compared to O.'"'
Inspired by the following, in this work, novel bismuth copper
sulfide (BCS) was synthesized and employed as a negative elec-
trode in the SC device.

Recently, nickel sulfide (NS) electrode materials have been
intensively studied for use as a positive electrode in an SC
device. The Heazlewoodite structure of NS consists of four Ni-
Ni bonds, and the following bonds are shorter compared to
the Ni-Ni bond in the Ni metal, further leading to the demon-
stration of enhanced electrochemical properties and electrical
conductivity when compared to the other Ni-based com-
pounds.’® The NS has been used as a positive electrode in the
SC device. Generally, metal chalcogenide (Bi,S3, Ni,yS;, CoS,,
and so on) electrode materials have been synthesized using
complicated hydrothermal and solvothermal methods."
However, the following synthesis method involves long syn-
thesis time, high temperature, low mass loading, and no
growth control. In this respect, the electrodeposition (ED)
method has emerged as a promising and simple binder-free
synthesis technique to synthesize metal chalcogenides under
room temperature conditions. The advantages of the ED
method, such as single-step synthesis, growth control, short
duration, and room temperature synthesis, make it a potential
technique for bulk synthesis.’> In addition, binder-free meth-
odology further enhances the electron transport and electroac-
tive sites.

Encouraged by the following, the present work demon-
strated the synthesis and fabrication of the novel BCS/CC and
NS/CC as negative and positive electrodes, respectively via a
simple ED method to produce wearable all-sulfide semi-solid-
state SC (ASSSC). The effect of the Bi: Cu molar concentration
ratio in the Bi,Cu;_,S; growth solution on the crystal structure,
the surface morphology, and electrochemical properties was
investigated. An interconnected three-dimensional (3D)
network of nanosheet arrays was obtained for Bi;Cu,S; (x = 1),
further benefiting the electrolyte interaction with the electroac-
tive site. Moreover, uniformly distributed arrays of nano-
particle morphology were obtained for NS, and their electro-
chemical properties were studied. Furthermore, a novel ASSSC
device was fabricated by employing optimized BCS and NS
electrodes as negative and positive electrodes, respectively,
using a poly(vinyl alcohol) (PVA)-KOH gel-based semi-solid-
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state electrolyte. The structural and mechanical well-integrated
free-standing electrode materials on CC (the ASSSC device)
demonstrated an ultra-long life with an excellent cycling stabi-
lity performance. Also, a wearable ASSSC device attached to
human fingers was employed as a power source to power a
digital display and an electric motor under various finger
movements, demonstrating a real-life practical application.
The following results suggest the potential application of the
ASSSC device for next-generation advanced energy storage
applications.

2. Experimental section

2.1. Preparation of a Bi,Cu;_,S;/CC negative electrode and a
NS positive electrode

Initially, an efficient amount of the CC substrate (2 x 1
pieces) was functionalized with oxygen by treating it with con-
centrated HNO; at 70 °C for 6 h and it was further cleaned
with deionized water (DIW) and ethanol to remove impuri-
ties, followed by drying at 70 °C for 6 h. The following
enhances the hydrophilicity of the CC substrate, which
anchors the uniform growth of the electrode material by
enhancing nucleation sites and the surface activity of the CC
substrate, which results in an improved electrode—electrolyte
interaction by facilitating rapid absorption and desorption,
helping to boost the electrochemical properties. The CC
exposing the 1 x 1 cm? area was attached to the poly(ethylene
terephthalate) (PET) sheet to prevent the backside coating. To
synthesize the BiCu,S; on the CC, bismuth(w) nitrate penta-
hydrate (1 mmol), copper nitrate trihydrate (2 mmol), sodium
sulfate anhydrous (3 mmol), and lithium chloride (8 mmol)
were dissolved in 40 ml of DIW and the pH of the growth
solution was adjusted to ~3 using concentrated hydrochloric
acid. In addition, the growth solution was bubbled with nitro-
gen gas to remove the dissolved oxygen. A conventional three-
electrode setup was used for the ED, where CC, Ag/AgCl, and
platinum (Pt) wire served as the working, reference, and
counter electrodes, respectively. The BiCu,S; nanosheet
arrays on the CC were grown at a constant voltage of —1 V for
600 s using a chronoamperometry method. The fabricated
electrode was flushed with DIW and ethanol to remove the
unreacted elements and dried at 70 °C for 6 h. The following
electrode was denoted as BCS-x (x = 1, where ‘x’ denotes the
mmol concentration of Bi in the growth solution). To further
analyze the effect of the Bi: Cu molar concentration ratio in
the growth solution on the crystal structure and electro-
chemical properties, additional two electrodes were syn-
thesized by varying the ‘x’ value to 0.5 and 2 under the same
conditions. The electrodes obtained were denoted as BCS-0.5
and BCS-2. An almost similar electrode material mass was
acquired by all three electrodes (~3 mg cm™?). Furthermore, a
similar ED technique was employed to prepare the NS elec-
trode as a positive electrode by changing the growth solution.
For the growth solution, 2 mmol nickel sulfate hexahydrate,
3 mmol sodium sulfate anhydrous, and 8 mmol lithium
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chloride were dissolved in 40 ml of DIW and the ED para-
meters and conditions were kept similar to those of the nega-
tive electrode. The obtained electrode was denoted as NS.

2.2. Electrochemical properties

Cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD), and electrochemical impedance spectroscopy (EIS) (fre-
quency range from 100 kHz to 0.01 Hz) measurements were
performed individually for all the as-prepared electrodes to
study the electrochemical properties in a three-electrode
system. Here, Pt wire, Ag/AgCl, and the as-prepared electrodes
served as counter, reference, and working electrodes, respect-
ively. Fig. 1 shows a schematic illustration for the synthesis of
the BCS-1 and NS electrodes.

2.3. Assembly of wearable ASSSC device

Prior to assembly, the PVA-KOH gel-based semi-solid-state
electrolyte was prepared as reported in a previous report.’® A
wearable ASSSC device based on two electrodes was
assembled as shown in Fig. 1, with the BCS-1 and NS as the
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negative and positive electrodes, respectively. Whatman 42
filter paper (used as the separator) was soaked in a semi-
solid-state electrolyte and then sandwiched between the nega-
tive and positive electrodes. After the solid-state electrolyte
was semi-solidified, parafilm tape was employed to seal the
assembly. The shape adaptability of the semi-solid-state elec-
trolyte fits well with the wearable ASSSC device, thus avoiding
the leakage problem of using liquid electrolytes and dis-
solution/pealing out during electrochemical analysis. To
maximize the electrochemical performance of the ASSSC
device, a well-known charge balance equation was employed
to obtain the optimized mass ratios of the negative and posi-
tive electrodes:"’

my  Cpe
m- Cpy

(1)

where C,, cnm- and m specify the capacity and mass, respect-
ively, for the negative (—) and positive (+) electrodes as
achieved in the three-electrode setup. The formulae used for
Cis, Cs, E, and power density are shown in the ESL{

ASSSC device

Positive electrode
S - _ s

-

Fig. 1 A schematic representation displaying the simple synthesis of BCS-x and NS on a flexible CC current collector and assembly of the ASSSC

device.
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3. Results and discussion

The present work was designed to fabricate an entirely electro-
chemically triggered all-sulfide SC as a facile and low-cost
advanced wearable energy storage device. The overall Cy of the
ASSSC device is wholly dependent on the individual Cg of the
negative and positive electrodes, according to the following
relationship:*®

1

1
C G

1
= +C_n (2)
where Cy, Cp,, and C,, indicate the total C; of the ASSSC device,
and the individual Cy of BCS-1 and NS electrodes, respectively.
Here, the faradaic type BCS-1 electrode was employed as a
negative electrode with the aim to broaden the OPW and
increase the Cg of the ASSSC device, whereas the NS electrode
was employed as a positive electrode to enhance the faradaic
properties of the ASSSC device. Furthermore, the as-prepared
electrodes were used for characterization and electrochemical
performances.

To study the surface morphology of the as-prepared BCS-x
and NS electrodes, field-emission scanning electron micro-
scope (FE-SEM) analysis was employed as shown in Fig. 2. The
effect on the surface morphology with different molar concen-
tration ratios of Bi:Cu in growth solution was studied using
the FE-SEM images. The surface morphology of BCS-0.5 is
shown in Fig. 2(a) (i and ii). The FE-SEM images revealed the
mixed morphology of nanosheets infused with coagulated
nanoparticle arrays. The FE-SEM images of the BCS-1 showed
the uniform growth of the densely packed vertically aligned
nanosheet arrays on CC, as shown in Fig. 2(b) (i and ii). This
result suggests that the woven CC fiber acted as an excellent
scaffold for uniform growth of the nanosheet arrays with
strong adhesion of electrode material and CC, making it a
robust electrode, which may further support the long stability
of the electrochemical cycles. The high magnification image
showed that the average thickness of the nanosheets is
~35 nm and they are interconnected with each other, creating
a 3D porous structure. This may benefit the accessibility of the
electroactive sites for the electrolyte during the electrochemical
process. The FE-SEM images (Fig. 2(c) (i and ii)) of BCS-2
revealed an increase in the thickness and non-uniformity of
the sheets upon increasing the Bi molar concentration in the
growth solution. The FE-SEM images verified that the BiCu,S;
was the optimized growth solution to obtain the uniform and
strongly adhered nanosheet arrays with CC fiber. Next, the uni-
formly distributed nanoparticles with an uneven size are adhe-
sively supported on CC fiber as shown by the FE-SEM images
of NS in Fig. 2(d) (i and ii). The interconnected nanoparticles
further act as a bridge for electronic transmission, which sig-
nificantly benefits the charge transfer process. Furthermore,
the strongly adhered integrated EM-CC fiber can provide
enhanced conductivity and short reaction path during the
redox reaction of the EC process. Additionally, energy-disper-
sive X-ray spectroscopy (EDS) was performed to determine the
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elemental presence and distribution in BCS-1 and NS. Fig. 2(e
and g) show the presence of Bi, Cu and S in the BCS-1 elec-
trode and Ni and S in the NS electrode. Furthermore, elemen-
tal analysis suggests the uniform distribution of the detected
elements in both BCS-1 and NS electrodes, as shown in
Fig. 2(f) (i-iv) and (h) (i, ii). In addition, transmission electron
microscope (TEM) and high-resolution (HR)-TEM were
employed to study the internal structure of the BCS-x samples,
as shown in Fig. S1 of the ESL{ The obtained results were in
good agreement with those of the FE-SEM results. From
Fig. S1(a and b) of the ESL} the BCS-0.5 sample confirmed the
presence of both clusters of nanoparticles and nanosheets in
an infused form. For the BCS-1 sample, the presence of inter-
connected nanosheets with decent transparency suggests a
thin 2D morphology, as shown in Fig. S1(d and e) of the ESLf
From Fig. S1(g and h) of the ESI,T a decrease in the sheet
length with a low transparency was observed in the BCS-2
sample, suggesting an increase in the sheet thickness.
Moreover, the HR-TEM analysis was performed for all the BCS-
x samples together with the selected area electron diffraction
(SAED) pattern. From the HR-TEM results (Fig. S1(c, f and i) of
the ESIY), all the BCS-x samples demonstrated that the lattice
fringes were aligned in various orientations with the SAED
pattern containing the bright rings, which indicated the poly-
crystalline nature. The insets of the HR-TEM images showed
the corresponding SAED pattern of each BCS-x sample.

The X-ray diffraction (XRD) technique was employed to
investigate the crystal structure and phase of all the negative
electrodes with different molar concentration ratios of Bi: Cu
in growth solution (BCS-x), together with the positive (NS) elec-
trode, as shown in Fig. 3(a and b). From the results, the BCS-1
and BCS-2 materials exhibited similar diffraction patterns with
the characteristic diffraction peaks of orthorhombic BiCusS,.
The diffraction peaks at 27.19°, 29.02°, 30.98°, 33.26°, 37.98°,
39.72°, 47.70°, 48.83°, 50.17°, 51.19°, 62.19°, and 64.56° are
indexed as (111), (031), (220), (131), (060), (160), (170), (251),
(251), (340), (162), and (100), respectively according to the
JCPDS card no. 00-002-0516 (Fig. 3(a)). Furthermore, lattice
parameters (a, ¢), full width at half maximum (FWHM),
volume (V), and crystallite size (D) of the BCS-1 and BCS-2 were
calculated using the diffraction peak at 37.98° to investigate
the effect of the molar concentration ratio of Bi: Cu in growth
solution on the crystal structure using the well-known
relationship:*°

a=A/\/3sin6@; c=1/sin 0; D = ki/Buu cos 0; V = 0.85(a’c)
(3)

The comparative values are shown in Table 1. A comparative
variation of all the values was observed among the BCS-1 and
BCS-2. This result implied that a change in the molar concen-
tration ratio of Bi:Cu in the growth solution affected the
crystal structure. However, for BCS-0.5, the characteristic diffr-
action peaks of BiCuS, were not matched. It is evident that a
minimum of 1 mmol and 2 mmol of Bi and Cu, respectively,
should be present in the growth solution to form the BiCusS,
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Fig. 2 FE-SEM images of the (a) BCS-0.5, (b) BCS-1, (c) BCS-2, and (d) NS materials at different magnifications. (e) and (g) EDS spectra and (f) (i)—(iv)
and (h) (i), (ii) elemental mapping images of the BCS-1 and NS materials, respectively.

phase. Additionally, the NS exhibited the peaks at 29.10°,
31.06°, 33.37°, 40.50°, and 47.83°, which is matched with the
rhombohedral NS and indexed as (101), (222), (300), (211), and
(131), respectively, according to the JCPDS card no. 00-002-
1443. Furthermore, the lattice parameters (a, ¢), FWHM, V, and
D were calculated using a peak at 31.06° for NS and this is
shown in Table 1. Fig. 3(b) shows the crystal structure retrieved
from the vista software, where each Cu'* atom is connected to
four S>~ atoms, forming CuS, tetrahedra corners connected
with eight equivalent BiSs; square pyramids and corners con-
nected with four equivalent CuS, tetrahedra.

The X-ray photoelectron spectroscopy (XPS) analysis was
performed to investigate the surface elemental composition of
the BCS-1 and NS electrodes. The full survey scan spectrum of
the BCS-1 is shown in Fig. 3(c), confirming the presence of Bi,
Cu, and S elements. The high-resolution (HR)-XPS spectrum of
the Bi 4f is shown in Fig. 3(d). The spectrum consists of dual
contributions due to the presence of various valences. The

3274 | Inorg. Chem. Front., 2024, 11, 3270-3284

results suggest the presence of the trivalent and pentavalent Bi
in BCS-1. The peaks at 158.75 and 164.52 eV correspond to
Bi*" and the peaks at 159.25 and 164.04 eV are related to
Bi**.?° The HR-XPS spectrum of Cu 2p is illustrated in
Fig. 3(e). The strong peak at 934.01 eV corresponds to Cu 2p;/,,
whereas the peaks at 953.99 and 932.33 eV correspond to the
Cu 2py/, which confirms the presence of metallic copper in
two different states (+1, +2) and successively verifies the suc-
cessful reduction of copper nitrate trihydrate by the applied
voltage during the ED process.”' Furthermore, ~20 eV differ-
ence was observed between the peaks of Cu 2p;,, and Cu 2ps,,
which shows the presence of Cu®* in the BCS-1 electrode.””
Two strong satellite peaks (denoted as sat.) were observed at
962.34 and 943.57 eV, which is attributed to the paramagnetic
chemical state of Cu®>".?* In addition, the typical characteristic
peak of copper oxide was observed at 940.4 eV, indicating the
uniform oxidation of the copper crystals upon exposure to the
atmosphere.>® The HR-XPS spectrum of S 2p (Fig. 3(f)) shows

This journal is © the Partner Organisations 2024
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(a) XRD patterns of all the prepared electrodes and (b) schematic illustration of the crystal structure of BCS-1. (c) XPS survey scan spectrum

of the BCS-1 material and HR-XPS spectra of (d) Bi 4f, (e) Cu 2p, and (f) S 2p. (g) XPS survey scan spectrum of the NS material and HR-XPS spectra of

(h) Ni 2p and (i) S 2p.

Table 1 Comparison of the lattice parameters, FWHM, d spacing, and
crystallite size of the prepared electrode materials

Sample name a(A) c¢(A) FWHM (degree) V(A*) D (nm)
BCS-1 2.73 4.73 0.41 0.272 21.27
BCS-2 2.72 4.72 0.45 0.271 19.41
NS 3.32 5.75 0.73 0.267 11.76

two strong peaks at 158.46 and 163.8 eV which correspond to
the SO, ions and the Bi-S-Cu, respectively. The presence of
the Bi-S-Cu peak confirms the bonding of the S with both the
Cu’ and Bi" sites. Moreover, the FWHM value of the Bi-S-Cu

This journal is © the Partner Organisations 2024

peak was observed to be greater than that of the SO,>~ ions,
which may benefit the electrochemical properties due to the
synergistic effect.>’ Next, the XPS was also performed for the
NS electrode to study the elemental composition and oxi-
dation. The survey scan spectrum confirmed the presence of
the Ni and S elements as shown in Fig. 3(g). The HR-XPS spec-
trum of Ni 2p is shown in Fig. 3(h), and the peaks at 855.62
and 873.12 eV correspond to Ni 2p;, and 2p,,,, respectively,
together with the satellite peaks at 877.61 and 860.65 €V,
which suggested the presence of the Ni species as Ni** and
Ni**. In addition, two peaks at 870.71 and 853.35 eV were
observed, corresponding to zero valent metallic Ni.>***> The
HR-XPS spectrum of the S 2p of the NS electrode was similar

Inorg. Chem. Front., 2024, 1, 3270-3284 | 3275
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to that of the BCS-1 electrode, as shown in Fig. 3(i). The two
strong peaks at 159.20 and 164.3 €V correspond to the SO,>~
ions and Ni-S, respectively. The Ni-S peak confirmed the
bonding of the S with the Ni* sites. Furthermore, the greater
FWHM value of the Ni-S peak compared to the SO,>~ ion peak
may further benefit the electrochemical properties due to the
synergistic effect.”!

To further determine the elemental ratio of the as-prepared
BCS-1 and NS samples, inductively coupled plasma (ICP) spec-
troscopy was performed. It is worth noting that the detection
of the sulfur content in the sample was not possible using the
ICP technique because sulfur has a high ionization potential,
reducing the sensitivity and further intense polyatomic inter-
ferences affect all the isotopes of sulfur. In this respect, the
atomic ratio percentages of Bi and Cu were found to be 19.7%
and 80.2%, respectively, for the BCS-1 sample, and the Ni
content in the NS sample was also determined, as shown in
Fig. S2(a and b) in the ESL.¥ The ICP spectroscopy confirmed
the presence of the Bi and Cu contents in the BCS-1 sample,
whereas the Ni content in the NS sample also agreed well with
the EDS and XPS results.

The electrochemical properties of all the as-prepared BCS-x
were evaluated as discussed in the Experimental section.
Initially, comparative CV analysis was performed with a fixed
scan rate of 10 mV s~' and the OPW of 0 to —1.2 V in the
three-electrode cell is illustrated in Fig. 4(a). From these
results, it was seen that the BCS-x electrodes demonstrated a
similar redox CV nature. It was evident that the redox peaks
were predominantly generated by the reaction of BiCuS,
(BiCuS, + OH™ = BiCuS,0H + H,0 + e7), indicating the domi-
nant faradaic type charge storage behavior.>® However, a
change in the integral area of the CV curves was observed in
the BCS-x samples, verifying the effect of the molar concen-
tration ratio of Bi: Cu in the growth solution. Among the BCS-
x electrodes, the BCS-1 electrode demonstrated the superior
area under the CV curve, which implied that there was a better
capacity comparatively. Furthermore, a comparative GCD test
was performed at a constant current density of 2 A g~* to study
the charge-discharge behavior, as shown in Fig. 4(b). The
asymmetric and non-linear GCD curves were demonstrated by
all the BCS-x electrodes, which indicated the faradaic type of
energy storage behavior occurring from the redox reactions at
the electrode—electrolyte interface. The GCD curves demon-
strated two distinguishable plateaus showing the two redox
transitions of the electrons. These results exactly coincided
with the obtained CV results. The BCS-1 electrode exhibited
the superior discharge time among the BCS-x electrodes.
Considering the integral area under discharge time, the Ci
values were calculated as 38, 290, and 57 mA h g_1 for the
BCS-0.5, BCS-1, and BCS-2 electrodes, respectively, and these
are shown as a bar graph in Fig. 4(c). Next, the CV test was per-
formed for all the prepared BCS-x electrodes with a constant
OPW (-1.2 to 0 V) at various scan rates ranging from 5 to
100 mV s, as shown in Fig. 4(d), and Fig. S2(c and d) in the
ESLT A gradual increase in the current peak, together with no
considerable variation in the curves of respective voltammo-
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grams, was observed for all the prepared electrodes. This
means that there is low equivalent series resistance and out-
standing rate performance for all of the BCS-x electrodes.””-*®
A considerable shift in the redox peaks was observed towards
the higher sites of the anodic and cathodic sides with an
increase in the scan rate, probably due to the concentration
polarization during the electrochemical activity.”> The GCD
assessment was performed at various current densities
ranging from 2 to 15 A g~ for all the BCS-x electrodes as
shown in Fig. 4(e), and Fig. S2(e and f) in the ESL All the elec-
trodes retained the GCD curves shape at high current den-
sities, indicating excellent rate capability. Furthermore, the Cig
values for individual current densities were calculated from
the discharge times of the GCD curves for all the BCS-x electro-
des, and the comparative graph was plotted as shown in
Fig. 4(f). Because of the integrity of the suitable nanosheet
arrays, the BCS-1 electrode offered the highest C at all the
individual current densities among the BCS-x electrodes. The
impressive Cys of the BCS-1 is probably due to the synergistic
effects of strong adhesion, interconnected nanosheet arrays,
and optimal Bi/Cu molar concentration. Additionally, the TEM
results demonstrated that the nanosheets with satisfactory
transparency suggest that there is a thin 2D morphology. Low-
dimensional nanostructures are an important candidate for
surface/interface related applications such as SCs due to their
interesting properties such as a high surface-to-volume ratio,
low radius of curvature, high electron kinetics, and better
thermal and chemical stabilities. According to a previous
report, nanosheet-like surface morphology had a larger
specific surface area (SSA) when compared to the nanorods-
and particle-like structures.'> In this respect, the thin
nanosheet arrays of the BCS-1 provided enhanced accessible
reaction sites and electrolyte diffusion, favoring the surface
reactions, which lead to rapid ion/electron kinetics. The rela-
tively low C; of the BCS-0.5 and BCS-2 can be explained by the
respective FE-SEM and TEM images. The nanosheets infused
with coagulated nanoparticle arrays of BCS-0.5 and increased
thickness with shortening of length and non-uniformity of
sheets of the BCS-2 hinder the electron transport, leading to
the limitation of electron transfer.

By virtue of the electrochemical analysis, an increase in the
current density leads to insufficient time for full utilization of
the electroactive site by the electrolyte, and a gradual decrease
in the C, was observed for all the electrodes at high current
densities. From the electrochemical results, an excellent Ci
with a wide OPW (0 to —1.2 V) enabled the potential appli-
cation of the BCS-1 electrode as a negative electrode for high-
performance SC. To further investigate the total resistance
offered by the electrochemical system for individual electrodes,
EIS analysis was performed on individual electrodes.
Comparative Nyquist plots of the BCS-x electrodes are shown
in Fig. 4(g). All the electrodes demonstrated a straight line in
the lower frequency region, which is related to the resistance
offered by the diffusion limiting process (Warburg impe-
dance). The EIS results were consistent with the obtained CV
and GCD results. Among the BCS-x electrodes, the BCS-1 elec-
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Fig. 4 Comparisons of (a) CV curves, (b) GCD curves, and (c) Cy values at 2 A g™* of all the prepared BCS-x electrodes. (d) CV curves at different
scan rates and (e) GCD curves at different current densities of the BCS-1 electrode. Comparisons of (f) Cis values vs. current densities and (g) EIS
plots of the BCS-x electrodes. (h) Relationship between the peak current density and scan rate to determine the b value and (i) total charge storage
contribution at individual scan rates for the BCS-1. (j) Prolonged cycling stability test result and (k) EIS plots before and after the cycling measure-
ment. The inset of (j) shows the FE-SEM images before and after the cycling test.

trode demonstrated a straight line inclined towards the y-axis. electrode and electrolyte, which is beneficial for enhancing the
This implied that there was high electron transfer, ion electrochemical properties. From the CV results, the BCS-1
diffusion, and electrical conductivity at the interface of the electrode demonstrated redox peaks at all the scan rates,
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which shows the excellent electrochemical reversibility and
rapid charge transfer of the electrode. However, all the nano-
structure-based electrodes store charge by both surface-con-
trolled capacitive and diffusion-controlled processes. To
further investigate the dominant energy storage by the BCS-1
electrode, a modified power law equation was employed:*’

log i = log a + blog v (4)

where i represents the current response and a and b are adjus-
table parameters. The b value is equal to the slope obtained
from eqn (4). Typically, b ~ 0.5 and 1 represent the dominant
diffusion-controlled and surface-controlled capacitive pro-
cesses-based energy storage by the electrode, respectively.*
The b value for the BCS-1 electrode was calculated using the
cathodic CV peaks from 5 to 100 mV s, and the value
obtained was 0.54 which shows the dominant diffusion-con-
trolled process-based charge storage behavior, as shown in
Fig. 4(h). To further quantify the surface-controlled capacitive
and diffusion-controlled charge storages by the BCS-1 elec-
trode at individual scan rates, eqn (5) was used:

# — k2 4 ky (5)
Here, k; and k, are the adjustable parameters. The relative
current contribution ratio by the BCS-1 electrode at individual
scan rates was estimated, and the bar graph obtained is shown
in Fig. 4(i). The results coincide with the b value, indicating
the dominance of the diffusion-based charge storage at all of
the scan rates. For the commercialization of the electrode,
cycling stability plays a crucial role. Continuous 10 000 GCD
cycles were performed at a current density of 6 A g~ for the
BCS-1 electrode, as shown in Fig. 4(j). From the results, the
BCS-1 electrode demonstrated excellent cycling stability with
~100% capacity retention and ~90% coulombic efficiency over
10 000 GCD cycles. In order to study the morphological stabi-
lity of the electrode, the FE-SEM images were observed for the
BCS-1 electrode before and after the cycling test, as shown in
the inset of Fig. 4(j). After the cycling, the electrode retained
almost the original morphology of the nanosheet arrays,
suggesting that there was good morphological stability and
strong adhesion of the electrode material with the CC, which
exactly coincides with the cycling results. Furthermore, the EIS
analysis of the electrode was performed before and after the
cycling test, which demonstrated that the Nyquist plots were
almost identical with a marginal shift of the straight line
towards the y-axis in the lower frequency region after the
cycling as shown in Fig. 4(k). This suggests that there was
improved conductivity over the cycling period. The excellent
cycling stability can be attributed to the interconnected verti-
cally aligned nanosheet arrays and the strong material
adhesion to the current collector, which benefits the fast elec-
trolyte ion/electron transportation. Furthermore, the electro-
chemical performance of the BCS-1 electrode was compared
with previous literature as summarized in Table 2.
Furthermore, a comparison of the XRD and Raman spec-
troscopy analyses for the BCS-1 electrode was performed
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Table 2 Comparison of the electrochemical performances of the
BCS-1 electrode with those found in previous reports

Potential  Specific Cycling

window capacity No. of  stability
Sample name (V) (mAhg™) cycles (%) Ref.
CuS@MnS 1.1 89.77 3000 95.9 34
CuS 1.1 45.73 3000 80 34
BGNS-1 0.65 237 100 75 26
Bi,S3/FGS 0.9 262 5000 75 35
Co-S-80 0.6 147 1000 86.5 36
MoS,/Mn;0, 0.5 50 2000 76 37
CoNi,S, 0.55 247 10 000 82 38
BCS-1 1.2 290 10000 100 Present

work

before and after cycling. From Fig. S2(g) in the ESLT the
Raman spectrum of the BCS-1 electrode before cycling demon-
strated prominent peaks at 1364 and 1584 cm™"' which origi-
nated from the substrate (CC), and in addition, two peaks were
observed at 610 and 306 cm™" corresponding to the metal-
sulfur bond stretching.*' Similarly, the Raman spectrum of the
BCS-1 electrode after cycling exhibited peaks at the same posi-
tions as those before cycling without considerable peak shift,
but with a prominent decrease in the peak intensity which
may be due to the continuous charge-discharge cycles.
Additionally, the a comparative XRD analysis was performed
for the BCS-1 electrode sample before and after cycling, as
shown in Fig. S2(h) in the ESL.{ Both samples demonstrated a
similar XRD pattern without any significant peak shift, but
there was a slight decrease in the FWHM value for the sample
after cycling, which may be due to the continuous 10 000 GCD
cycles. The results obtained suggest the excellent cycling stabi-
lity of the prepared BCS-1 electrode in the long-term test.
Motivated by the excellent electrochemical performance of
the BCS-1 electrode, the ASSSC device was fabricated using the
electrode as a negative electrode, and a Ni element-based NS
electrode was employed as a positive electrode. Prior to the
device fabrication, the electrochemical properties of the NS
electrode were determined. The CV curves were measured at
various scan rates ranging from 5 to 10 mV s~ with an OPW of
0 to 0.65 V as shown in Fig. 5(a). A significant increase in the
current peak was observed with the increasing the scan rate,
implying that there was an excellent rate capability. However,
the shift of both anodic and cathodic peaks was observed
upon the increase in scan rate, which typically corresponds to
the concentration polarization at the interface of the electrode
and electrolyte.”® The GCD analysis was performed with a
sequence of OPWs between 0 to 0.6 V at various current den-
sities (2-15 A g'), and non-linear triangular symmetric GCD
curves were observed at all the current densities, as shown in
Fig. 5(b). This implies that the NS electrode has faradaic type
of capacitive behavior. In Fig. 5(c), the C,s value with respect to
current density was calculated from the GCD analysis, demon-
strating the maximum C. value of 1778 mA h g”' at 2 A g™".
Fig. 5(d) shows the EIS plot of the NS electrode. A linear
straight line at a lower frequency was observed, indicating
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(a) CV curves at different scan rates, (b) GCD curves at different current densities, (c) Cis values vs. current densities, and (d) EIS plots for the

NS electrode. (e) Relationship between the peak current density and scan rate to determine the b value and (f) total charge storage contribution at
individual scan rates for the NS electrode. (g) Prolonged cycling stability test and (h) EIS plots before and after the cycling test for the NS electrode.
The inset of (g) shows the FE-SEM images of the NS electrode before and after the cycling test.

high ion diffusion, electron transfer, and electrical conduc-
tivity of the electrode, which improved the electrochemical pro-
perties. Fig. 5(e) shows the relationship between the peak
current density and scan rate to determine the b value. To evi-
dence the faradaic type of the charge storage mechanism of
the NS electrode, the b value was calculated using eqn (4) from
the cathodic peaks, and the value obtained was 0.56.
Furthermore, the ratio of diffusion-controlled and surface-con-
trolled charge storages was calculated using eqn (5) and these
are shown in the bar graph of individual scan rates (Fig. 5(f)).
From the results, a superior diffusion-controlled charge
storage mechanism was observed at all the scan rates,
suggesting that the dominant faradaic type charge storage was

This journal is © the Partner Organisations 2024

by the NS electrode. Furthermore, the long-term cycling stabi-
lity of the NS electrode was also determined, as shown in
Fig. 5(g). As expected from the beneficial nanoparticle array
morphology, the NS electrode demonstrated outstanding
cycling stability with ~100% capacity retention and ~100%
coulombic efficiency over 10000 GCD cycles. Consecutively,
the morphological stability of the electrode was determined
using the FE-SEM images of the sample before and after
cycling, as shown in the inset of Fig. 5(g). After the cycling, the
NS electrode retained almost the initial morphology of the
nanoparticle arrays, which indicates excellent morphological
stability and strong adhesion of the electrode material, which
exactly overlapped with the cycling results. In addition, the EIS
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Fig. 6 (a) A schematic illustration of the as-assembled ASSSC device. (b) Merged CV plots of the NS and BCS-1 electrodes measured in a three-elec-
trode system, (c) CV curves at different scan rates with the optimized OPW, (d) GCD curves at different potentials for optimization, and (¢) GCD
curves at different current densities with the optimized OPW for the ASSSC device. (f) C; values vs. various current densities, (g) Ragone plot, (h) EIS
plots before and after the cycling test, and (i) cycling stability performance for the ASSSC device.
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analysis of the NS electrode was performed before and after
the cycling test, and identical Nyquist plots with a minimal
shift of the straight line towards the y-axis in the lower fre-
quency were observed after the cycling, as shown in Fig. 5(h),
suggesting that there was enhanced conductivity over the
cycling and supporting the cycling stability.

Fig. 6(a) shows the schematic representation of the electro-
lyte ion diffusion over the electrodes making up the ASSSC
device during electrochemical analysis. The electrochemical
properties of the ASSSC device were evaluated. To check the
OPW of the fabricated ASSSC device, the CV curves of BCS-1
(-1.2 to 0 V) and NS (0 to 0.65 V) electrodes in a three-elec-
trode system at a scan rate of 10 mV s were plotted together,
as shown in Fig. 6(b). This result suggests 0 to 1.8 V as an
optimum OPW for the ASSSC device. Furthermore, the charge
storage performance of the ASSSC device was initially investi-
gated using CV analysis performed at various scan rates
ranging from 5 to 100 mV s~ with a fixed OPW (0 to 1.8 V) as
shown in Fig. 6(c). The CV curves obtained at all the scan rates
were composed of redox current peaks, indicating the faradaic
type charge storage behavior of the ASSSC device, and a
gradual increase in current response and no change in the
shape of CV curve was observed upon increasing the scan rate,
showing that the good rate performance resulted from ben-
eficial ion/electron transport kinetics in the constituents of the
electrodes of the ASSSC device. In addition, the GCD analysis
was employed to investigate the charge-discharge performance
of the ASSSC device. Previously, an optimum OPW was deter-
mined by performing the GCD analysis at various OPWs (1 to
1.8 V) with a fixed current density of 6 A g~ (Fig. 6(d)). This
result indicated that the optimum OPW of 0 to 1.8 V exactly
coincided with the CV result. Furthermore, the GCD analysis
was also recorded for the ASSSC device at various current den-
sities (2 to 15 A g') at the optimized OPW as shown in
Fig. 6(e). The non-linear GCD curves indicate the faradaic type
charge storage behavior by the ASSSC device, which is coinci-
dent with the CV result. Considering the discharge time, the
Cs value was calculated at an individual current density as
shown in Fig. 6(f). The ASSSC device delivered the maximum
Cs value of 91 F g~ " at 2 A g~ " and retained 69% of the initial
C, value even at a high current density of 15 A g~*, which indi-
cates the good rate performance of the ASSSC device. From the
electrochemical results, the energy and power density values
were calculated for the ASSSC device, as illustrated in the
Ragone plot (Fig. 6(g)). The ASSSC device successfully demon-
strated the maximum power and energy density values of
13500 W kg™! and 41 W h kg™, respectively, which results
from the synergetic effect of the constituents of the electrode
of the ASSSC device. For practical applications, long-term
cycling stability plays a crucial role. To verify this, a continuous
40 000 GCD cycling test was performed for the ASSSC device at
a current density of 6 A g~". Typically, the SCs exhibit a dip in
the capacity value during the initial GCD cycles due to the for-
mation of substances containing OH™ causing changes in the
morphological structures.®® However, the ASSSC device
demonstrated a negligible dip during the initial GCD cycles,
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which shows the excellent morphological stability of the con-
stituent electrodes and the overall maintenance of the ~100%
capacitance retention and ~90% coulombic efficiency across
the 40 000 GCD cycles, as shown in Fig. 6(i). Moreover, the EIS
analysis was performed using the ASSSC device before and
after the cycling test, which implied there was no distinct
degradation (Fig. 6(h)). However, the straight line in the lower
frequency shifted slightly towards the y-axis, indicating the
excellent conductivity over the cycling. In addition, a compara-
tive cycling stability test was performed at a low current
density (2 A g7') and a high current density (6 A g™*) for the
ASSSC device by performing 20000 continuous GCD cycles.
The ASSSC device demonstrated almost overlapping cycling
stability performance with a capacitance retention of ~100% at
both low and high current densities over 20 000 GCD cycles,
showing the good long-term cycling stability of the ASSSC
device at both low and high current densities, as shown in
Fig. S3 of the ESL Finally, the electrochemical performance of
the ASSSC device was compared with previously published
reports, as summarized in Table 3.

With the developments in advanced portable electronics,
flexible SCs are becoming more desirable in energy storage
systems, which are anticipated to operate under a mechani-
cally contorted state. Next, to determine the flexibility effect on
the electrochemical properties, the CV measurements were
performed for the ASSSC device under various mechanically
contorted states (ideal, twisting, bending, and finger move-
ment modes). The obtained CV curves were almost identical to
each other, validating the mechanical stability of the ASSSC
device without sacrificing any capacitive performance. To
further verify the performance and practical application under
a contorted state, serially connected two ASSSC devices were
attached to human fingers and further employed to power the
liquid crystal display (LCD), and the electrical fan with various
finger movements (single finger movement and double finger
movement) and these were compared with the ideal state. As
expected from an excellent electrochemical performance by
the ASSSC device, serially connected devices successfully
powered the LCD and electrical fan under all the finger move-
ments without any power loss, as shown in Fig. 7. The results

Table 3 Comparison of the electrochemical performances of the
ASSSC device with those in previous reports

Potential Cycling
window  ED No. of  stability
Device name \%) (Whkg™) cycles (%) Ref.
BMP-2//AC 1.8 31.9 6000 86.5 39
CuS@CD-GOH 1.4 28 5000 90 40
Bi,0,@MnO,/ 1.2 28 2000 72 41
Bi,O;@MnO,
TCBOC/TCBOC 1.2 15.2 5000 85 42
(Fe(m)/BiOCI)/ 1 17 5000 72 43
(Fe(mr)/BiOCl)
BM//AC 1.2 14.4 5000 90 44
H-CuS//AC 1.6 15.97 20000 89 9
ASSSC 1.8 41 40000 100 Present
work
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Fig. 7 CV analysis of the ASSSC device under various contorted conditions. Real-time practical application of two serially connected ASSSC devices
attached to human fingers, demonstrating their wearability and powering of an LCD and an electrical fan with single finger movement and double

finger movement in comparison with the ideal state.

indicate the excellent flexibility and mechanical stability of the
ASSSC device, suggesting the potential application of a wide
OPW ASSSC device with high power and energy densities for
flexible energy storage systems.

4. Conclusions

The present study demonstrated the synthesis of flexible BCS
via the ED method for use as a negative electrode. The effect of
the molar concentration ratio of Bi and Cu in the growth solu-
tion on the crystal structure and surface morphology was also
investigated as Bi,Cuz_,S;. The optimum surface morphology
of the nanosheet arrays was obtained with “x = 1” in the
growth solution of Bi,Cuz_,S;. The BCS-1 electrode revealed
excellent electrochemical properties with a Cys value of 290 mA

3282 | Inorg. Chem. Front,, 2024, 11, 3270-3284

h ¢7'. The BCS-1 electrode material with a vertically aligned
interconnected 3D network of nanosheet arrays provided con-
tinuous channels for rapid electron/ion transfer and firm
adhesion with CC, eventually exhibiting an excellent cycling
stability of ~100% capacity retention across 10 000 GCD cycles
to the initial cycle. Furthermore, a novel all-sulfide gel electro-
lyte-based ASSSC device was fabricated using the BCS-1 and NS
as the negative and positive electrodes, respectively. The ASSSC
device delivered the maximum power and energy density
values of 13500 W kg™' and 41 W h kg™, respectively and
overall maintained ~100% capacity retention across the 40 000
GCD cycles. To validate the application of the ASSSC device
under contorted conditions, two serially connected ASSSC
devices were attached to human fingers and further employed
to power the LCD and electrical fan with various finger move-
ments. As a result, the ASSSC device successfully powered

This journal is © the Partner Organisations 2024
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them without any power loss, verifying the application of the
ASSSC device as a wearable energy storage device. The proto-
type of the ASSSC device is cost-effective, scalable, and simple,
showing the synthesis of novel all-sulfide flexible electrodes
for advanced flexible, portable, and wearable electronic
applications.
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