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L-Glutamic acid/ZnS (L-GA/ZnS) composites were prepared by varying the amount of ZnS addition ranging

from 1–5 wt% bymeans of an easy solvent casting approach. Themorphological investigation, antimicrobial

activity, photocatalytic enactment, and electrochemical properties of the composites were evaluated. The

formation of L-GA/ZnS composites was confirmed by FTIR, UV-Vis, and photoluminescence (PL)

spectroscopy. Besides, FTIR, UV-Visible, and PL data revealed the possible incorporation of ZnS into L-

GA. The L-GA/ZnS composites demonstrated similar plate-like structure of L-GA with agglomerated ZnS

morphology on the plate surface with diameter in the range of 50–500 nm, confirmed by FESEM/EDS

measurements. The prepared composites showed excellent photocatalytic depiction towards methylene

blue (MB) degradation in comparison to L-GA and ZnS. A set of supercapacitor devices were fabricated

using L-GA/ZnS composites. The performance of the supercapacitor was assessed by GCD and exhibited

good energy storage capacity. The prepared composites showed promising prospects for hybrid

supercapacitor application. These outcomes may offer new insight into the fabrication of L-GA/ZnS

composites as photocatalysts for organic contaminants treatment.
1 Introduction

The world is experiencing growing demand for energy and
unavailability of freshwater due to fast industrialization, subur-
banization, mismanagement and population growth.1,2 The
quality of drinking water is lowered because of the existence of
poisonous organic pollutants, which also have an impact on the
health of humans and the aquatic environment. In order to
mitigate the effects of this issue, a number of different
approaches have been implemented, like removing organic dyes
from wastewater.3–5 Photocatalysis is one of the various ways, and
it is considered one of themost promising technologies due to the
fact that it is simple, inexpensive, and has a relatively high level of
effectiveness.3–6 In this direction, a variety of metal suldes have
been employed as photocatalysts, including cadmium-sulde
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(CdS), copper-sulde (CuS), and zinc-sulde (ZnS).7 Among
them, ZnS is a very promising II–VI semiconductor that makes
electron–hole pairs quickly. Besides, ZnS is a better photocatalyst
than other conventional materials because of its wide band gap.8,9

Due to its considerable negativity in the conduction band and
high projected effectiveness for the production of photocarriers,
ZnS has become a promising material for next-generation solar
cells, batteries and a superior photocatalyst.10–12 Regarding the
synthesis of composites, a simple solvent casting method makes
it easy to interact with ZnS and a solid amino acids with inter-
esting properties.12 In particular, the carboxyl and amino groups
present in amino acids make them excellent candidates for the
synthesis of composite materials with metal sulde, such as zinc
sulde (ZnS).13 This method of synthesis is extremely effective for
accumulating dopant compounds such as ZnS on amino acids
such as L-glutamic acid (L-GA) in order to improve their photo-
luminescence (PL), antimicrobial, photocatalytic properties, and
supercapacitors.14 As such, the addition of ZnS to a host material
like L-GA to form composites may have better luminescence
properties, photocatalytic and supercapacitor performance than
L-GA. As a result of the ZnS on the L-GA, it may possible to prevent
electron–hole recombination, which makes the composites an
effective photo-catalyst.15

To date, only very few studies can be found on the use of
amino acid-based ZnS materials for the identication of
RSC Adv., 2023, 13, 24343–24352 | 24343
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biological samples 16,18 but until today, no report has been
found on dye-containing waste-water treatment as well as super-
capacitor applications. Further, to the best of our knowledge,
there are no detailed reports about the production of L-GA/ZnS
composites through an easy solvent casting technique and their
use in photocatalytic dye degradation, especially for dealing
with wastewater for purication and antimicrobial capabilities
against Escherichia coli-like bacteria, and supercapacitor appli-
cations. The photodegradation of the model pollutant methy-
lene blue (MB) in the presence of sunlight has been discussed in
this study. This research work concentrates on the fabrication
of L-GA/ZnS solid composites and evaluating their usefulness
towards the mineralization of MB with sunlight from waste-
water and their antimicrobial activities against bacteria such as
E. coli as well as supercapacitor applications.

2 Experimental section
2.1 Materials

Merck supplied L-GA (Mw = 148.14), zinc chloride (ZnCl2),
sodium thiosulfate (Na2S2O3), and methylene blue (MB). More
than 99.5% pure acetone ((CH3)2CO) was provided by Sigma-
Aldrich. As received chemicals were in analytical grades and
used without further purication.

2.2 Synthesis of L-GA/ZnS composites

L-GA/ZnS composites were fabricated utilizing a facile solvent
casting method.16 In a similar fashion, ZnS composites were
Fig. 1 Schematic illustration and reaction scheme for the synthesis of L

24344 | RSC Adv., 2023, 13, 24343–24352
synthesized without the inclusion of L-GA. The typical proce-
dure involves dissolving a known amount of L-GA (0.5 g) in
25 mL of double-distilled water and then heating the mixtures
at 60 °C through continuous stirring for 1 hour until they
become completely soluble. Aer that, 0.01 M (10 mL) of ZnCl2
solution was added to the previously prepared L-GA solution.
The mixture was then stirred for 2 hours at 60 °C. Aer stirring
the mixture (L-GA and ZnCl2) for one hour at 60 °C, 0.01 M (10
mL) of Na2S2O3 solution was added to the L-GA-capped ZnCl2
mixture. Then, for an additional two hours, the reactionmixture
was stirred. Finally, the composites were obtained through
casting, which involves pouring the solution into a glass plate.
The schematic formation of L-GA/ZnS composites is shown in
Fig. 1.

The homogeneous composites were obtained aer drying at
room temperature for at least 48 hours, free from air bubbles,
with uniformly dispersed ZnS particles. Three different batches
were synthesized in an identical way by only varying the
composition of ZnS ranging from 1 to 5 wt% (Table 1).

2.3 Characterization

The FTIRmeasurements of L-GA and L-GA/ZnS composites were
obtained ranging from 400 and 4000 cm−1 by using the
Shimadzu-FTIR prestige-21 spectrometers with the KBr pellet
technique. The UV-Vis spectra as well as the absorbance of dye
in solution were carried out using a Shimadzu UV-1800 spec-
trometer ranging from 200–800 nm. From the UV-Vis data, the
band gap was calculated using the formula E = hc/l, where E is
-GA/ZnS composites.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Synthesis identifier, composition of the ZnS used in synthesis
process and types of products are listed in the table below

Synthesis identier Amount of ZnS (wt%) Types of products

L-GA/ZnS-1 1 Composites
L-GA/ZnS-2 3 Composites
L-GA/ZnS-3 5 Composites
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the energy across the band gap, c is the speed of light, h is the
Planck constant and l is the wavelength at which absorption is
maximized.17 The luminescence properties were evaluated by PL
spectroscopy at room temperature using on Shimadzu RF-
3501pc spectrouorometer.

2.4 Photocatalytic experiments

Perceiving the photo-degradation of the MB dye under constant
sunlight irradiation was used to evaluate the photocatalytic
potential of the produced L-GA/ZnS composites. All the photo-
catalytic tests were conducted under identical conditions, with
consistent levels of sunlight exposure. The L-GA, ZnS, and
synthesized composites photocatalysts (20 mg) were taken in
100 mL of MB solution (C0 = 2 mg L−1). The mixture was stirred
in a dark for 30 minutes to achieve an adsorption–desorption
balance. It was then exposed to direct sunlight while being
constantly stirred. Aer a set period of time, the mixture was
centrifuged, and the absorbance of the MB solution was
measured at 654 nm using a UV-Vis spectrophotometer. The
photo-degradation efficiency was found using the following
equation:

Degradation efficiency ð%Þ ¼
�
C0 � Ct

C0

�
� 100% (1)

where, C0 and Ct are the concentration of MB (mg L−1) at initial
and at time t, respectively.17

2.6 Construction of the supercapacitor device

An asymmetric hybrid supercapacitor was constructed using the
copper sheet as the current collector and microporous
Fig. 2 Experimental setup of fabricated supercapacitor.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Whatman paper as a separator between two electrodes, anode
and cathode. The complete system was squeezed between two
current collectors which worked as terminals in the charging
and discharging process.18 As a current collector, cheap and
commercially available aluminum foil was employed. Activated
charcoal served as the anode, L-GA/ZnS composites were
utilized as the cathode material, and a 0.5 M sodium sulfate
aqueous solution was employed as the electrolyte. The L-GA/ZnS
composites were blended with ammonium peroxidisulphate
(APS) and cobalt oxide to prepare 30 cm2 size rectangular sha-
ped positive electrode, and activated charcoal was used as the
negative electrode. The electrode thickness was about 0.2 mm.
Then, the electrode was dried properly and the separator was
immersed into the electrolytic solution and appropriately
placed between the anode and cathode (Fig. 2). A series of four
identical cells were constructed and connected in a series. The
developed device was charged with a DC load bank (voltage of 5
V) and connected with a 5 mm LED bulb to discharge (forward
current of 20 mA, voltage of 2 V, and power 0.04 W). The
performance of the developed supercapacitor was assessed by
the galvanostatic charge–discharge method (GCD) in terms of
capacitance, energy density, and power density. Specic
capacitance (F g−1), energy density (W h kg−1), and power
density (W kg−1) were calculated by the following eqn (2)–(4),
respectively.18

Specific capacitance, C = It/mDV (2)

where, C indicates capacitance (F g−1), I symbolizes current, t
refers to the time of discharge (s), DV is the voltage difference,
andm denotes the weight. As the GCD curve is found nonlinear,
energy density is calculated following eqn (3).

Energy density; EE ¼ 1

M

ðt
0

IVdt (3)

where, E designates the energy density (W h kg−1), M indicates
total mass of electrode, I and V signies voltage. Power density
(W kg−1) is determined by the following eqn (4).

Power density; P ¼ E

t
(4)
3 Results and discussion
3.1 FTIR Spectra and analysis

The FTIR spectra of the prepared samples were taken to identify
the major peaks of ZnS, L-GA, and L-GA/ZnS composites and
presented in Fig. 3. For the spectrum of L-glutamic acid (Fig. 2),
a broad and intense peak between 3200 and 3600 cm−1, peaking
at 3464 cm−1 was identied which is characteristic of the
hydroxyl functional group of L-GA.19 L-GA has both intermo-
lecular and intramolecular H-bonds, which are the source of
this type of vibrational peak.19,20 Aer then, there is a signicant
absorption at 3062 cm−1 due to N–H stretching. The FTIR
spectrum showed bands at 1124 cm−1, 1643 cm−1, 864 cm−1,
1419 cm−1, and 1512 cm−1 are assigned to the C–C stretching,
RSC Adv., 2023, 13, 24343–24352 | 24345
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Fig. 3 FTIR spectra of ZnS, L-GA and L-GA−ZnS composites.
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C]O stretching, C–N stretching, N–H stretching, and CH2

bending, respectively.19,20 The characteristics peak of ZnS was
observed at 667 cm−1 (Fig. 3). When ZnS interact with L-GA, the
Fig. 4 UV-Vis spectra of (a) L-GA, (b) ZnS and (c) L-GA/ZnS composites

24346 | RSC Adv., 2023, 13, 24343–24352
hydroxyl group peak of L-GA (3464 cm−1) were subtly shied
(3487–3510 cm−1) for all composite samples.18 In the FT-IR
spectra of all L-GA/ZnS composite samples, the occurrence of
.

© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03633b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 4
/2

/2
02

6 
2:

38
:1

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
characteristics peak of ZnS at (670–690 cm−1) indicated the
successful incorporation of ZnS in L-GA. Such results indicate
the successful formation of L-GA/ZnS composites. Hence, the
incorporation of ZnS in the L-GA/ZnS composites evidenced by
the FT-IR analysis.

3.2 UV-visible spectra and analysis

Analysis of the interaction between ZnS and L-GA and the use of
ultraviolet-visible spectroscopy data allowed us to calculate the
band gap (Fig. 4). In comparison to L-GA, which displays its
distinctive band at a wavelength of 257 nm, the composites
show an absorption band at 272 nm.17 The relevance of the
interactions between the two substances has been revealed by
the red shi in the absorption spectrum as seen in Fig. 4. The L-
GA's interaction with other inorganic materials resulted in
similar absorption peaks, as previously described in ref. 20. The
absorption maxima were located in the 265–280 nm and 264 nm
ranges for L-GA/ZnS composites and pure ZnS, respectively.
Such results further indicate the interaction between ZnS and L-
GA, thus the formation of L-GA/ZnS composites. The band gap
of each sample was calculated using UV-Vis data. The calculated
values of 4.70 eV was found for ZnS, and the anticipated value
for the composite samples was 4.43–4.68 eV. The results of this
calculation for the ZnS band gap are in reasonable agreement
with those published in the scientic literature.21 The interac-
tion of ZnS with L-GA considerably altered the sample's light-
Fig. 5 PL spectra of (a) L-GA, (b) ZnS and (c) L-GA/ZnS composites.

© 2023 The Author(s). Published by the Royal Society of Chemistry
absorption properties, as indicated by the band gap of
composite samples. Band gap widens and absorption maxima
rise in L-GA/ZnS composites. In synthesized composites, an
increase in ZnS's light-gathering ability is anticipated to
account for a redistribution of absorption maxima toward the
visible spectrum.7 On the basis of these results, we propose that
L-GA/ZnS composites may be more effective at photo-
degradation when compared to Glutamic acid alone.

3.3 Photoluminescence spectroscopy

Fig. 4 illustrates the PL spectra of L-GA, ZnS, and L-GA/ZnS
composites at room temperature at an excitation wavelength
of 280 nm. Specically, between 380 and 420 nm, L-GA dis-
played a strong PL emission, with a peak at 403 nm (Fig. 5a).
The p* / n electronic transition for the –OH group of L-GA is
responsible for this emission, and its intensity is anticipated to
vary depending on the OH groups' relative positions within the
molecule.21 In Fig. 5b, ZnS has a wide emission spectrum with
a peak at 397 nm. The ZnS surface sulfur vacancies are the
source of this emission.22 In a similar vein, other researchers
have discovered emissions from ZnS due to surface defect states
such as sulfur vacancies.23,24 L-GA/ZnS composites show two
prominent peaks at 365–385 and 410–440 nm (Fig. 5c).

Consequently, the peak emission has to red-shied in all
samples relative to L-GA, which has a broad-band blue emis-
sion. The results of these investigations show that L-GA may
RSC Adv., 2023, 13, 24343–24352 | 24347
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include ZnS and that this insertion rearranges the delocalized
n-electrons of OH groups in the backbone of L-GA. These results
are consistence with the preceding descriptions.25 Blue emis-
sions detected in the composites is attributed to the recombi-
nation of electrons between the vacant donor level of sulfur and
the vacant acceptor level of zinc.8 Also, as shown in the PL
spectra, all composite samples had higher intensities than L-GA
(Fig. 5). It is possible that the ability of n-type ZnS to capture
electrons and let more holes recombine at the L-GA and ZnS
interface is responsible for this enhancement. From these data,
we may predict that L-GA/ZnS composite lms may be suitable
materials for LEDs, batteries, and solar cells.

3.4 Structural analysis

The morphological structures of the L-GA, ZnS, and L-GA/ZnS
composites were captured from FESEM images as presented
in Fig. 6. The plate-like structures and spherical-aggregates
morphology for L-GA and ZnS, respectively can be noticed
from Fig. 6. Similar morphological features for the L-GA and
ZnS also have been reported in ref. 26 and 27. Concerning the L-
GA/ZnS composites, they are composed of a similar plate-like
structure of L-GA with agglomerated ZnS morphology on the
plate surface, having a diameter of 50–500 nm.

To deepen the study of the interaction of ZnS with L-GA
along with the morphological observations, the EDX measure-
ments were performed for the composite samples. For instance,
Fig. 7 shows the EDX spectrum of L-GA/ZnS composites. The
peaks of Zn and S along with C, N, and O in the spectrum
conrm their presence in the composites and agree well with
Fig. 7 EDX spectrum of L-GA/ZnS composites.

Fig. 6 FESEM images of the (a) L-GA, (b) ZnS and (c) L-GA/ZnS compos

24348 | RSC Adv., 2023, 13, 24343–24352
the FTIR and UV-Vis data. The atomic% of Zn and S were found
1.82 and 1.15, respectively in the composites as presented in the
inset of Fig. 7.

3.5 Photocatalytic performance

By observing the photo-degradation of MB under direct sunlight
exposure, the photocatalytic potential of L-GA and all L-GA/ZnS
composite samples was ascertained. Fig. 8a–e depict the time-
dependent UV-Vis absorption spectra for the degradation of
MB in the presence of L-GA, ZnS, and all L-GA/ZnS composites
as a photocatalyst. The decrease in absorption bands indicates
the successful elimination of MB from the individual samples.
In the case of L-GA, the elimination of MB happened aer
360 min, suggesting its low degradation capacity (Fig. 7a), and it
was evident that only around 51.65% of MB was removed.
Fig. 5b shows the UV-Vis absorption spectra of MB solution
encompassing 20 mg of bare ZnS for diverse time intervals. The
absorption maxima decline progressively with the increasing
sunlight illumination time and 70.53% removal occurred aer
360 min of time duration. The percentage of removal with
respect to exposure time to the sunlight for all samples is
plotted in Fig. 9. In a previous study, we observed that the
absorbance maxima were changed very slowly for MB without
the use of ZnS on sunlight illumination.16

Such data indicates the efficient photocatalytic ability of ZnS
under sunlight exposure. Further, under the same experimental
conditions, L-GA/ZnS composites were employed as photo-
catalysts to evaluate their photocatalytic performance with that
of L-GA alone. Fig. 8c–e demonstrates that all the L-GA/ZnS
ites. Inset of panel (a) shows the higher magnification image of L-GA.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Changes in the UV-Vis absorption spectra of MB aqueous solution in the presence of (a) L-GA, (b) ZnS, (c) L-GA/ZnS-1, (d) L-GA/ZnS-2,
and (e) L-GA/ZnS-3 composites.
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composite samples' absorption maxima were signicantly
decreased. The absorption maxima decline recurrently with the
allowance of illumination time displaying a blue shi and
showing the nearly complete removal of MB aer 360 min. Such
obvious blue shiing validates the gradual adsorption of MB to
the materials. Similar results were observed for other polymer
composite materials.16

Fig. 9 shows the percentage of removal MB for L-GA, ZnS, and
all L-GA/ZnS composite samples as a function of irradiation time.
The L-GA/ZnS-1, L-GA/ZnS-2, and L-GA/ZnS-3 composites show
© 2023 The Author(s). Published by the Royal Society of Chemistry
86.1%, 87.1%, and 89.5% dye removal, respectively aer the
same span of time 360 min which is far better than the L-GA.
Such results validate that all L-GA/ZnS composites have a supe-
rior ability to remove MB compared to L-GA alone. The reasons
for the better photocatalytic performance of polymer composites
with ZnS than the individual materials were explained in our very
recent study.28 It is noted that there is no substantial disparity of
the absorption maxima, thus percentage of dye removal was
identied among the composite samples (Fig. 8c–e).
RSC Adv., 2023, 13, 24343–24352 | 24349
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Fig. 9 Photo-degradation of MB in the presence of L-GA and different
L-GA/ZnS composites.
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3.6 Photocatalytic mechanism

The breakdown of an organic dye like MB leads to the formation
of reactive species such as holes, superoxide radicals, and
hydroxyl radicals when exposed to sunlight. Irradiated particles
have the ability to degrade a wide variety of organic contami-
nants when they are exposed to oxygen. An illustration of
a potential mechanism for the photocatalytic degradation
process involving L-GA/ZnS composites is shown in Fig. 10. ZnS
is known to be capable of producing electron–hole charge pairs
when subjected to solar (h) irradiation.

ZnS + hn / h+ + e−

Electrons at the valence band (VB) edge undergo a band gap
transition when they are photo-excited, moving to the
Fig. 10 Schematic representation of the photocatalytic mechanism thro

24350 | RSC Adv., 2023, 13, 24343–24352
conduction band edge (CB). This makes holes in the VB
(Fig. 10). Organic contaminants (MB) or ambient water mole-
cules react with the created holes in the VB to produce hydroxyl
radicals (cOH). When electrons gather on the CB, they combine
with adjacent water as well as oxygen molecules to produce
hydroxyl (cOH) and superoxide (cO2

−) radicals. The resulting
radicals and holes are highly effective in degrading MB and
other organic pollutants. In the period of MB degradation,
oxygen (O2) can stop the adverse recombination of electron–
hole charge pairs. A photocatalysts efficiency may be enhanced
by the special charge-pair transfer that occurs between electrons
and holes. Finally, when MB is exposed to light, only carbon
dioxide (CO2) and water (H2O) are produced.7 As a result of the
ZnS layer facilitating the adsorption of MB on the active surface
of photocatalysts, the photo-catalytic activity of the composites
is improved above that of L-GA alone. These ndings prove that
L-GA/ZnS composites may be used as a photo-catalyst for color
mineralization in textile and waste-water treatment situations.

3.8 Electrochemical properties

Electrochemical properties of the composites were evaluated by
GCD in a two-electrode system utilizing an aqueous solution of
0.5 M Na2SO4 as the electrolyte. Fig. 11 demonstrates the GCD
curves of L-GA and L-GA/ZnS composites at a persistent current
of 1 amp. Specic capacitance and energy density were deter-
mined from the GCD curve and listed in Table 2. The Fig. 11
indicates almost similar voltage drop with time. Further, from
the GCD curve, it is evident that the prepared L-GA/ZnS elec-
trode exhibited better specic capacitance, energy density, and
power density compared to L-GA.

The specic capacitance of L-GA was obtained at 167 F g−1,
whereas the L-GA/ZnS composites electrode showed sp. capac-
itance at 170–180 F g−1. Accordingly, the energy density and
power density of L-GA were found of 305 W h kg−1 and 850 W
kg; however, for the L-GA/ZnS composites such values were 310–
ugh the L-GA/ZnS composites under sunlight irradiation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 GCD curves of L-GA and L-GA/ZnS composites.

Table 2 Comparison of specific capacitance, energy density and
power density for different electrode

Composites
Specic capacitance
(F g−1)

Energy density
(W h kg−1)

Power density
(W kg−1)

L-GA 167 305 850
L-GA/ZnS-1 172 310 880
L-GA/ZnS-2 177 311 890
L-GA/ZnS-3 179 318 898
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318 W h kg−1 and 880–898 W kg−1, respectively (Table 2).
Additionally, an asymmetric supercapacitor device constructed
with the L-GA/ZnS electrode was charged and connected with
one red 5 mm LED and found the bulb lit up for a few minutes
aer charging only a few seconds (ESI Fig. S1†). It is worthy to
remark that the fabricated L-GA/ZnS composites show a higher
specic capacitance associated with numerous correlated con-
ducting polymer-related materials.28–31
4 Conclusions

A simple solvent casting procedure was used to prepare L-glu-
tamic acid (L-GA)/ZnS composites with increased photocatalytic
performance. Spectroscopy techniques such as FTIR, UV-Vis,
and PL data conrmed the interaction of L-GA and ZnS. PL
ndings revealed the better luminescence property of L-GA/ZnS
composites than L-GA. Notably, the PL analysis demonstrated
a substantial improvement in the luminescence properties of
the L-GA/ZnS composites compared to pure L-GA. Furthermore,
examination of the L-GA/ZnS composites using FESEM/EDS
revealed a plate-like structure with agglomerated ZnS particles
on the plate surface, ensuring a diameter within the range of
50–500 nm. Through the process of photo-degradation of MB,
the incorporation of ZnS into L-GA signicantly enhanced the
photocatalytic performance of the resulting composites. Elec-
trochemical characterization of the prepared composites
© 2023 The Author(s). Published by the Royal Society of Chemistry
revealed a commendable specic capacitance ranging from 172
to 179 F g−1 for the L-GA/ZnS composite. Subsequently, an
asymmetric hybrid supercapacitor device was fabricated using
these composites, and its performance was evaluated. Notably,
the device constructed with the L-GA/ZnS electrode successfully
illuminated a single red LED for several minutes, indicating the
excellent charge storage capability of the composites.
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