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bled valine-derived carbon-
supported Ag@ZnO optical materials for enhanced
photodegradation and anti-bacterial activity

P. R. Nithiasri, J. Aarthi and B. Karthikeyan *

Herein, the synthesis of self-assembled amino acid valine-derived carbon-supported silver–zinc oxide (C–

Ag@ZnO), Ag@ZnO and ZnO nanoparticles through a sol–gel method is reported. X-ray diffraction (XRD),

Fourier transform infrared (FT-IR) spectroscopy, X-ray photoelectron spectroscopy (XPS), high-resolution

transmission electron microscopy (HRTEM), electron paramagnetic resonance (EPR) and UV-vis diffuse

reflectance spectroscopy (UV-DRS) were used to investigate the characteristics of C–Ag@ZnO

nanocomposites. The rapid charge carrier recombination and dependence on ultraviolet (UV) radiation

limit the effectiveness of zinc oxide (ZnO) nanoparticles for environmental cleaning. In order to

overcome these difficulties, carbon doping has been suggested as a way to improve charge separation

and visible light absorption, and metal nanoparticle doping, such as silver nanoparticle doping, can

enhance photocatalytic activity and antibacterial activity. In this work, the photodegradation of brilliant

blue (BB) was used to measure the C–Ag@ZnO nanocomposite photocatalytic activity. Improved

photocatalytic activity was obtained for C–Ag@ZnO nanoparticles compared to other pristine

nanocomposite Ag@ZnO and pristine ZnO. Further it has been demonstrated that an optimum amount

of self-assembled carbon along with silver doping is necessary to achieve a significant antibacterial and

photocatalytic activity. The role of self-assembly is reported herein for the first time.
1. Introduction

Multiple research investigations have been conducted on the
photocatalytic removal of organic pollutants released from the
textile, leather, and hair coloring industries because of its signif-
icant potential to form non-toxic end products, ease of prepara-
tion, and effectiveness. There are four steps involved in the
photoreaction when the catalyst is present.1 Particularly, organic
textile dyes are toxic, indestructible, bio-recalcitrant, fade-
resistant, and signicantly harmful to human health.2–4

However, the implementation of these physical and chemical
techniques is constrained by a number of issues, including
selectivity, low removal efficiency, energy intensity, and partial dye
removal.5,6 The photodegradation of organic contaminants in
water using single and ternary metal-oxide catalysts is a signi-
cant purication technique.7–9 Gas sensors, fuel cells, batteries,
higher-temperature superconducting materials and microelec-
tronic circuits are merely a few of the inventions that use nano-
metal oxides. They also serve as antimicrobials, absorbents, and
catalysts owing to their large surface area and small size, which
improve their conductivity and electrical and catalytic
properties.10–13 Transition metals are frequently doped to create
versity, Annamalai Nagar, Tamil Nadu,
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nano-composites with enhanced photocatalytic activity by gener-
ating surface oxygen vacancies, enhancing UV-visible absorption,
and inhibiting charge center recombination.14 To remove dyes
from wastewater, a variety of methods such as coagulation,
chemical extraction, adsorption, hyper ltration (reverse
osmosis), ltration, precipitation, and photodegradation have
been used.15–19 Adsorption of dyes is appealing since it is inex-
pensive, highly effective, simple to use, and requires a small
amount of sludge to be disposed away.20 Currently, complex
organic contaminants and colors are removed under UV light
using advance oxidation processes (AOPs) such photocatalysis.21–24

By generating surface oxygen vacancies, inhibiting charge center
recombination, and expanding UV-visible absorption, doping
nano composites with transition metals to increase their photo-
catalytic activity is an establishedmethod.25 Silver has been shown
to improve semiconductor nanoparticles' photocatalytic activity.26

Industrial effluent degradation is found to benet from ZnO's
stability, wide bandwidth, and high photosensitivity.27,28 ZnO
functions as a catalyst in the treatment of wastewater and exhibits
antimicrobial qualities when added to coatings, textiles, etc.29 ZnO
normally features large holes and light electrons, which is
a fundamental property of an n-type semiconductor, based on the
effective mass calculation. However, loading with N, C, and S can
typicallymake large holes and lighter electrons, which slows down
the rate at which photogenerated hole–electron pairs recombine.30

The use of organic solvents or organic substances has created
Nanoscale Adv., 2025, 7, 5323–5336 | 5323
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a difficulty with carbon doping sources, which has increased the
costs of synthetic materials even though the sectors have been
driven by the remarkable advantages of C-doped ZnO. The
vitamin C compound, 2-methylimidazole, aniline and ethylene
glycol are all listed.31 Wand et al. synthesized ZnO powder of
various sizes by both chemical and physical techniques.32 In
a work by Hong et al., co-precipitation was used to fabricate an
Fe3O4/ZnO core shell nanocomposite, and in 6 hours, 83% of MO
was photodegraded.33 In Fu et al.’s study, Cu-doped ZnO nano-
particles were synthesized, which showed 88% MO decomposi-
tion in 4 hours.34 Sabry et al. synthesized Ag–ZnO by co-
precipitation, and the dye degradation was 93%.35 Kwon et al.
reported the synthesis of Ag–ZnO (0.05–0.5%) by a hydrothermal
method, and the dye degradation was 92.9%.36 Ebrahimi et al.
synthesized Ag–ZnO (2.5%) by a thermosolventmethod, for which
the dye degradation was 74%.37 Gnanaprakasam et al. synthesized
Ag–ZnO (1–3%) by co-precipitation, showing 88% dye degrada-
tion.38 Pradeevraj et al. reported Mg–ZnO synthesized by co-
precipitation, which exhibited 78% dye degradation.39 According
to this work, when Brilliant Blue dyes are exposed to visible light,
the produced C–Ag@ZnO nanocomposites exhibit enhanced
photocatalytic ability compared to Ag@ZnO and ZnO. The
synergistic interaction between C–Ag@ZnO, Ag@ZnO and ZnO,
which leads to a delayed electron–hole recombination rate and
a prolonged light absorption ability, may result in improved
photocatalytic performance. Additionally, a thorough photo-
catalytic mechanism is suggested to account for the enhanced
photocatalytic activity. The role of self-assembled carbon derived
from amino acid is reported for the rst time.
2. Experimental section
2.1 Synthesis of C–Ag@ZnO, Ag@ZnO, pristine ZnO
nanoparticles and self-assembled L-valine carbon

L-Valine (1 M) was dispersed in 100 mL deionized water. It was
heated in a hot plate with a magnetic stirrer in a silicone oil
bath at 60 °C for 30 min. Then, it was allowed to cool to room
temperature. The self-assembled L-valine solution was kept in
the hot plate to evaporate the solution to obtain a self-
assembled L-valine powder form. In a muffle furnace, the
acquired material was further charred at 300 °C for 2 h. Using
amortar and pestle, the resulting brown powder was thoroughly
Scheme 1 Schematic of the C–Ag@ZnO synthesis.

5324 | Nanoscale Adv., 2025, 7, 5323–5336
ground into a uniform form. The acquired compound is self-
assembled carbon. Similarly, carbon, zinc nitrate hexahydrate,
silver nitrate, citric acid, and ammonium solution were mixed
and subjected to a sol–gel synthesis process (Scheme 1). The
ratio of carbon, zinc nitrate hexahydrate, and silver nitrate were
0.1, 0.3 and 0.1 (M), and C–Ag@ZnO nanocomposites are
produced by carbonizing them in a tube furnace at 500 °C. The
same sol–gel method was adopted for pristine ZnO and
Ag@ZnO nanoparticle synthesis. By employing a variety of
characterisation techniques, all materials were thoroughly
examined.

2.2 Physical characterization

The prepared sample was characterized by X-ray diffraction
(XRD) using a BRUKER ECO D8 ADVANCE diffractometer,
Fourier Transform Infrared (FT-IR) spectroscopy using a Shi-
madzu IR Tracer 100, FE-SEM using a CARL ZEISS-SIGMA 300
equipped with an EDX spectrometer at 0.02 kV to 30 kV, high-
resolution transmission electron microscopy (HR-TEM) and
selected area electron diffraction (SAED) using a JEM-2100 Plus,
XPS using a thermo scientic instrument (K-Alpha-
KAN9954133), Raman spectroscopy using a Micro Raman
Spectrometer-STR at 500 mm, UV-DRS using a SHIMADZU/UV
2600, photoluminescence using a Perkin-LS 45, electron para-
magnetic resonance (EPR) using a Bruker EMX Plus, and BET
(Brunauer–Emmett–Teller) analysis using Quantachrome
Instruments version 5.25.

2.3 Photocatalytic degradation studies

For photodegradation, Brilliant Blue dye was subjected to UV
chamber irradiation and used to thoroughly examine the
material photocatalytic activity. Reaction tubes were lled with
100 mL of 1 × 10−4 concentration of an aqueous suspension of
BB dye and 100 mg of the photocatalyst. UV light was applied to
the solution. The solution mixture was let out to UV-vis spec-
trophotometer with wavelength range of 200 to 800 nm to
measure the absorbance changes. Then, 4 mL of the reaction
mixture was taken every 15 minutes. The wavelength range of
brilliant blue dye was 556 nm, and the degradation efficiency
was calculated using eqn (1):

Degradation rate (%) = (C0 − Ct/C0) × 100 (1)
© 2025 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/d5na00427f


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

0/
31

/2
02

5 
3:

31
:5

5 
A

M
. 

 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
At a specic reaction time (t), the initial and nal concen-
trations of the dye are denoted by C0 and Ct, respectively.40
2.4 Antibacterial assay

The prepared catalysts (ZnO, Ag@ZnO, and C–Ag@ZnO) were
tested using an agar well diffusion method to determine their
antibacterial activity against Salmonella typhi, Bacillus subtilis,
Enterococcus faecalis, and Klebsiella pneumoniae. Aer being
incubated for 24 hours at 38 °C in a Mueller–Hinton broth that
had already been sterilized, the pathogens produced turbidity,
which was a sign of bacterial growth. Using a 6 mm cork borer,
wells were made and clinical bacterial strains were separately
plated onto Mueller–Hinton agar for further incubation. As
positive and negative controls, respectively, azithromycin and
DMSO were employed. The zone of inhibition (mm) for the
antibacterial activity of the prepared compound was dis-
played.41,42 The efficiency of the nanoparticles against the
bacterial strains was assessed by measuring the zone of inhi-
bition using the antibiotic zone scale aer the incubation
period. Three distinct concentrations (75 mL, 150 mL, and 300
mL) were used to record the data appropriately.
3. Results and discussion
3.1 Crystallographic and vibrational properties

From the sol–gel method route and calcination at 400 °C, the
obtained composition of C–Ag@ZnO is analysed. The crystal
Fig. 1 (a) XRD spectra of self-assembled carbon, ZnO, Ag@ZnO and C–A
spectra of Ag@ZnO and C–Ag@ZnO.

© 2025 The Author(s). Published by the Royal Society of Chemistry
structure and morphology aer C–Ag@ZnO doping were char-
acterized by XRD, FTIR spectroscopy, Raman spectroscopy, FE-
SEM and HR-TEM. The Braggs angles and diffraction intensity
of C–Ag@ZnO consistent with ZnO (JCPDS No. 36-1451) peaks
were located at diffraction peaks at 2q degrees of 31°, 34°, 36°,
47°, 56°, 63°, 66°, 68°, 69°, 72°, and 77° assigned to the (100),
(002), (101), (102), (110), (103), (200), (112), (201), (004) and (202)
plane values are denoted.43 Ag (JCPDS No. 04-0783) peaks located
at 38.03°, 44.21° and 64.40° correspond to the (111), (200) and
(202) planes, respectively.44 The spectra of C–Ag@ZnO show
peaks at 2q° = 29.0° and 44.8°, which are ascribed to the (002)
and (100) planes of graphitic carbon (C).45,46 Here, for C–
Ag@ZnO, there is a shi in carbon peak at 2q degrees of 27.6°
and 44.1°. Therefore, it is clearly conrmed that the as-prepared
material is the carbon-assisted nano-metal oxide C–Ag@ZnO
(Fig. 1(a)). As shown in Fig. 1(b), the FT-IR spectra were recorded
between 4000 and 400 cm−1 to validate and detect the nano-
composites of ZnO, Ag@ZnO and C–Ag@ZnO. Water and
surface-adsorbed hydroxyl groups (O–H) are represented by the
absorption band at 3286 cm−1. The absorption bands at 1533
and 905 cm−1 are associated with C]O and C]C bonds.47 The
occurrence of Zn–O and Ag@ZnO stretching bonds is evident
from the absorbance peak observed in the spectra at around 535
and 708 cm−1.

The appearance of the C]O]C peak, a typical impurity
detected by IR spectra, at about 2351 cm−1 is the nal obser-
vation from FT-IR spectra.48
g@ZnO. (b) FTIR spectra of ZnO, Ag@ZnO and C–Ag@ZnO. (c) Raman

Nanoscale Adv., 2025, 7, 5323–5336 | 5325
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Fig. 2 FE-SEM images of ZnO (a), Ag@ZnO (b) and C–Ag@ZnO (c) and (d).
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The occurrence of Raman active vibrational modes in
Ag@ZnO and C–Ag@ZnO composite phases was veried by
Raman spectroscopy (Fig. 1(c)). The second-order scattering
from the boundary zone phonons is 2E2, and E2 and A1 (LO) are
linked to the Raman-active modes of Ag@ZnO at 348 and
Fig. 3 (a)–(c) Elemental mapping. (d) EDX spectrum.

5326 | Nanoscale Adv., 2025, 7, 5323–5336
538 cm−1, respectively. The presence of Raman active vibra-
tional modes associated with the S–A valine carbon of C–
Ag@ZnO in the composite was also suggested by the appear-
ance of G and D bands at 1360 and 1600 cm−1, which denoted
the graphitic nature as well as defects in the compound.49,50
© 2025 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/d5na00427f


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

0/
31

/2
02

5 
3:

31
:5

5 
A

M
. 

 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
3.2 Morphology and size distribution

The nanocomposites of ZnO showed a spherical grain-like
morphology (Fig. 2(a)), Ag@ZnO an agglomerated sphere-like
morphology (Fig. 2(b)) and C–Ag@ZnO an irregular sphere-
like morphology (Fig. 2(c) and (d)).

Furthermore, elemental mapping obviously exhibits Zn and
O in ZnO (Fig. 3(a)–(c)), Zn Ag and O in Ag@ZnO (Fig. 4(a)–(d))
and C, Ag, Zn and O in C–Ag@ZnO (Fig. 5(a)–(e)), showing
homogenous distribution of represented elements, and the EDX
spectrum shows the elemental composition of ZnO (Zn-22.25%
Fig. 4 (a)–(d) Elemental mapping. (e) EDX spectrum.

Fig. 5 (a)–(e) Elemental mapping. (f) EDX spectrum.

© 2025 The Author(s). Published by the Royal Society of Chemistry
and O-15.65%), Ag@ZnO (Zn-22.25%, Ag-15.65% and O-
51.01%) and C–Ag@ZnO (C-22.25%, Zn-15.65%, Ag-11.09% and
O-51.01%), which reveals the purity of the catalysts (Fig. 3(d),
4(e) and 5(f)).

The HR-TEM results given in Fig. 6(a) and (b) also conrm
that the ZnO and Ag metal nanocomposites are well embedded
into the carbon matrix. Owing to the strong reection of the
employed electron beams, the dark areas in HR-TEM exami-
nation are indicative of crystalline materials. Consequently, it
can be claimed that the grey matrix in the HR-TEM analysis
represents that carbon was found, whereas the black spots in
Nanoscale Adv., 2025, 7, 5323–5336 | 5327
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the synthesized nanocomposites indicate the counterpart of
inorganic materials (Fig. 6(a) and (b)). The HR-TEM image
shows well-resolved lattice fringes of 0.245, 0.235, and 0.334 nm
assigned to the (101), (111), and (002) plane values of C–
Ag@ZnO, as substantiated by XRD results (Fig. 6(c)). These facts
helped to enhance the catalytic performance. The SAED image
shows bright rings with discrete patches matched to the ZnO,
Ag and C planes of (101), (111), and (002) (Fig. 6(d)). The average
particle size was calculated for C–Ag@ZnO to be 14.3 nm.

The BET method was used to characterize the surface area
and porosity of the resulting C–Ag@ZnO nanocomposite. A
greater surface area was expected to indicate that a material's
surface contains more atoms or molecules. In this instance,
Fig. 6 HR-TEM images of C–Ag@ZnO (a) and (c), histogram (b), (d) latti

Fig. 7 (a) Nitrogen adsorption–desorption isotherms. (b) BJH patterns o

5328 | Nanoscale Adv., 2025, 7, 5323–5336
a larger surface area and more porosity would enable higher
mass transfer between the materials. The samples display type-
IV isotherms with a hysteresis loop, indicating the presence of
mesopores. High surface area might allow obtaining more
active areas for chemical reactions during catalysis, thereby
increasing the catalytic activity. Fig. 7(a) Brunauer–Emmett–
Teller (BET) surface areas: 8.194 m2 g−1. The diameters of the
pore are 3.401 nm, respectively, and the pore size reduced as the
cages were wrapped (Fig. 7(b)). The corresponding total pore
volumes are 0.236 cc/g. The C–Ag@ZnO composite exhibits
increased activity as a result of the increased surface area and
porosity, which creates more active sites for the adsorption of
pollutants that cause photocatalytic degradation. In addition to
ce fringes and (e) SAED pattern.

f C–Ag@ZnO.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 HR-XPS spectra of C–Ag@ZnO: (a) survey spectrum and deconvoluted XPS spectrum of (b) Zn 2p, (c) Ag 3d, (d) C 1s and (e) O 1s orbitals.
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the composite material's increased surface area and pore
volume, C–Ag@ZnO provides additional sites for the diffusion
of dye molecules and oxygen for consumption, enabling effec-
tive photo-catalytic degradation. The adsorption–desorption
curves' type IV hysteresis loop displays an appropriately high
desorption branch and decreasing adsorption, indicating the
presence of mesoporous particles even at high relative pres-
sures (P/P0).51
3.3 Chemical state characterization by XPS

The chemical state and electronic structure of C–Ag@ZnO were
examined by XPS. The elements of Zn, Ag, C and O in C–
Ag@ZnO were conrmed by survey scan in Fig. 8(a). The Zn 2p
spectrum appears at 1022.3 eV and 1045.4 eV, which are
Fig. 9 EPR of C–Ag@ZnO (a) and (b) g-factor.

© 2025 The Author(s). Published by the Royal Society of Chemistry
ascribed to Zn 2p3/2 and Zn 2p1/2, respectively. These peaks
demonstrate that the Zn element is present in the C–Ag@ZnO
nanocomposites in a divalent cation (Zn2+) state in Fig. 8(b).52

These peaks demonstrate that the Zn element is present in the
C–Ag@ZnO nanocomposites in a divalent cation (Zn2+) state.
Two peaks in the Ag 3d spectrum, with centers at 367.8 and
373.8 eV, are attributed to the Ag 3d5/2 and Ag 3d3/2 transitions,
as shown in Fig. 8(c).53 The deconvoluted high-resolution C 1s
spectrum shows three distinct peaks at 285.1, 286.9, and
289.0 eV are ascribed to the sp3 bonded carbon C–C, C–O, and
C]O chemical bonds in Fig. 8(d).54 The deconvoluted high-
resolution O 1s spectrum displays two peaks at 530.9 and 531.9
eV, corresponding to lattice oxygen in ZnO and surface-adsor-
bed species such as dissociated oxygen or hydroxyl groups,
Nanoscale Adv., 2025, 7, 5323–5336 | 5329
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Fig. 10 UV-vis diffuse reflectance spectra of (a) ZnO, Ag@ZnO and C–Ag@ZnO. The plot of (F(R)hn)2 for ZnO (b), Ag@ZnO (c) and C–Ag@ZnO (d).

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

0/
31

/2
02

5 
3:

31
:5

5 
A

M
. 

 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
respectively. When photodegradation occurs, surface hydroxyl
groups serve as dye adsorption sites, interacting with photo-
generated holes to oxidize and form hydroxyl radicals, as shown
in Fig. 8(e).53

3.4 Electron paramagnetic resonance (EPR) analysis

The samples were examined using in situ electron paramagnetic
resonance (EPR) to conrm the presence and characteristics of
C–Ag@ZnO composite oxygen vacancies (Fig. 9(a)). The pres-
ence of an oxygen vacancy is indicated by the strong signal of
the C–Ag@ZnO composite, as shown in Fig. 9(b). According to
earlier ndings, the material with an oxygen vacancy should
Fig. 11 PL emission spectra of ZnO, Ag@ZnO and C–Ag@ZnO.

5330 | Nanoscale Adv., 2025, 7, 5323–5336
have a matching g value of 2.0063. In order to improve the
characteristics of C–Ag@ZnO materials and increase the sepa-
ration efficiency of photo-excited charges, oxygen vacancies can
be employed as electron capture centres.55,56

3.5 UV-DRS analysis

The UV-DRS spectra of the obtained materials in the diffuse
reectance mode (R) are shown in Fig. 10(a). In the visible light
spectrum, the ZnO and Ag@ZnO materials had the maximum
reectance, but the C–Ag@ZnO compound showed lesser
reectance. An in-depth investigation of Fig. 10(b)–(d) indicates
a decrease in the band gap energy values. The band gap values
Fig. 12 UV absorption spectra of BB dye.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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were calculated by the Kubelka–Munk function (F(R)E)2 against
the energy of the adsorbed light (E) using linear ts close to the
absorption edge for obtaining the Tauc plots from the diffuse
reectance spectra.57–60

The slop of the Tauc plot is extended to the X-axis to get the
semiconductor band gap. ZnO, Ag@ZnO, and C–Ag@ZnO
nanocomposites have direct bandgaps (Eg) of 3.26, 3.24, and
3.18 eV, respectively, according to calculations.
Fig. 13 Photodegradation of BB dye under UV-light by ZnO (a), Ag@ZnO

Fig. 14 Degradation efficiency percentage of ZnO (a), Ag@ZnO (b) and

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.6 Photoluminescence (PL) study

The photoluminescence spectrum is a useful technique for
analyzing the position of photogenerated electron (e−) and hole
(h+) pairs, and the defects in metal semiconductor materials.
The photoluminescence spectra of ZnO, Ag@ZnO and C–
Ag@ZnO (Fig. 11) show weak emission peaks around 403, 411
and 482 nm and a strong peak around 647 nm. These peaks
(b) and C–Ag@ZnO (c).

C–Ag@ZnO (c).
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Fig. 15 (a, b) Kinetic graphs of ZnO, Ag@ZnO and C–Ag@ZnO catalysis.

Fig. 16 C–Ag@ZnO degradation efficiency after one to five cycles.
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reveal details about the levels of defects and charge carrier
recombination. The near band edge emission (NBE) peaks in
ZnO at about 403 and 411 nm are caused by bandgap excitation.
The direct recombination of electrons in CB and holes in VB
Fig. 17 Overall photodegradation mechanism.

5332 | Nanoscale Adv., 2025, 7, 5323–5336
produced blue emission at 482 nm and green emission at
647 nm. As the presence of Ag and carbon increases, the PL
intensity decreases, indicating a longer lifetime and a slower
rate of recombination of photoinduced charge carriers.
Increased photocatalytic activity is revealed by the decrease in
PL emission intensity, which is caused by improved electron
transport, interfacial interaction between Ag, ZnO, and carbon,
as well as a decreased rate of photoinduced charge
recombination.61,62
3.7 Photocatalytic activity

When exposed to UV light, the photocatalytic efficiency of the
prepared (ZnO, Ag@ZnO, and C–Ag@ZnO) catalysts was exam-
ined using BB dye. Fig. 12 shows that the Brilliant Blue (BB) dye
in UV absorbance was measured, which shows strong absor-
bance at 558 nm. The UV absorbance was taken at different time
intervals (0 to 90 min). Aer 90 min of radiation, ZnO degraded
the dye to a 54.6% level. In Ag@ZnO, the degradation is only
somewhat improved to 65.2%. Nevertheless, C–Ag@ZnO shows
an increase of 88.6% deterioration within 90 min, as shown in
Fig. 13. The photodegradation of the pollutant brilliant blue dye
using the prepared catalyst as a photocatalyst under UV
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Dye degradation mechanism of the C–Ag@ZnO
composite material.
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chamber irradiation determined its ability to clean up
contamination in the environment.

Typically, 100 mL of 10−4 M BB dye solution with 0.100 g of
catalyst was exposed to UV chamber radiation for 90 minutes.
The prepared catalyst and Brilliant Blue dye were mixed in the
dark for 15 minutes prior to exposure to UV light.

The data shown in Fig. 14 indicate that, when compared to
ZnO and Ag@ZnO, C–Ag@ZnO exhibited the nest photo-
catalytic activity by degrading BB up to 88.6%.
3.8 Kinetic study

The following equation shows that the degradation of Brilliant
Blue dye with a photocatalyst usually occurs in a pseudo-rst-
order reaction.
Fig. 18 Diagrammatic representations of the anti-bacterial activity of th

Fig. 19 Diagrammatic representations of the anti-bacterial activity of th

© 2025 The Author(s). Published by the Royal Society of Chemistry
ln(C0/Ct) = kt (2)

Fig. 15(a) and (b) show the kinetic graph. The degradation
behaviour of brilliant blue dye follows a pseudo-rst-order
reaction catalysed by the prepared nanocomposite is displayed
in the kinetic graphs. The K values for ZnO, Ag@ZnO, and C–
Ag@ZnO are 0.0091 min−1, 0.0115 min−1, and 0.0246 min−1,
respectively, derived from the linear slope in the kinetic graph.
C–Ag@ZnO exhibited enhanced dye degradation efficiency
based on the rate constant values (Fig. 15(a) and (b)).
3.9 Reusability of the catalyst

Furthermore, as evidenced by the four subsequent runs of
photocatalysis of the same C–Ag@ZnO composite, photo-
catalytic long-term durability in terms of reusability is very
crucial for real-world applications. The photocatalytic degra-
dation activity of the aqueous BB dye solution drops by around
3% during the second recycling run and by another 10%
following the h recycling run, as shown in Fig. 16. The
photocatalysis of the as-synthesised C–Ag@ZnO composite may
be shown to have outstanding stability and reproducibility,
which makes them appealing for photocatalytic nanomaterials
with outstanding performance.
3.10 Mechanism of photocatalytic dye degradation

The absorption spectral changes of Brilliant Blue dye degrada-
tion catalysed by the C–Ag@ZnO photocatalyst (Fig. 17) could be
explained as follows. The light source is hit on the valence band,
and it accelerates the valence electrons (e−) into the conduction
e synthesized C–Ag@ZnO nanocomposites.

e synthesized Ag@ZnO nanocomposites.
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Fig. 20 Diagrammatic representations of the anti-bacterial activity of the synthesized Ag@ZnO nanocomposites.
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band (CB), causing holes to develop in the valence band. In
order to generate a solid oxidant, the photogenerated holes (h+)
combine with H2O to form the cOH radical moiety. In the
conduction band, the resulting electrons (e−) attach to the
absorbed O2 to form superoxide anions (O2

−). This implies that
H+ produces HO2c, which is subsequently in charge of the
Table 1 Column chart of C–Ag@ZnO anti-bacterial activity results

Table 2 Column chart of Ag@ZnO antibacterial activity results

5334 | Nanoscale Adv., 2025, 7, 5323–5336
recombination electron's creation of the cOH radical. The BB
dye breaks down due to the energy-hungry free radicals (Scheme
2). The carbon material acts as a support and provides syner-
gistic catalytic efficiency:63

3.11 Antibacterial activity

The antibacterial activity of ZnO, Ag@ZnO, and C–Ag@ZnO was
measured using the Muller–Hinton agar plate method. Four
pathogens were tested for this activity: Gram-positive strains of
Enterococcus faecalis (E. faecalis) and Bacillus subtilis (B. subtilis)
and Gram-negative strains of Salmonella typhi (S. typhi) and
Klebsiella pneumoniae (K. pneumoniae). Using a micropipette,
samples were added at three different concentrations (75 mL,
150 mL, and 300 mL) and incubated for 24 hours at 30 °C ± 2 °C.
Ampicillin (5 mL) served as the positive control and DMSO as the
negative control. A thorough analysis revealed that C–Ag@ZnO,
which increases the bactericidal activity, is present in all three
materials.64,65 The effectiveness of the conventional antibiotic
ampicillin is contrasted with the antibacterial visual evidence of
the synthesized materials as shown in Fig. 18–20. Tables 1–3
display a comparable column chart and the observed results. As
the result reveals, C–Ag@ZnO has good antibacterial activity
when compared to other two compounds (ZnO and Ag@ZnO).
Table 3 Column chart of ZnO antibacterial activity results

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusion

In this study, novel self-assembled L-valine-derived carbon-
assisted noble metal silver-doped zinc oxide nanoparticles
were synthesized by a sol–gel method. This study effectively
established C–Ag@ZnO as an outstanding photocatalytic and
antibacterial active material. The as-prepared catalysts (ZnO,
Ag@ZnO and C–Ag@ZnO) were characterized by various tech-
niques, including XRD, FT-IR spectroscopy, RAMAN Spectros-
copy, FESEM, HR-TEM, XPS, EPR, UV-DRS, PL and UV-vis
spectroscopy, which conrmed the formation of carbon-
assisted silver-doped zinc oxide. ZnO and Ag@ZnO were
revealed to have less photocatalytic activity than C–Ag@ZnO
with 88% efficiency towards BB dye degradation in the aqueous
media. It also showed a low band gap energy of 3.18 eV. C and
Ag on the ZnO surface facilitated the separation of charge
carriers produced by photolysis and improved the degradation
of contaminants by photocatalysis. Furthermore, C–Ag@ZnO
showed a good antibacterial activity against Gram-positive
strains of Enterococcus faecalis (E. faecalis) and Bacillus subtilis
(B. subtilis) and Gram-negative strains of Salmonella typhi (S.
typhi) and Klebsiella pneumoniae (K. pneumoniae), which makes
it an ideal candidate for waste water clean-up carbonaceous
supports from the self-assembled valine showing promising
potential for making suitable carbon-supported photocatalysts.
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