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a b s t r a c t 

In view of the current study’s demonstration of the synthesis of clay-doped ZnO composites, we present a low- 
cost method for producing clay-metal oxide (clay/ZnO). Utilizing the solution combustion technique, a composite 
of clay/ZnO was produced utilizing citric acid as both a fuel and a complexing agent. The hexagonal unit cell 
structure of the created clay/ZnO may be seen using XRD patterns. The ZnO-infused clay was visible in FE-SEM 

micrographs as homogenous, sphere-shaped ZnO. The possible involvement of clay/ZnO photocatalytic activity 
in the UV-induced photodegradation of malachite green dye was investigated. The 90% degradation rate shows 
the composite’s outstanding photocatalytic degradation capacity. The resulting substance was electrochemically 
analyzed using a constructed electrode in 0.1 M KOH electrolyte. It increased its sensor capabilities, which now 

include chemical and biomolecule sensors, and it excelled in cyclic voltammetry-based redox potential studies. 
To efficiently evaluate chemically synthesized NPs for electrochemical, sensing, and photocatalytic applications, 
this study intends to create a solution combustion procedure for the synthesis of clay/ZnO nanocomposite using 
urea as fuel. 
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. Introduction 

Nanostructured materials have gained significant interest in recent
ears due to their unique properties, including enhanced damping, me-
hanical stability, high strength, and higher thermal conductivity [1] .
etal oxide nanostructures, characterized by their high surface area and

iny crystallite size, have found applications in optical electronics, sens-
ng technologies, and nanoelectronics [2] . Various metal oxide nanos-
ructures, such as Fe3 O4 , ZnO, TiO2 , and MgO, have been developed for
 wide range of applications [3–6] . ZnO stands out as a sensor and device
aterial due to its biosafety and biocompatibility. Metal oxide nanos-

ructures possess desirable nano-morphological, functional, biocompat-
ble, nontoxic, and catalytic properties [7] . These nano powders are in
igh demand in various industries and have received favorable market
eception. ZnO nanoparticles and nanocomposite materials have been
xtensively researched due to their diverse applications in cutting-edge
echniques [ 8 , 9 ]. Zinc oxide nano powders find applications in LCDs, so-
ar cells, blue laser diodes, capacitors, protective coatings, photo print-
ng, antimicrobial thin films, and electrophotography, among others [6] .
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Clay minerals serve as crucial adsorbents for removing harmful met-
ls from water. Various methods [ 10 , 11 ] are available for producing
anocrystalline ferrites. The high surface area of these materials en-
ances their thermal and chemical stability, as well as their catalytic per-
ormance and cation exchangeability [12–14] . Layer-structured struc-
ural clay, known for its unique properties, is used to enhance sensor
ualities during preparation [ 15 , 16 ]. Numerous studies [ 17–22 ] em-
loying voltammetry have demonstrated the utility of clay-treated elec-
rodes in detecting metals in water and bioactive chemicals. Among the
vailable synthesis methods, co-precipitation [23–32] is the most effec-
ive for producing clay/ZnO nanocomposites. 

Solution combustion is recommended for the production of ferrite
anoparticles [32] due to its convenience, rapid reaction, and low an-
ealing temperature. This method results in improved physical proper-
ies, smaller particle sizes, and reduced impurities in the ferrites. Fuels
re crucial in the combustion process as they facilitate the formation of
etal cation molecules [33] . The low annealing temperature, short re-

ction time, and user-friendly nature of this method make it preferable
o others [34] . Fuels such as glycine, urea, citric acid, and EDTA play a
om (N. Raghavendra) . 
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Fig. 1. Flowchart for synthesis of clay doped ZnO by reflux method. 
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Fig. 2. XRD spectrum of clay, ZnO, and clay/ZnO. 
ignificant role in the combustion reaction by forming complexes with
etal cations [ 35 , 36 ]. 

Clay minerals, known for their high capacity to adsorb metal ions
 37 , 38 ], are suitable adsorbents for various applications. They offer nu-
erous benefits, including their effectiveness in detecting heavy metal
articles in aqueous solutions that have been present for extended pe-
iods [ 39 , 40 ]. This study aims to establish a solution combustion ap-
roach using urea as a fuel for producing clay/ZnO nanocomposites.
his method will provide an efficient means of evaluating chemically
ynthesized NPs for applications in electrochemical chemistry, sensor
echnology, and photocatalysis. 

. Materials and methods 

.1. Preparation of ZnO nanoparticles by solution combustion method 

In a Pyrex dish, 15.368 g of Zn(NO3 )3 and 6.0 g of urea were dis-
olved in double-distilled water. The dish was then placed inside a muf-
e furnace preheated to 400 °C. As the temperature increased, the solu-
ion reached its boiling point, causing dehydration and decomposition,
esulting in the release of gasses. Once the solution reached its criti-
al temperature, spontaneous combustion occurred, generating a signif-
cant amount of heat. The liquid completely evaporated, leaving behind
 solid residue. Within 5 min, the combustion process resulted in the
ormation of ZnO powder. 

.2. Collection of clay 

The clay used in the experiment was collected from the Kudremukh
istrict of Karnataka. It was used without undergoing any additional
urification or modification. 

.3. Preparation of clay doped ZnO nanocomposite 

In 250 mL beaker, 0.2 g of clay was mixed with 250 mL of double-
istilled water until a uniform solution was obtained. Another 250 mL
eaker was used to hold 0.2 g of ZnO during 30 min ultrasonication
rocess. The solution was then thoroughly mixed in a 460 r/min, 90 °C
efluxing round bottom flask (RB). After 3 h, the solution was allowed to
ettle at room temperature. It was then filtered using 25 mm Whatman
lter paper, rinsed with ethanol, and heated in a hot air oven at 100 °C
84
or 12 h. The solution is now ready for use. Clay/ZnO nanoparticles were
ynthesized, as depicted in Fig. 1 . 

. Result and discussion 

.1. X-ray diffraction studies (XRD) 

An X-ray diffractometer (Shimadzu-7000) with monochromatized
uK 𝛼 radiation was used to characterize the powder’s atomic structure
nd quantify its crystal size. Full width at half maximum (FWHM) mea-
urements and analysis utilizing the Debye Scherrer’s Eq. (1) was used
o determine the particle sizes. 

 = 0 . 9 𝜆
𝛽cos 𝜃

, (1) 

here D is constant related to the shape of the crystalline domains (typ-
cally around 0.9), 𝜆 is wavelength of the X-ray radiation used (in this
ase, CuK 𝛼 radiation), 𝛽 is full width at half maximum (FWHM) of the
iffraction peak and 𝜃 is diffraction angle at which the peak is observed.

Fig. 2 displays the average crystallite sizes of the clay (38.37 nm),
nO (36.39 nm), and clay/ZnO nanocomposite (33.46 nm). The X-ray
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Fig. 3. SEM image of (a) clay, (b) ZnO, and (c) clay/ZnO. 

Table 1 

Chemicals used in the experiment (analytical grade without any further purifi- 
cation or modification). 

Materials Formula Specification Suppliers 

Zinc nitrate Zn(NO3 )2 189.36 g/mol Merck, Bengaluru 
Urea NH2 CONH2 60.06 g/mol Merck, Bengaluru 
Clay Al2 O3 ·2SiO2 ·2H2 O − Karnataka 
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Table 2 

EDAX analysis of clay, ZnO, and clay/ZnO (%). 

Elements Sample 
Sample 

clay ZnO clay/ZnO 

C 12.42 − 3.10 
O 50.57 6.92 52.55 
Na 0.16 − 0.02 
Mg − − 0.71 
Al 13.86 − 17.62 
Si 16.04 − 21.78 
K 0.60 − 1.11 
Ca 0.31 − 0.01 
Fe 6.04 − 2.70 
Zn − 93.08 0.41 
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iffraction (XRD) patterns, clearly exhibited clearer and stronger peaks
or clay, ZnO, and the clay/ZnO nanocomposites, indicating their high
rystallinity. 

.2. Scanning electron microscopy (SEM) 

The synthesized particle was examined using a scanning electron mi-
roscope (SEM) on a Tescan Vega 3 device. Fig. 3 shows scanning elec-
ron micrographs of clay, ZnO, and clay/ZnO. Clay has a flattened or
laty form, as seen in Fig. 3(a) , with an average size on the order of
 μm. ZnO, shown in Fig. 3(b) , has a flake-like shape due to the ag-
regation of its nanoparticles into larger linked structures without clear
oundaries. ZnO particles display a variety of geometric forms, includ-
ng cubic, hexagonal, rhombic, and others, while clay particles retain
heir platy shape. The synthesized clay/ZnO nanocomposite ( Fig. 3(c) )
xhibits a uniform particle distribution. In contrast to the ZnO particles,
hich have rough surfaces and intertwine to form complex geometries,

he clay particles have retained their flat shape ( Table 1 ). 

.3. Energy dispersive X-ray analysis (EDAX) 

The Tescan Vega 3 equipment was used to characterize the synthe-
ized particles using EDAX analysis. Fig. 4 displays the results of the
DAX investigation of clay, ZnO, and the clay/ZnO nanoparticles. In
85
ig. 4(a) , the components of clay, including silica, carbon, oxygen, iron,
nd aluminum, can be seen as revealed by the EDAX analysis, provid-
ng insight into the compound’s composition. The EDAX results for ZnO,
anufactured using the solution combustion technique with urea as the

uel, are shown in Fig. 4(b) . The examination reveals a high weight per-
entage of Zinc (Zn) and oxygen (O), indicating that they constitute
he major constituents of ZnO. The EDAX results for the reflux-made
lay/ZnO nanocomposite are shown in Fig. 4(c) . The results show a
igh concentration of zinc, as well as oxygen, carbon, silica, aluminum,
odium, and other elements in trace levels. This indicates the presence
f these components in the clay/ZnO nanocomposite, although in low
oncentrations. Table 2 provides a list of the various elements present. 

. Electrochemical and sensor studies 

To fabricate the working electrodes, 0.025 g of the active mate-
ial was combined with 0.475 g of graphite and then bound with 3–5
rops of polytetrafluoroethylene (PTFE) solution. An Ag/AgCl electrode
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Fig. 4. EDAX spectrum of (a) clay, (b) ZnO, and (c) clay/ZnO. 

s  

c  

w  

t  

e  

r  

T  

p  

t

𝐼  
erved as the reference electrode, whereas a platinum counter electrode
ompleted the electrochemical setup. Both clay and clay/ZnO electrodes
ere used in this arrangement. It was found that the clay/ZnO elec-

rode had a decreased reversibility of the reaction compared to the clay
lectrode, as shown in Tables 3 and 4 . Both electrodes exhibited quasi-
eversible electron transfer in their cyclic voltammetry (CV) curves.
86
hese findings demonstrate that the redox process is crucial for the ca-
acitive behavior of the electrodes. Eq. (2) is the Randles–Sevcik equa-
ion for calculating the height current in reversible processes. 

𝑝 = 2 . 69 × 105 × 𝑛
3 
2 × 𝐴 ×𝐷

1 
2 × 𝐶0 × 𝑣

1 
2 , (2)
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Table 3 

Electrochemical reversibility, diffusion coefficient and capacitance value of clay. 

Scan rate /(mV s− 1 ) EO /(10− 5 V) ER /(10− 5 V) EO –ER /(10− 5 V) D /cm2 Capacitance /(F g− 1 ) 

10 1.650 9.052 0.745 

1.327 × 10− 6 105.3 

20 1.930 8.341 1.096 
30 2.008 6.921 1.316 
40 2.097 6.560 1.441 
50 2.239 6.038 1.636 
60 2.270 4.960 1.774 

Table 4 

Electrochemical reversibility, diffusion coefficient, and capacitance value of clay/ZnO. 

Scan rate /(mV s− 1 ) EO /(10− 5 V) ER /(10− 5 V) EO –ER /(10− 5 V) D /cm2 Capacitance /(F g− 1 ) 

10 2.185 9.269 1.259 

1.341 × 10− 6 164.47 

20 2.336 5.122 1.259 
30 2.449 1.353 2.314 
40 2.637 − 5.310 7.940 
50 2.710 − 6.560 9.240 
60 2.788 − 9.956 12.730 

Fig. 5. CV curves of (a) clay, (b) clay/ZnO, and (c) diffusion coefficient of (clay, clay/ZnO). 
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here n is the total number of electrons involved in the redox process,
 is total area of the active surface of the electrode, D is diffusion co-
fficient of the electroactive species, v is the scanning rate in the CV
xperiment, and C0 is initial concentration of the electroactive material
n the solution. 

CV was used to test the electrochemical characteristics of the clay
nd clay/ZnO nanocomposite in 0.1 M KOH solution. As shown in
87
igs. 5 (a)(b), the potential scan rate varied from 0.0 to 1.0 V. The ca-
acitances of the clay and clay/ZnO nanocomposite electrodes were cal-
ulated using CV analysis, and the results are shown in Tables 3 and 4 .
he results showed that the clay electrode had a capacitance of 105.3 F
− 1 , whereas the clay/ZnO nanocomposite electrode had a capacitance
f 164.47 F g− 1 . The proton diffusion coefficient ( D ) was used to evalu-
te the electrode reactions of both clay and clay/ZnO owing to the linear
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Fig. 6. Clay sensor studies in 0.1 M KOH of (a) BS-A, (b) BS-R, and (c) BS-U. 
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onnection between the peak current ( ip ) and square root of the num-
er of electrons transported ( n 1/2). Fig. 5(c) shows that the D value for
lay/ZnO is greater than that of clay, suggesting that the electrochem-
cal activity of the clay/ZnO nanocomposite is more effective than that
f clay. 

The chemical sensing capabilities of clay and clay/ZnO nanocom-
osite electrodes were investigated using cyclic voltammetry in the po-
ential range of 0.00 to − 1.00 V ( Figs. 6 (a)–(c) and 7 (a)–(c)). These
raphs show how the reduction and oxidation peak potentials shift as
he concentration increases from 1 to 5 mM in an alkaline medium, in-
icating the potential of this technology for use in real-world sensing
pplications. Significant differences in the anodic oxidation peak po-
entials were observed when the synthesized materials were tested for
scorbic acid (BS-A), resorcinol (BS-R), and uric acid (BS-U). The peak
otential variation was + 0.22 V at the clay electrode and − 0.44 V at the
lay/ZnO nanocomposite electrode. Various shifts revealed the reactiv-
ty of the electrodes toward various substances. The observed shifts in
he oxidation and reduction peaks support the efficacy of nickel-mesh
raphite electrodes for sensing activities, further emphasizing their po-
ential for chemical sensing applications. 

Bio-sensing (BS) detection of ascorbic acid (BS-A), resorcinol (BS-
), and uric acid (BS-U) in a 0.1 M KOH electrolyte is shown in
ig. 6 as CV responses. Ascorbic acid detection by a biosensor is shown
n Fig. 6(a) for an oxidative potential range of − 0.30 to − 0.50 V. V for
he biosensor-based range of − 0.26 to − 0.37 V is depicted in Fig. 6(b) .
s shown in Fig. 6(c) , the biosensor is sensitive to uric acid in the ox-

dative potential range of − 0.24 to − 0.42 V. In 0.1 M KOH on a clay
 s  

88
ickel mesh electrode, resorcinol had the highest detection efficiency of
he three biosensors tested. 

Fig. 7 displays the CV responses from the biosensing (BS) of ascor-
ic acid (BS-A), resorcinol (BS-R), and uric acid (BS-U) in a 0.1 M KOH
lectrolyte. The biosensor was able to pick up on ascorbic acid at oxida-
ive potentials between − 0.21 and − 0.52 V ( Fig. 7(a) ). For resorcinol
io-sensor detection, the oxidative potential range is demonstrated in
ig. 7(b) to be between − 0.33 and − 0.39 V. In Fig. 7(c) , we see a bio-
ensor detect uric acid throughout an oxidative potential range of − 0.32
o − 0.55 V. Among the three bio-sensors tested in 0.1 M KOH, uric acid
s the easiest to detect using a clay/ZnO nickel mesh electrode. 

. Photocatalytic studies 

As shown in Fig. 8 , the generated nanocomposite underwent the pho-
ocatalytic degradation of malachite green dye when exposed to UV–
isible (UV–vis) light. A UV–vis spectrophotometer was used to monitor
he adsorption by periodically pipetting 5 mL of the dye solution. The
oncentration of the malachite green dye was determined by measuring
ts absorbance at 624 nm. Eq. (3) was used to calculate the reduction
fficiency. 

egradation eff iciency =
𝐶i − 𝐶f 

𝐶i 
× 100% , (3) 

here Ci is the initial concentration, and Cf is the reaction concentration
f the malachite green dye before and after irradiation. 

Finally, the absorbance was measured at 624 nm to evaluate the dye
watches. For the malachite green dye (20 × 10− 6 for 90 min), the photo-
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Fig. 7. Clay/ZnO sensor studies in 0.1 M KOH of (a) BS-A, (b) BS-R, and (c) BS-U. 

Fig. 8. Flowchart for photocatalytic activity of clay and clay/ZnO. 

89
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Fig. 9. (a) UV graph and (b) degradation(%) of malachite green using clay catalyst. 

Fig. 10. (a) UV graph and (b) degradation(%) of malachite green using clay/ZnO catalyst. 

Table 5 

Photocatalytic degradation of malachite green using clay. 

Time/min Absorbance Concentration/ × 10− 6 Degradation/% 

0 0.523 20.00 0.00 
15 0.401 15.33 23.35 
30 0.293 11.20 44.00 
45 0.231 8.83 55.85 
60 0.176 6.73 66.35 
75 0.159 6.08 69.60 
90 0.121 4.62 76.90 
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Table 6 

Photocatalytic degradation of malachite green using clay/ZnO. 

Time/min Absorbance Concentration/ × 10− 6 Degradation/% 

0 0.657 20.00 0.00 
15 0.535 16.28 18.60 
30 0.425 12.93 35.35 
45 0.318 9.68 51.60 
60 0.254 7.73 61.35 
75 0.160 4.87 75.85 
90 0.105 3.19 84.05 

t  

[
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t  

fi  
atalytic activity of the clay/ZnO nanocomposite was 84.05%, whereas
hat of the clay nanoparticles was only 76.9% ( Figs. 9 and 10 ; Tables 5
nd 6 ). It has been shown that the photodegradation activities of photo-
atalysts are profoundly affected by the particle size, shape, and surface
eatures of the materials. The combination of a low recombination rate
nd robust interfacial charge transfer is responsible for the enhanced
hotocatalytic efficiency observed upon decreasing the crystal size. In
ddition to producing superoxide radicals (O • ) through electron ac-
2 

90
ivity, VB holes react with water to generate hydroxyl radicals (OH • )
41–45] . 

. Antioxidant activities 

The DPPH assay ( Fig. 11 ) was used to evaluate the antioxidant ac-
ivities of the clay and clay/ZnO nanoparticles at 517 nm. Each of the
ve labelled test tubes contained a different volume of solution (rang-
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Fig. 11. Flowchart for the antioxidant activity of clay and clay/ZnO. 

Fig. 12. (a) UV absorption spectrum and (b) antioxidant activity of clay. 

Table 7 

Antioxidant activity of clay. 

Volume of sample/mL Volume of methanol/mL Concentration/μg Absorbance Activity/% 

IC-50/(mg 
mL− 1 ) 

100 500 1000 0.259 34.59 

282.517 

200 400 2000 0.223 43.68 
300 300 3000 0.203 44.98 
400 200 4000 0.158 60.10 
500 100 5000 0.098 75.25 
Control 600 − 0.396 − 

i  

m  

s  

i  

w  

t  

t

A  

w  

 

a  

r  

l  

a  

2  

i  

t  

r  

D  

c  
ng from 100 to 500 mL). Methanol was added to each test tube via a
icropipette. Each test tube contained 2 mL of newly prepared DPPH

olution, and then the tubes were wrapped in aluminum foil and stored
n the dark for approximately an hour. The absorbance of the solution
as measured using a UV–vis spectrophotometer (Elico UV 1800 spec-

rophotometer) [46] . Therefore, the proportion of antioxidant proper-
ies was determined using Eq. (4) . 

nt ioxidant act ivit y =
𝐴C − 𝐴S 

𝐴C 
× 100% , (4)

here Ac is absorbance of the control and As is absorbance of the sample.
91
The UV absorption spectra and antioxidant properties of the clay
nd clay/ZnO nanoparticles are shown in Figs. 12 (a)(b) and 13 (a)(b),
espectively. The antioxidant activity estimation and IC50 value calcu-
ation methods are presented in Tables 7 and 8 , respectively. The clay
nd clay/ZnO nanoparticles exhibited radical-scavenging activities of
82.517 and 236.493 mg/mL, respectively. The IC50 value for neutral-
zing free radicals should be set at the maximum possible degree of an-
ioxidant activity [47] . Clay and clay/ZnO NPs can scavenge DPPH free
adicals by transferring an electron to an oxygen atom to create stable
PPH molecules. When added to methanolic DPPH solutions at varying
oncentrations, the pink hue of the unstable DPPH solution disappeared.
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Fig. 13. (a) UV absorption spectrum and (b) antioxidant activity of clay/ZnO. 

Table 8 

Antioxidant activity of clay/ZnO. 

Volume of sample/mL Volume of methanol/mL Concentration/μg Absorbance Activity/% 

IC-50/(mg 
mL− 1 ) 

100 500 1000 0.272 31.31 

236.493 

200 400 2000 0.215 46.96 
300 300 3000 0.155 60.85 
400 200 4000 0.124 68.68 
500 100 5000 0.079 80.05 
Control 600 − 0.396 − 
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. Conclusion 

Based on these findings, we employed a chemical method to develop
nd test a low-cost hybrid nano adsorbent composed of clay/ZnO. 

1) The X-ray diffraction (XRD) patterns confirmed the clay/ZnO, spinel,
or cubic structure. Clay was found to be evenly distributed through-
out the composite, as determined by the FESEM investigation of the
composition of the material. 

2) The larger potential reversibility disparity of − 0.6 to 0.6 V was seen
in the clay/ZnO CV investigation. Clay/ZnO-carbon paste electrodes
exhibited considerable shifts in the oxidation and reduction peaks,
proving the use of this material in sensor applications. 

3) CV measurements of clay/ZnO were enhanced to detect heavy metals
using sensors for biomolecules (dextrose), eye-drop chemicals, and
stannous chloride. 

Based on these results, it is likely that the synthesized clay/ZnO could
e used in a wide range of applications, including chemical and biosen-
ors for electrochemical sensing, heavy metal analysis, and commercial
astewater treatment. 
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