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Caffeine-mediated ZnO and NiO nanoparticles were prepared through an eco-friendly solution combustion route. The synthesis yielded
porous, nanocrystalline powders with high chemical purity and appreciable photocatalytic performance. X-ray diffraction patterns
assigned the ZnO phase to the hexagonal wurtzite structure and the NiO phase to the cubic bunsenite structure. The crystallite dimensions
estimated from the Scherrer equation were 31.2 + 2.8 nm for ZnO and 22.9 + 1.9 nm for NiO. FT-IR spectra contained the characteristic
metal-oxygen vibrational bands corresponding to Zn—O and Ni—O bonds, confirming the formation of the oxide phases. Scanning electron
microscopy (SEM) revealed irregular, porous particles with a tendency toward agglomeration at the nanoscale. Energy-dispersive X-ray
spectroscopy detected the expected elemental constituents and confirmed the high purity of the synthesized materials. The optical band-
gap energies calculated from UV-DRS absorption data were 2.98 eV for ZnO and 3.10 eV for NiO. Photoluminescence measurements
revealed blue emission features associated with oxygen vacancy related defects and other localized electronic states. ZnO exhibited
comparatively weaker emission intensity, which is consistent with a lower extent of photogenerated electron-hole recombination. The
photocatalytic properties were assessed through the degradation of methyl orange under UV irradiation. ZnO attained 83.2% dye

degradation within 120 min, while NiO achieved 77.56% degradation after 150 min.
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INTRODUCTION

Textile, printing, paper, leather and pharmaceutical indus-
tries generate large quantities of dye-contaminated wastewater,
posing risks to aquatic ecosystems and human health [1]. The
synthetic dyes are of particular concern due to their chemical
stability, toxicity and resistance to conventional biological treat-
ment [2]. Methyl orange (MO), an aromatic azo dye, is widely
used as a model pollutant in photocatalytic studies due to its
stable molecular structure and resistance to degradation under
natural conditions [3]. The development of effective methods
for the removal of such pollutants is closely related to United
Nations Sustainable Development Goal 6 (SDG 6), which
promotes clean water, sanitation and improved wastewater
treatment.

Semiconductor photocatalysis has attracted considerable
interest for the treatment of persistent organic pollutants. Light
irradiation with sufficient energy generates electron-hole pairs
in semiconductor materials, which can participate in the form-

ation of reactive oxygen species such as hydroxyl (*OH) and
superoxide (*O2") radicals. These reactive species can attack
organic molecules and promote their degradation toward sim-
pler products such as CO, and H,O [4,5]. The photocatalytic
response of a semiconductor is governed by several material
properties, such as crystal structure, crystallite size, morpho-
logy, surface defects, optical band gap and electron-hole recom-
bination.

ZnO and NiO are semiconductor metal oxides with dis-
tinct structural and electronic characteristics. ZnO is an n-type
semiconductor known for its high exciton binding energy,
chemical stability, low toxicity and photocatalytic activity
[6]. NiO is a p-type semiconductor with useful electronic pro-
perties and has been investigated in catalysis, energy storage,
sensing and environmental applications [7]. A comparative
study of these two oxides prepared under similar conditions
can provide useful information on the relationship between
their structural and optical properties and photocatalytic per-
formance.
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Solution combustion synthesis is a simple and rapid
method for preparing metal oxide nanomaterials. The method
involves an exothermic redox reaction between a metal salt
precursor and an organic fuel, with the heat generated during
combustion promoting oxide formation [8]. The rapid release
of gaseous products such as CO2, H,0 and N; can favour the
development of porous structures and restrict excessive grain
growth, which is beneficial for obtaining nanosized oxide pow-
ders. The combustion fuel has an important role in controll-
ing the reaction temperature, combustion behaviour, crystall-
inity and morphology of the resulting oxide. Urea, glycine,
citric acid and hexamethylenetetramine (HMTA) are frequen-
tly used fuels in solution combustion synthesis [9].

Caffeine (CgH10N4O,) is a naturally occurring nitrogen-
containing organic compound that can serve as an alternative
combustion fuel [10]. Its functional groups can interact with
metal ions, while its thermal decomposition during combus-
tion contributes to heat and gaseous product formation. These
characteristics make caffeine suitable for exploring a greener
route for the preparation of metal oxide nanomaterials. The use
of a naturally occurring compound as both a combustion fuel
and complexing agent can reduce reliance on conventional
synthetic reagents and is consistent with the principles of
green chemistry and SDG 12 [11,12]. In the present work,
ZnO and NiO nanoparticles were synthesized by an eco-
friendly solution combustion method using zinc nitrate and
nickel nitrate as precursors and caffeine as the combustion fuel.
The structural, morphological, compositional and optical
characteristics of the synthesized nanoparticles were exam-
ined using XRD, FTIR, SEM, EDS, UV-visible spectroscopy
and photoluminescence measurements. Their photocatalytic
performance was assessed through the degradation of methyl
orange under UV irradiation. Particular attention was given
to the crystal structure, crystallite size, optical band gap and
defect-related photoluminescence characteristics of ZnO and
NiO and their relationship with photocatalytic activity.

EXPERIMENTAL

Analytical grade solvents and chemicals zinc nitrate hexa-
hydrate (> 99%), nickel(lIl) nitrate hexahydrate (> 98%) and
caffeine (CgH1oN4O2, m.w. 194.19 g mol2) were used as recei-
ved and were not further purified. The photocatalytic experi-
ments employed methyl orange as the model pollutant, with
demineralized water used as the solvent throughout the study.

Caffeine-assisted solution combustion: The green solu-
tion combustion method using caffeine as fuel and complexing
agent was adopted to prepare ZnO and NiO nanoparticles.
For each of the typical synthesis, 0.1 mol of Zn(NOs),:-6H,0
(29.75 g) or Ni(NO3),-6H,0 (29.08 g) was separately dissolved
in 50 mL of demineralized water under magnetic stirring at
laboratory temperature. A solution was prepared by adding
0.05 mol of caffeine (9.71 g) to each solution, with the fuel-
to-oxidizer ratio as specified by the chemistry reactions and
the resulting mixture stirred for 30 min until a clear homogene-
ous solution was formed. Excess water was removed from the
solution by applying heat to a hot plate, so that it formed a
viscous gel at 80-90 °C. The gel self-sustained combustion
reaction took place at temperatures around 250-300 °C and a
voluminous ash resulted in the release of various gases such

as CO;,, H,O and Nj. The as-combusted powders were then
gently ground and calcined in air at 500 °C for 3 h to increase
the crystallinity and to remove the residual organic species.
The idealized combustion reactions are given as:

2Zn(NO3)2-6H,0 + CgH10N4O2 + 4.50, —
2Zn0 + 8CO; + 17H,0 + 6N, T

2Ni(NO3)2'6H20 + CgH1oN4sO;, + 4.50, —>
2NiO + 8CO, + 17H,0 + 6N,

Characterization: An X-ray diffractometer (Bruker D8
advance, CuKa radiation, A = 1.5406 A) measured the X-ray
diffraction pattern from 20° to 80° 20. The crystallite size was
calculated from major diffraction peaks using the Scherrer
equation to obtain an average size. Surface functional groups
and metal-oxygen vibrations were recorded with a Thermo
Scientific Nicolet iS50 FTIR spectrometer in the range 4000-
400 cm. Surface morphology and elemental composition
were studied with a Zeiss SEM and EDX. Optical absorption
was measured from 200-800 nm with a JASCO V-570 and
optical band gap energies were calculated using Kubelka-
Munk and Tauc plot analyses. Photoluminescence spectra at
room temperature were measured with a JASCO FP-8300 to
examine defects and charge-carrier recombination behaviour.

Methyl orange photodegradation: The synthesized
caffeine-mediated ZnO and NiO nanoparticles were tested
for their photocatalytic activities by using the model organic
pollutant methyl orange. A typical experiment involved dissol-
ving 10 mg of dye, methyl orange, in deionized water to make
the dye solution. Then 50 mg photocatalyst was added to 100
mL of the dye solution and stirred magnetically in dark for
30 min to reach the adsorption—desorption equilibrium. Then,
the suspension was illuminated with a 120 W mercury UV
lamp as a light source while being stirred continuously and
suspended. Aliquots were removed from the reaction solution
at certain periods, centrifuged to collect the catalyst particles
and the remaining dye concentration was measured with a
JASCO V-360 spectrometer based on the absorption peak of
methyl orange at around 464 nm to 470 nm. The degradation
efficiency was calculated using egn. 1 [13]:

Degradation (n, %) = [1—%}100 1)
o

where C; is the dye concentration at varying time intervals,
C, is the initial concentration. The stability and reusability of
synthesized caffeine-mediated ZnO and NiO nanoparticles
were investigated by performing five consecutive cycles of
photocatalytic degradation of methyl orange under the same
experimental conditions. The photocatalyst was recovered by
centrifugation after each cycle, washed with some deionized
water and then ethanol to remove the adsorbed reaction inter-
mediates and dried at 80 °C for 2 h before being reused in the
next degradation experiment. The degradation efficiency was
determined after each cycle to evaluate the stability and reusa-
bility of the photocatalyst.

RESULTS AND DISCUSSION

XRD studies: The crystal structure and phase purity of the
synthesized caffeine-mediated ZnO and NiO nanoparticles
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using caffeine as a bio-derived fuel were investigated by X-
ray diffraction (XRD) and the corresponding diffraction
patterns are shown in Fig. 1. The ZnO sample exhibits sharp
and intense reflections located at 20 = 31.7°, 34.3°, 36.3°,
47.7°, 56.8°, 62.5° 66.3° 67.7° and 69.3° which can be
indexed to the (100), (002), (101), (102), (110), (103), (200),
(112) and (201) planes of the hexagonal wurtzite structure of
ZnO (space group P63mc), consistent with standard JCPDS
card No. 36-1451 [14]. As no additional diffraction peaks were
observed, confirmed that the ZnO sample was free from detec-
table secondary phases. Similarly, the NiO sample displays
characteristic diffraction peaks at 20 = 37.1°, 43.4°, 62.8°,
75.5°and 79.3°, corresponding to the (111), (200), (220), (311)
and (222) crystal planes of cubic NiO (space group Fm3m),
in agreement with JCPDS card No. 47-1049 [15]. No diffrac-
tion peaks other than those assigned to NiO were detected,
thereby confirmed the absence of detectable secondary phases
in the sample.
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Fig. 1. XRD patterns of ZnO and NiO nanoparticles synthesized by caffeine

assisted solution combustion

Both oxides exhibited sharp, intense diffraction peaks
characteristic of well-crystallized materials. The good crys-
tallinity can be linked to the high local temperatures generated
during the combustion reaction. In this process, caffeine funct-
ioned as both the combustion fuel and complexing agent, while
the metal nitrates provided the oxidizing component. The exo-
thermic reaction is self-sustaining and when the precursor
solution is heated, a huge volume of gaseous products (COg,
H20, N>) are produced which do not allow agglomeration of
particles and hence generate highly porous nanostructured
powders. All the significant diffraction peaks were used to esti-
mate the crystallite size of the combustion synthesized ZnO
and NiO nanoparticles using the Scherrer’s equation [16].

D KA @

Bcos6
where D is the crystallite size (hm), k is the shape factor (0.9),
) is the wavelength of CuKa. radiation (1.5406 A), B is the
full width at half maximum (FWHM) in radians and 0 is the
Bragg angle. Each diffraction peak was calculated to its resp-

ective size and then the average crystallite size was calculated
as the mean of the sizes. The crystallite sizes calculated for
ZnO and NiO were 31.2 £ 2.8 nm and 22.9 + 1.9 nm, respec-
tively, consistent with their nanocrystalline nature. The close
similarity in crystallite sizes obtained from the different diff-
raction planes is associated with good crystallinity and high
phase purity of the combustion-derived ZnO and NiO nano-
particles. The crystallite size values obtained from the diff-
erent diffraction reflections were closely comparable, pointing
to a uniform growth pattern within the crystallites. NiO had a
smaller average crystallite size than ZnO, which may arise
from differences in the growth behaviour during combustion.
The sharp diffraction peaks and narrow peak widths are chara-
cteristic of highly crystalline ZnO and NiO nanoparticles with
nanoscale crystallite dimensions.

FTIR studies: FTIR spectroscopy was used to examine
the functional groups and metal-oxygen bonding in the com-
bustion derived ZnO and NiO nanoparticles prepared using
caffeine as a bio-derived fuel. The spectra were recorded over
the range of 4000-400 cm™ (Fig. 2). A weak, broad absorp-
tion band around 3500-3400 cm™ was observed in both
spectra, which can be assigned to O—H stretching from surface
hydroxyl groups and adsorbed moisture [17]. The bands at
1650-1630 cm are associated with the bending vibration of
molecularly adsorbed water [18]. A weak feature in the 1450-
1380 cm! region can be related to residual nitrate species and
minor carbon-containing residues from the combustion
process [19].
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Fig. 2. FTIR spectra of ZnO and NiO nanoparticles showing characteristic

metal-oxygen vibrations

The ZnO spectrum displayed a broad, intense absorption
below 600 cm, with the main band located at approximately
520-450 cm, corresponding to Zn-O lattice vibrations of
the wurtzite ZnO structure [18]. No appreciable bands were
detected in the regions associated with C—H (3000-2800 cm™3),
C=0 (1750-1650 cm™) and C-N (1350-1200 cm™) vibra-
tions confirmed effective decomposition of the caffeine during
combustion and subsequent heat treatment [20]. The NiO
spectrum contained a strong absorption band in the 560-420
cm, assigned to Ni—O lattice vibrations in cubic NiO [21].
The broad feature between 600 and 1100 cm™ may arise from
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surface hydroxyl species and metal-oxygen lattice vibrations.
A weak band near 1450 cm™ can be attributed to a small
amount of surface carbonate formed through the adsorption
of atmospheric CO,. The absence of distinct organic-group
vibrations is consistent with substantial decomposition of the
caffeine fuel during combustion and conversion of the nickel
precursor to NiO. The FTIR results establish the presence of
Zn-0 and Ni-O bonds in the respective samples, with only
minor surface-adsorbed species. The hydroxyl- and carbonate-
related bands are consistent with the interaction of nanostruc-
tured oxide surfaces with moisture and atmospheric CO».
UV-DRS spectral studies: The diffuse reflectance spectra
of the combustion synthesized ZnO and NiO nanoparticles
prepared using caffeine as green fuel in the wavelength range
200-800 nm was studied using UV-DRS spectroscopy. The
ZnO nanoparticles show a strong absorption edge in the
ultraviolet region at ~360-380 nm, which is characteristic of
the transition of the electron from the valence band to the
conduction band (direct electronic transition) [22]. The NiO
nanoparticles show a wide absorption edge around 390-410
nm, corresponding to the charge transfer transition between
the O 2p and Ni 3d orbitals [23] (Fig. 3). The wider absorp-
tion spectrum of NiO suggests the presence of defect states
and intrinsic energy levels typical of nanocrystalline p-type
semiconductors. The Kubelka-Munk function and Tauc plot
methods were used to estimate the optical band gap energies.
The reflectance data were converted using [24]:
1-R)*
R 3

where R is the diffuse reflectance. The absorption coefficient
was then related to photon energy using the Tauc equation [25]:

F(R) =

(F(R)hv)" = A(hv — Ey) %)
where F(R) is the Kubelka-Munk function, hv is the photon
energy, A is a proportionality constant, Eq is the optical band
gap energy, n =2 for a direct allowed transition. Accordingly,
plots of (F(R)hv)? versus hv were constructed and the linear
portion was extrapolated to intersect the energy axis, where:

Eq = hv at (F(R)hv)?=0 (5)

The calculated band gap energies were found to be 2.98
eV for ZnO and 3.10 eV for NiO as shown in Fig. 3b. The
ZnO band gap was slightly lower than the reported value for
bulk ZnO (3.2-3.3 eV), which may be related to nanoscale
effects and defect states formed during caffeine-assisted comb-
ustion. This lower band-gap value can favour light absorption
in the photocatalytic process. NiO exhibited a band gap of
3.10 eV, with its optical behaviour influenced by its p-type
nature and defect states. The UV-visible absorption spectra
and Tauc plots provide evidence of the optical characteristics
of the combustion-derived ZnO and NiO nanoparticles. Their
band-gap values and defect-related features make these mate-
rials suitable for investigation in photocatalytic applications.

SEM-EDX: The surface morphology and elemental com-
position of the caffeine-assisted combustion-derived ZnO
and NiO nanoparticles were examined by SEM coupled with
EDS. Both samples exhibited porous, agglomerated structures
composed of predominantly spherical primary particles (Fig.
4) [26]. ZnO showed a loosely packed morphology, with fine
nanoparticles connected to one another and occasional flower-
like crystallite structures [27]. The pronounced porosity can be
related to the rapid release of gaseous products such as COg,
H.0O and N during the combustion of the metal nitrates with
caffeine. NiO consisted of irregular granular clusters with a

—NiO
(b)
T T T
NiO ~
2 (a) o
nO £
[&]
- - >
2
z
4
y L
o o
(8]
§ 3.10
5 Zno
2 \/_/\' |
'
— (&)
>
L.
£
_ [i4
T
I o4 1 Y I b I I
200 300 400 500 600 700 800
Wavelength (nm) 2.98
1.5 2.0 25 3.0 3.5 4.0

Energy (eV)

Fig. 3. (@) UV-Vis absorption spectra and (b) Tauc plots of ZnO and NiO nanoparticles
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Fig. 4. SEM images and EDS spectra of ZnO (a,c) and NiO (b,d) nanoparticles

rough and highly porous surface. The nanosized primary par-
ticles were closely associated within larger secondary aggre-
gates. Such a porous structure provides greater accessible
surface area and can favour the transport of reactants and
charge carriers during photocatalytic processes.

The EDS spectra contained only the elemental signals
expected for the respective oxides. ZnO exhibited Zn Lo, Zn
Ka, Zn KB and O Ka peaks, while the NiO spectrum cont-
ained Ni Lo (=0.85 keV), Ni Ka (=7.48 keV) and O Ka
signals. Quantitative EDS analysis of NiO gave 88.8 wt.% Ni
and 11.2 wt.% O. No distinct signals from foreign elements
or unreacted precursor species were detected [28]. The small
deviation from the theoretical composition can be associated
with the lower detection sensitivity of EDS toward light elem-
ents and the presence of surface-adsorbed hydroxyl or carbo-
nate species. The SEM and EDS results indicate that caffeine-
assisted combustion yields porous, nanosized ZnO and NiO
NPs with good chemical purity.

Photoluminescence: Photoluminescence (PL) measure-
ments were carried out in the 320-530 nm range to examine
the defect states and recombination behaviour of photogene-
rated charge carriers in the caffeine-assisted combustion-
derived ZnO and NiO nanoparticles (Fig. 5). Both samples
exhibited broad emission bands in the blue region, associated

T T T ¥ T ¥ T

— NiO

Intensity

T T T T T
320 360 400 440 480 520
Wavelength (nm)

Fig. 5. Photoluminescence spectra of ZnO and NiO nanoparticles

with radiative transitions involving intrinsic and defect-related
energy levels. The ZnO spectrum extended from approxima-
tely 390 to 500 nm, with a main emission peak near 450 nm.
This emission can be related to oxygen vacancies, zinc inter-
stitials and surface-related defect states [29]. The lower PL
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intensity of ZnO points to reduced electron-hole recombi-
nation, which can favour the availability of photogenerated
charge carriers for surface redox reactions during photo-
catalysis.

In case of NiO NPs, NiO exhibited a broader and more
intense emission band between 400 and 520 nm, with the
main peak located at approximately 440-445 nm. The blue
emission may arise from charge-transfer transitions involving
nickel vacancies, oxygen-related defects and Ni2*/Ni* centers
within the cubic NiO lattice [30]. The higher PL intensity of
NiO is associated with a greater contribution from radiative
recombination through defect-related states. These defect cen-
ters can influence light absorption and surface charge-transfer
processes, while their presence is reflected in the broad emis-
sion profiles observed for both oxides. The broad PL bands can
be associated with structural defects formed during the rapid
combustion process. High local temperatures followed by
rapid cooling can favour the formation of oxygen vacancies,
cation vacancies, interstitial defects and other lattice imper-
fections. Such defects influence the optical response and
charge-carrier dynamics of the nanoparticles and may affect
their photocatalytic behaviour.

Photocatalytic degradation: The photocatalytic activity
of the synthesized caffeine mediated ZnO and NiO nanopart-
icles was evaluated through the degradation of methyl orange
(MO) under UV irradiation. The time-dependent UV-visible
absorption spectra of MO in the presence of ZnO and NiO
are shown in Fig. 6. The characteristic absorption band of
MO at 464-470 nm gradually decreased with increasing irra-
diation time, exhibiting the progressive removal of the dye
from the solution. The decrease in absorbance is associated
with the breakdown of the azo (-N=N-) chromophore and
subsequent degradation of the dye molecules [31].

ZnO NPs exhibited a faster degradation rate, with 83.2%
removal of MO after 120 min of irradiation whereas NiO NPs
showed a slower degradation process and reached 77.56%
removal after 150 min. The dark and adsorption control experi-
ments showed only limited changes in MO concentration in the
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2 = 30 min
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%] — .
2 0.2 120 min
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-

700

T T
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Wavelength (nm)

T
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1
800

Absorbance (a.u.)

absence of UV irradiation, while a marked decrease occurred
in the presence of the photocatalysts under UV light. The
higher activity of ZnO NPs can be related to its good crystall-
inity, lower PL intensity and porous morphology. The lower
PL intensity is associated with reduced electron-hole recom-
bination, while the porous structure provides accessible surface
sites for dye adsorption and photocatalytic reactions. NiO NPs
exhibited lower activity than ZnO NPs, although its defect
states and optical response contributed to the degradation of
MO during extended irradiation.

Under UV irradiation, electrons in the semiconductor are
excited from the valence band to the conduction band, leaving
holes in the valence band. The photogenerated electrons can
react with dissolved O, to form superoxide radicals (*O),
while the holes can react with surface-bound H,O or hydroxyl
groups to generate hydroxyl radicals ("OH). These reactive
species attack the dye molecules and promote the breakdown
of the azo chromophore, followed by further degradation of the
resulting organic intermediates toward CO,, H>O and other
less harmful products.

The two combustion-derived oxides showed appreciable
photocatalytic activity toward MO degradation, with ZnO
NPs exhibiting faster degradation and a higher removal effici-
ency than NiO NPs under the conditions used in this study.
The results support the potential use of caffeine-assisted ZnO
and NiO nanoparticles for photocatalytic treatment of dye-
containing wastewater.

MO-+hv——e +h"
0,+e —— 0,
H,0+h* —— 'OH+H"*
MO + 'OH/'O, ——CO, + H,0O + Mineralized products

The correlation between concentration shifts and resp-
onse time (min) is shown in Fig. 7. The rate constant for this
degradation process is calculated using the following egn. 6
and the Kkinetics are of pseudo-first order.
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Fig. 6. UV-Vis spectra of methyl orange degradation using ZnO and NiO nanoparticles under UV irradiation
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A graph of In (C/C,) vs. reaction time from which the R?
value and the rate constant (k) were computed to be 0.9756;
0.9512 and 0.0258 min*; 0.0213 min™* for ZnO and NiO
NPs, respectively.

The synthesized ZnO and NiO nanoparticles were inves-
tigated for their degradation efficiency through five successive
cycles of photocatalytic degradation and the results are
shown in Fig. 8. It can be observed that the degradation
efficiency of the synthesized ZnO and NiO NPs has 95%,
91%, 85%, 79% and 71%, while 93%, 89%, 84%, 76% and
70%, respectively, for the first five cycles. The decrease in
degradation efficiency is a gradual process, which is believed
to be due to small losses of catalyst during the recovery process
and possibly partial blocking of active sites by degradation
intermediates strongly adsorbed on the surface. However,
both caffeine mediated ZnO and NiO NPs retained nearly
75% of their initial photocatalytic efficiency after five conse-
cutive cycles, with only a moderate decline in activity during
reuse. The higher degradation efficiency maintained by ZnO
NPs throughout the cycles is consistent with its stronger
photocatalytic response toward MO dye.
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A comparison of the present results with reported ZnO-
and NiO-based photocatalysts is given in Table-1. The
caffeine-assisted solution combustion route achieved MO
degradation of 83.2% with ZnO and 77.56% with NiO under

TABLE-1
COMPARISON OF THE PHOTOCATALYTIC PERFORMANCE OF ZnO AND
NiO NANOPARTICLES WITH PREVIOUSLY REPORTED STUDIES

Materials Synthesis Sources Dyes Time (min) Degradation (%) Ref.
ZnO and NiO Sol-gel Visible MB 30 72.6-79.2 [32]
ZnO Hydrothermal uv MB 80 50-62 [33]
NiO Precipitation uv MB 180 96 [34]
ZnO Sol-gel Visible RhB 180 90.25 [35]
NiO Hydrothermal Visible MB 90 81 [36]
ZnO/NiO Chemical Visible RhB 70 93.8 [37]
ZnO Combustion Visible MB 60 84.29 [38]
NiO Combustion uv Ferricyanide 30 84 [39]
ZnO Combustion uv MO 120 83.2 This study
NiO Combustion uv MO 150 77.56 This study
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UV irradiation. Higher degradation values have been reported
for some related photocatalysts, although the comparison is
affected by differences in dye concentration, catalyst loading,
irradiation source, reaction time and synthesis procedure. The
results obtained in this study show that caffeine can be used
as a bio-derived combustion fuel for the preparation of ZnO
and NiO nanoparticles with appreciable photocatalytic
activity. The method combines a short synthesis route with
the use of a naturally occurring fuel and offers a practical
approach for preparing oxide photocatalysts for dye-conta-
minated wastewater treatment.

Conclusion

The ZnO and NiO nanoparticles were synthesized using
a simple, eco-friendly solution combustion method using
caffeine as a green fuel and complexing agent. Caffeine rep-
laces traditional fuels, aligning with green chemistry for nano-
material production. X-ray diffraction confirmed the phase-
pure hexagonal ZnO and cubic NiO structures, with average
crystallite sizes of 31.2 + 2.8 nm and 22.9 = 1.9 nm, respec-
tively. FTIR spectra exhibited the characteristic Zn—O and
Ni—O vibrations of the respective oxides, while SEM images
revealed porous, agglomerated nanoscale particles associated
with rapid gas evolution during combustion. EDS analysis
showed high chemical purity of the synthesized nanomaterials.
The optical band gaps obtained from UV-DRS measure-
ments were 2.98 eV for ZnO and 3.10 eV for NiO. PL spectra
provided evidence of defect-related states that influence charge
carrier recombination. Under UV irradiation, ZnO achieved
83.2% methyl orange degradation within 120 min, while NiO
reached 77.56% after 150 min. The higher activity of ZnO
can be related to its good crystallinity, lower electron—hole
recombination and porous surface, while the defect-rich
structure of NiO NPs contributed to its photocatalytic resp-
onse. Caffeine-assisted solution combustion offers a simple,
low-cost and environmentally considerate route for preparing
Zn0 and NiO nanoparticles. The photocatalytic performance
and use of a bio-derived fuel make these materials promising
for dye-contaminated wastewater treatment and support the
broader goals of SDG 6 and SDG 12.
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