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ABSTRACT: The synthesis of optoelectrically enhanced nano-
materials should be continuously improved by employing time-
and energy-saving techniques. The porous zinc oxide (ZnO) and
copper-doped ZnO nanocomposites (NCs) were synthesized by
the time- and energy-efficient solution combustion synthesis
(SCS) approach. In this SCS approach, once the precursor−
surfactant complex ignition point is reached, the reaction starts and
ends within a short time without the need for any external energy.
The TGA−DTA analysis confirmed that 500 °C was the point at
which stable metal oxide was obtained. The doping and heterojunction strategy improved the optoelectric properties of the NCs
more than the individual constituents, which then enhanced the materials’ charge transfer and optical absorption capabilities. The
porosity, nanoscale crystallite size (15−50 nm), and formation of Cu/CuO-ZnO NCs materials were confirmed from the XRD,
SEM, and TEM/HRTEM analyses. The obtained d-spacing values of 0.275 and 0.234 nm confirm the formation of ZnO and CuO
crystals, respectively. The decrease in photoluminescence intensity for the doped NCs corroborates a reduction in electron−hole
recombination. On the Mott−Schottky analysis, the positive slope for ZnO confirms the n-type character, while the negative and
positive slopes of the NCs confirm the p- and n-type characters, respectively. A diffusion-controlled type of charge transfer process
on the electrode surface was confirmed from the cyclic voltammetric analysis. Thus, the overall analysis shows the applicability of the
less expensive and more efficient SCS for several applications, such as catalysis and sensors. To confirm this, an organic catalytic
reduction reaction of 4-nitrophenol to 4-aminophenol was tested. Within three and a half minutes, the catalytic reduction result
showed the great potential of NCs over ZnO NPs. Thus, the energy- and time-saving SCS approach has a great future outlook as an
industrial pollutant catalytic reduction application.

1. INTRODUCTION
The contamination of water due to the release of toxic organic
pollutants like 4-nitrophenol leads to carcinogenic and
mutagenic effects on human health.1 4-Nitrophenol, with its
highly stable and soluble properties in water, is used in a
variety of industries, including the manufacture of various
materials, as an indicator, and as a corrosion inhibitor.2,3 Thus,
the catalytic reduction of 4-nitrophenol to 4-aminophenol (4-
AP) has received significant attention.1,4 The use of nano-
technology, specifically nanomaterials, holds the promise of
several applications, such as a clean environment, energy-
efficient systems, and human well-being with a less expensive
and more efficient process.5 Zinc oxide (ZnO) is a II−VI
semiconductor family material having a wide bandgap of 3.37
eV. It is used in many fields of study, such as catalysis, sensors,
and biomedical applications due to its high stability, good
crystallinity, and saturation velocity.6 Copper oxide (CuO), a
narrow bandgap p-type semiconductor (1.2−1.8 eV),7 has high
light absorption properties in the visible region. The doping
engineering nanotechnology modifies the crucial properties of
metal oxide semiconductors, such as optoelectronic, structural,

and charge transfer properties.8 The doping of copper in the
ZnO lattice improves the optoelectric properties better than
that of the separate constituents.9 In addition, forming a p−n
junction between CuO and ZnO also creates an electric field
greater than their respective constituents and enhances the
materials’ charge transfer and optical absorption properties.10

Solution combustion synthesis (SCS) is one of many simple
and energy- and time-efficient methods for improving dopant
distribution during the combustion process.11 SCS follows the
decomposition of the precursors in the presence of fuel as a
reducing agent to give sol and then gel formation after the
heat-assisted solvent removal process. Finally, at the ignition
temperature of the complex, the materials begin to combust
and quench through the release of gases.12 The schematic
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representation of the solution combustion synthesis approach
is depicted in Scheme 1.
According to the authors’ literature search, there are many

reports about the synthesis of Cu-doped ZnO13−15 and ZnO/
CuO composites10,16−18 by various methods. However, there is
no report on the SCS approach-based synthesis of Cu-doped
ZnO/CuO (Cu-ZnO/CuO) NCs for the application of 4-
nitrophenol catalytic reduction. As a result, the focus of this
study is on the synthesis of Cu-ZnO/CuO NCs using the SCS
approach. Crucial analytical techniques such as TGA-DTA,
XRD, SEM, TEM/HRTEM/SAED, PL, and CV confirmed the
higher porosity and better optoelectric properties of doped
nanocomposites compared to single ZnO NPs. Hopefully, this
synthesis approach will show good future outlooks for
synthesizing porous materials that increase the ion- and
mass-transport properties of the materials, which have
significance in different applications such as energy devices.
In this study, the greater 4-nitrophenol to 4-aminophenol
catalytic reduction potential of NCs than ZnO NPs was
confirmed.

2. RESULTS AND DISCUSSION
2.1. Characterizations. DTG (TGA/DTA) analysis was

used to characterize the thermal stability of ZnO-PVA NCs,
which is the temperature required to decompose PVA after
capping the synthesized NPs and NCs from aggregation. The
PVA decomposition behavior and the temperature at which it
decomposes to give pure stabilized ZnO NPs are shown in
Figure 1. The total decomposition mass loss was found to be
17% (Figure 1, inset label a). The 3% decomposition is due to
the removal of surface or crystal-absorbed water. The 4% is due
to the decomposition of the complex formed between PVA
and the zinc precursor. The remaining 10% is due to the total
decomposition of the PVA polymer. The derivatives of TGA
show a DTA spectrum, indicating the two short and broad
peaks for water removal and the third intense peak for PVA
decomposition. Herein, the total decomposition of PVA to
give stable metal oxide was observed at a temperature of 500
°C, and this temperature is used for subsequent character-
ization analysis. The instability above 500 °C is probably due
to the thermal oxidation of the NPs and carbonized
residues.20−22

The structural and crystallite properties of ZnO NPs, CuO
NPs, and Cu-doped NCs synthesized by the SCS approach are
characterized by using the XRD pattern. The capping
properties of PVA were studied by varying its amount from
0.5 to 2 g (Figure S1a). The smaller crystallite size (greater
surface) of 18 nm was obtained for 1 g of PVA (Figure S1b).

The complex formation between PVA and the precursor
(combustion processes) was studied in the presence and
absence of urea. The NPs synthesized in the absence of urea
(Figure 2a) showed a higher surface area and porosity than
those of the NPs/NCs synthesized using urea (Figure S1c,d),
indicating the aid of urea in the clumping of NPs/NCs. Of
course, the aggregation behavior of urea in water solvent was
reported, which then may lead to reduction of the combustion
process.23 The approximate average crystallite sizes of NPs and
NCs were calculated using Scherrer’s formula.24 The XRD
patterns of Cu-doped ZnO NCs (for 1 and 10% Cu dopants)
are studied, as shown in Figure 2, with inset labels d and e. The
10% doped NCs show relatively better crystallite size than 1%
NCs. The XRD pattern peak for ZnO and 1% doped ZnO NCs
shows hexagonal ZnO wurtzite characteristic peaks at 32°, 34°,
36°, 48°, 57°, 63°, and 68° (JCPDS, file no. 00-036-1451),
with the corresponding planes of (100), (002), (101), (102),
(110), (103), and (112), respectively.25

As shown in Figure 2, the XRD pattern peak for single CuO
NPs exhibits a monoclinic phase at 2θ values of 32.4°, 35.6°,
38.7°, 48.8°, 53.5°, 58.3°, and 61.6° (JCPDS, file no. 00-048-
1548), with the corresponding planes of (110), (11-1), (200),
(20-2), (020), (202), and (11-3), respectively. The absence of
a copper-independent peak in the 1% Cu-doped ZnO NCs

Scheme 1. Simplified Scheme of the SCS Processa Reprinted with permission from ref 19. Copyright 2021 Springer Nature.

aSol formation by mixing the surfactant, precursors, and fuels; foam formation during dehydration at 105 °C; combustion by gently increasing the
temperature up to the PVA/fuel−precursor complex ignition temperature; formation of a porous product by gas evolution.

Figure 1. Thermal stability analysis: thermogravimetric (inset label a)
and deferential thermal analysis (inset label b) plots of ZnO NPs
synthesized using the poly(vinyl alcohol) polymer as a stabilizing
agent. The decomposition study was conducted for ZnO-poly (vinyl
alcohol) polymer composites before calcination. The optimum
decomposition temperature range was determined to be 450−500 °C.
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probably indicates the doping of copper in the ZnO lattice.
However, increasing the amount of copper to 10% resulted in
the development of two additional monoclinic phases of CuO
peaks at 2θ values of 35.5° and 39° with the corresponding
planes of (002, 11-1) and (200, 111), respectively.10,25,26 The
slight low-angle shift for doped NCs, especially for 1% doped
ZnO NCs, compared to single ZnO NPs confirms the
inclusion of copper in the ZnO lattice. Thus, on the 10%
doped NCs, both doping and heterojunction took place. The
formation of doping and p−n type II heterojunction is
important in the photogenerated electron−hole separation
(charge transfer) process, which improves the material’s
photoresponse properties.10 The development of an independ-
ent CuO phase above the optimum dopant percentage
(solubility level) was also reported in recent works.18,25,27

Mahmoud et al. synthesized the Cu-doped ZnO NCs by the
sol−gel process. The copper doping up to 4% showed a high-
angle peak shift due to substitutional copper doping, with no
independent peak for the copper metal or copper oxide.
However, increasing the copper percentage to 5% resulted in
the appearance of an independent copper oxide peak.27

Morales-Mendoza et al. synthesized Cu-doped ZnO/CuO
NCs with flake-type morphology. The occurrence of an
independent monoclinic CuO phase above 6% resulted in the
appearance of an independent copper oxide peak and

enhancements in the visible-light absorption range caused by
ZnO-CuO heterojunction.18

The optical characteristic properties of the ZnO and Cu-
doped ZnO NC powders were analyzed by the DRS-UV−vis
analytical technique, as shown in Figure 3. The intense and
short reflections were observed within the wavelength range of
380−400 nm for ZnO NPs and doped NCs, respectively. The
greater reflection properties of ZnO NPs than doped NCs
indicate their lower light absorption properties. The greater
photoactivity and photon absorption properties of doped NCs
(>80%) are probably due to the d−d transition (at a shallow
level) that occurred due to the inclusion of copper in the ZnO
lattice (Figure 3a). The direct and indirect bandgap energies of
NPs and NCs are calculated using the Kubelka−Munk (K−M)
function plots24 by the extrapolation of the linear region
toward the x-axis (Figure 3b,c). The direct electron transition
occurs in the K−M function when absorbed photoenergy is
directly emitted via photogenerated electron−hole recombina-
tion. Thus, the crystal momentum (k-vector) value is equal to
zero, which means that the maximum VB energy level and
minimum CB energy level are equal to zero. However, the k-
vector value for the indirect energy bandgap is not equal to
zero, indicating that the absorbed energy is not emitted
directly.28 The direct and indirect energy bands obtained for
ZnO are 3.26 and 3.22 eV, respectively, whereas the direct and

Figure 2. NP and NC structural analysis: (a) XRD patterns of poly(vinyl alcohol), ZnO and CuO NPs, and 1 and 10% Cu-doped ZnO NCs
synthesized without urea and (b) magnified view of ZnO NPs and 1 and 10% Cu-doped ZnO NCs. PVA, 1, and 10 in the inset label represent
poly(vinyl alcohol) and 1 and 10% copper, respectively. The presence of copper in the ZnO lattice was confirmed by the low-angle shift, and the
presence of the CuO peak confirmed the heterojunction for 10% doped NCs. (c) VESTA 3D visualization software was used to create cif data-
based structures of stable ZnO and CuO; gray is for Zn, red is for O, and blue is for Cu.

Figure 3. DRS-UV−vis analysis: (a) percent reflectance vs wavelength plots of ZnO NPs and doped NCs and (b, c) direct and indirect Kubelka−
Munk function plots of ZnO NPs and doped NCs. The redshift for doped NCs on the Kubelka−Munk function indicates the inclusion of copper in
the ZnO lattice. The inset label 10 represents the 10% doped copper.
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indirect bandgaps for doped ZnO NCs are 3.22 and 3.16 eV,
respectively. A bandgap value for doped NCs showed a redshift
compared to the ZnO NCs, indicating the creation of
additional energy levels due to copper inclusion within the
VB and CB of ZnO that stimulate the emission behavior in the
visible region, unlike that of ZnO NPs.29

By combining the DRS-UV−vis and Mott−Schottky (M−S)
analyses, the approximate positions of p-type and n-type
semiconductors can be calculated. Figure S2a,b depicts the 1/
C2 versus V reversed sigmoidal M−S plots for single ZnO and

Cu-doped ZnO NCs, respectively. Pure ZnO has a positive
slope, and Cu-doped ZnO NCs have both positive and
negative slopes. Thus, the positive slope for pure ZnO
indicates its n-type character, while the positive and negative
slopes for doped NCs indicate their n-type and p-type
characters, respectively. The CB flat-band potentials (Vfb)
were determined by the extrapolation of the linear portion
toward the x-axis. The obtained Vfb values for pure ZnO and
Cu-doped ZnO NCs are −0.66 and −0.62 V (vs Ag/AgCl),
respectively. Assuming that the CB edge of n-type semi-

Figure 4. Photoluminescence (PL) analysis of NPs and 10% doped NCs: (a) intensity vs wavelength PL plots of ZnO NPs (synthesized with and
without urea) and copper-doped ZnO NCs (1 and 10%) and (b−d) deconvoluted spectra for ZnO, ZnOu, and 1% copper-doped ZnO NCs. This
visible peak increment with decreasing UV peak intensity for NCs (1%) confirms the inclusion of copper in the ZnO lattice.

Figure 5. ZnO NP and 10% doped NC scanning electron microscopy (SEM) morphological analysis: The SEM image shows the foam type of
porous morphology for 10% Cu-doped ZnO NCs. From close observation, the presence of different pores was observed, which is due to the
evolution of gaseous byproducts.
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conductors is 0.1 V lower than the flat-band potentials, the Vfb
values are −0.56 and −0.52 V (vs NHE).30 Thus, the VB
values of ZnO and doped NCs are 2.66 and 2.64 eV,
respectively, based on the DRS-UV−vis (indirect K−M
function, ZnO Eg = 3.22 and NC Eg = 3.16) and flat-band
potential values (using VB = Eg + CB). The CB flat-band
potential of CuO, a p-type character, is 0.58 V (vs Ag/AgCl),
which is 0.48 V versus NHE.
The optical properties of the NPs and NCs were further

characterized by photoluminescence (PL) spectroscopic
techniques, as shown in Figure 4. The PL spectra of ZnO
NPs synthesized with and without urea and doped (1 and
10%) NCs show an intense peak at 395 nm, resulting from the
near-band edge (NBE) transition that occurred due to the
photo-induced electron−hole recombination. In addition,
additional peaks occurred in the visible region of 420, 440,
and 490 nm as a result of different intrinsic defects (such as
deep level emission) and extrinsic defects (such as zinc (Zni),
oxygen (Oi), oxygen vacancy (Vo), and zinc vacancy (VZn)
and/or chemisorbed O2, which acts as electron relaxation
states31). The doped NCs showed a peak intensity reduction
compared to the single ZnO, confirming the formation of
doping/heterojunction (Schottky contact/metal−semiconduc-
tor contact), which diminishes the electron−hole recombina-
tion processes.32 The NP and NC spectrum was further
deconvoluted to understand the emission behavior between
single ZnO NPs and doped NCs, as shown in Figure 4b−d.

The doped NCs showed a reduction in the UV intensity peak
(395 nm) and an increment in the violet (420 nm) peak
relative to the UV emission peak (see the pink ellipse mark in
Figure 4c,d). This visible peak increment with decreasing UV
peak intensity for NCs confirms the inclusion of copper in the
ZnO lattice.33,34

The morphologies of ZnO NPs and NCs were characterized
by SEM and TEM analyses, as shown in Figures 567. The SEM
images of NPs and NCs synthesized with and without urea in
the presence of PVA as a stabilizing agent are shown in Figure
S3 (with two different scale bars: the normal image is 20 nm
and the inset is 5 nm). The SEM morphology of NPs and NCs
synthesized in the presence of urea as a reducing agent and fuel
shows a gravelly (less porous) morphology than without urea,
indicating that urea is assisting the aggregation. The NPs and
NCs synthesized without urea showed better porosity,
confirming the formation of a good complex between PVA
and the precursor and facilitating the combustion process. In
addition, the porous nature of 10% doped NCs (Figure 5b) is
better than that of ZnO NPs (Figure 5a) and 1% doped NCs,
indicating that the increase in the copper precursor results in
an increase in the combustion process. The magnified images
for ZnO NPs and 10% doped NCs are given in the respective
insets of Figure 5a,b.
The presence of expected elements and their composition

were investigated using energy-dispersive X-ray analysis
(EDAX), as shown in Figure S4. For ZnO NPs, the presence

Figure 6. ZnO NPs’ transmission electron microscopy (TEM) morphological analysis: (a) In the TEM image, the presence of some pores is
observed. (b) In the SAED ring image, the spots on the ring indicate the crystallinity; the inset in panel b is the XRD pattern. (c) In the high-
resolution TEM image, the d-spacing analysis shows that all the crystallites are for ZnO NPs.

Figure 7. The 10% doped NCs underwent transmission electron microscopy (TEM) morphological analysis: (a) In the TEM image, the presence
of pores is observed due to the evolution of gases. (b) In the SAED ring image, the spots on the ring indicate the crystallinity; the inset in panel b is
the XRD pattern. (c) In the high-resolution TEM image, the d-spacing analysis shows the presence of both ZnO and CuO NP crystallites.
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of Zn and O elements at about 1 and 0.5 keV, respectively, was
confirmed as a major peak (Figure S4a). For 10% of the NCs,
the presence of Zn, Cu, and O at about 1, 0.9, and 0.5 keV,
respectively, as a major peak was confirmed (Figure S4b). The
occurrence of elemental carbon is probably due to the standard
used during analysis. The inset table in Figure S4 shows the
compositional analysis results, which are in good agreement
with the theoretically calculated weight percentage value.
The detailed morphological characterization was also

studied using TEM, HRTEM, and SAED analyses, as shown

in Figures 6 and 7. The TEM image also shows porosity, which
is reasonable for the NCs and has occurred during the
evolution of the gaseous byproduct. The crystallite sizes for
NPs and NCs were found to be in the nanometer range (15−
50 nm). Figures 6b and 7b depict the SAED images of ZnO
NPs and doped NCs, respectively. The inset plot in the SAED
ring is the XRD pattern for ZnO and doped NCs, consistent
with the hexagonal wurtzite structure of the SAED ring pattern,
specifically for single ZnO NPs. The bright spot observed on
the NPs and NCs indicates the crystallinity of the materials.

Figure 8. Chemical bonding and functional group analysis: (a) ATR-FTIR spectra of ZnO NPs before and after calcination and calcined 10%
doped NCs. The inset in panel (a) is a magnified view of high wavenumber spectra, and panel (b) shows a magnified view of low wavenumber
spectra. The band measured between 1570 and 1390 cm−1 vanished due to PVA decomposition. The peak for Zn−O/Cu−O detected and the
wavenumber shift for the calcined sample show stability enhancement.

Figure 9. Electrochemical analysis using cyclic voltammetry (CV): (a) CV plots of ZnO NPs. The inset is the fluorine-doped tin oxide (FTO) bare
electrode CV plot. (b) CV plots of 10% doped NCs. The inset is the magnified view at higher potential. (c) 10% doped NC anodic peak current
and square root linear plot. (d) 10% doped NC log peak current versus log scan rate linear plot. The dominance of the diffusion-controlled charge
transfer process is confirmed from the good fitting of the peak current versus square root of the scan rate and log peak current versus log scan rate.
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The SAED ring for pure ZnO NPs is clearer than that for NCs,
indicating the presence of some structural distortion during the
inclusion of the copper dopant in the ZnO lattice. The d-
spacing and lattice fringe values (values obtained from the
HRTEM image) confirm the actuality of the synthesized NPs
and NCs. The calculated d-spacing value for the ZnO NPs was
found to be 0.281 nm (Figure 6c), which corresponds to the
hexagonal (002) plane of ZnO. The two different d-spacing
values for Cu-doped ZnO were found to be 0.275 and 0.234
nm, which match with the (002) plane of ZnO and the cubic
(111) plane of CuO NPs, respectively (Figure 7c).16 The
presence of an independent CuO crystallite in the HRTEM
image indicates the formation of a localized contact or
heterojunction between ZnO and CuO in addition to doping.
The ATR-FTIR technique was used to understand the

functional groups, chemical bonding, and composition in the
synthesized ZnO NPs (before and after calcination) and Cu-
doped NCs (Figure 8). The ATR-FTIR technique works based
on the attenuated light created by the evanescent wave
between the sample and the internal reflection element
interface.35,36 The broad peak focused at 3380 cm−1 is the
hydroxyl group’s O−H stretching vibration caused by the
surface absorption and/or water crystallization (see the
magnified inset in Figure 8a). The peak detected at 1400
cm−1 is ascribed to the O−C−O symmetric or asymmetric
stretching vibration, and the peak at 1575 cm−1 is due to the
deformation C−OH vibration of the carboxylate group.37 The
relatively intense C−OH deformation and O−C−O stretching
vibration peaks observed for ZnO NPs at 1570 and 1390 cm−1

before calcination are probably from PVA. These peaks were
observed to have disappeared after the calcination of the
sample at 500 °C, indicating the total decomposition of PVA,
as confirmed on the DTG analysis. The intensity reduction and
wavenumber shift were observed after calcination of the
sample. The shift to a higher wavenumber (frequency) for the
calcined NCs compared to the uncalcined NCs was due to the
increased rigidity of the metal−oxygen network as condensa-
tion occurred.38 The peak noticed between 400 and 550 cm−1

is attributed to the Zn−O and/or Cu−O vibrational modes
(see magnified image in Figure 8b).
The electrochemical tests of ZnO NPs and 10% Cu-doped

ZnO NCs were conducted by dissolving and depositing 50 mg
of catalysts and N-methyl pyrrolidone on the FTO glass
substrate (Figure 9). The FTO electrode was first washed and

sonicated with acetone for about 20 min. The deposited
electrode acts as a working electrode, with the Ag/AgCl
saturated electrode as a reference and platinum wire as a
counter electrode. Figure 9a, the inset plot, is the cyclic
voltammogram of the bare FTO electrode, in which it does not
have a visible redox peak, indicating the non-occurrence of a
redox reaction. The CV plot of ZnO NCs showed a reduction
peak within the −0.9 to −1.0 potential range, probably due to
the reduction of Zn ions (Figure 9a). However, the 10% doped
NCs show separate reduction peaks for ZnO at the lower
potential (−0.3 V) for Zn ion reduction and an oxidation peak
at the higher potential (−0.91 to 1.40 V), which is for the
oxidation of copper (Figure 9b). The shift in the potential
value with an increase in scan rate indicates (i) diffusion of the
species through the electrode without adsorption and (ii) the
independence of the scan rate on the potential difference.39

The well-fitting relationship between the peak current and the
square root of the scan rate of oxidation peaks indicates the
diffusion-controlled charge transfer process on the electrode
surface. Potential shifts with an increasing scan rate
demonstrate the scan rate’s independence from potential and
species movement without adsorption. In addition, the
closeness between the slope of log peak current versus log
scan rate (6.123) and a diffusion-controlled theoretical value of
0.5 confirms the dominance of the diffusion-controlled
process.40

2.2. 4-Nitrophenol Catalytic Reduction. Figure 10
presents the organic catalytic reduction reaction of 4-
nitrophenol to 4-aminophenol (4-AP) in the presence of
NaBH4 and the synthesized NP and NC catalysts. 4-
Nitrophenol has a maximum wavelength peak at about 317
nm, as shown in Figure S5. The reaction of 4-nitrophenol with
NaBH4 produces the 4-nitrophenolate ion, which results in the
complete disappearance of the 4-nitrophenol peak at 317 nm
and the development of a 4-nitrophenolate ion peak at 400 nm.
The reaction of 4-nitrophenol with the catalyst results in the
reduction of the 4-nitrophenolate ion and gives 4-AP, with the
development of a new peak at a maximum wavelength value of
298 nm. The isotope points (represented by ellipses in Figure
10b) indicate a conversion process that produces no unwanted
byproducts.41 4-Nitrophenol, 4-nitrophenolate ion, and 4-AP
show yellow and deep yellow colors and colorlessness during
the reaction process, respectively. The ZnO NPs showed slow
catalytic reduction potential on 4-nitrophenol, and the NCs

Figure 10. 4-Nitrophenol catalytic reduction plots of (a) ZnO NPs and (b) Cu-doped ZnO NCs: the NCs show complete reduction of 4-
nitrophenol to 4-aminophenol within three and a half minutes.
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showed fast and efficient reduction potential within three and a
half minutes, which is probably due to the doping and p−n
junction heterojunction effects.9,10

The recently reported literature1,4,42 was used to develop a
possible 4-nitrophenol catalytic reduction reaction mechanism
to 4-aminophenol (Figure 11). First, when NaBH4 is added to
water, a small amount of bubbles forms due to hydrogen
generation; this is a reduction reaction between NaBH4 and
water. Then, upon addition of the catalyst, it results in the
formation of a metal hydride complex. In this catalyst addition
stage, more bubbles form, probably due to more hydrogen
generation and a more complex formation reaction. The metal
hydride complex then gives off electrons and generates active
hydrogen on the catalyst surface. Simultaneously, 4-nitro-
phenol adsorbs on the catalyst hydride complex surface, and
hydrogen transfer occurs from the hydride complex to 4-
nitrophenol. Kong et al. reported the detailed process of
hydrogen absorption, formation of water molecules, and its
removal via a sequential hydroxyl dehydration process using
mass spectrometry and density functional theory analysis.42

After the formation of the 4-hydroxylaminophenol transition
state, 4-nitrophenol is reduced by active hydrogen to the 4-
nitrophenolate ion. Then, the 4-nitrophenol ion peak at 400
nm decreased, and the 4-AP peak at 300 nm appeared over
time. The formation of a colorless solution indicates the total
conversion of the 4-nitrophenol ion to the 4-AP ion. Finally, 4-
AP desorption occurs, which aids in catalyst recycling.

3. CONCLUSIONS
The porous ZnO nanoparticles and Cu/CuO-doped ZnO
nanocomposites were successfully synthesized by the solution
combustion synthesis approach. The PVA polymer was found
to play a vital role in capping the NPs and NCs. At the TGA-
DTA-optimized temperature of 500 °C, the PVA polymer was
decomposed after its role as a stabilizing agent. The successful
inclusion of Cu in the ZnO lattice for 1% was confirmed by the
low-angle XRD peak shift. The existence of an independent
CuO peak in the XRD pattern and HRTEM image for 10%
indicates occurrences of CuO crystals. The porous morphology
of NPs and NCs was confirmed from the SEM and TEM
images. HRTEM images confirmed the slight d-spacing value
differences between the single ZnO crystal and the Cu-doped

ZnO crystal, indicating copper inclusion in the ZnO lattice.
The redshift on DR-UV−vis for doped NCs compared to the
ZnO NPs showed an improvement in their optical properties.
Intensity reduction in PL and n- and p-type characters in the
CV Mott−Schottky analysis for doped NCs than ZnO NPs
show improvements in the electrical property. As a result, the
solution of combustion synthesis-based synthesized doped
nanocomposites has promising prospect for catalysis, sensor,
and biomedical applications. The copper-doped zinc oxide
nanocomposites outperformed ZnO NPs in the reduction of 4-
nitrophenol to 4-aminophenol.

4. EXPERIMENTAL SECTION
4.1. Reagents and Chemicals. The reagents and

chemicals used are copper(II) nitrate trihydrate (Cu(NO3)2·
3H2O, 99.5%), zinc nitrate (Zn(NO3)2·6H2O, 99.5%),
polyvinyl alcohol ([−CH2CHOH−]n), urea (CH4N2O), and
deionized or distilled water.

4.2. Nanoparticle and Nanocomposite Synthesis. The
nanoparticles and nanocomposites were synthesized based on
the previous studies,19,20,43 with further improvement using the
solution combustion synthesis method. The PVA-polymer-
stabilized ZnO NPs were synthesized by dissolving the zinc
nitrate (Zn(NO3)2·6H2O) precursor in the previously
dissolved and cooled PVA suspension. The PVA suspension
was prepared by dissolving appropriate amounts of PVA in 50
mL of distilled water at about 75 °C with continued stirring for
about 20 min.20 Five different amounts of the polymer (0.1−2
g) were taken at a fixed amount of zinc precursor and
optimized. The zinc precursor−PVA sol complex44 was then
further dehydrated by heating to approximately 110 °C.
Continually increasing the gel temperature has consequences
for the combustion of the complex formed between the
precursor and PVA, resulting in the porous, spongy type of the
finished product. Finally, the combusted material was softly
crushed to powder and calcined at the TGA-DTA-optimized
temperature of 500 °C for 3 h. The steps for the synthesis of
ZnO NPs in the presence of urea are similar, with the
exception of the dropwise addition of urea solution from the
burette (0.16 M), which forms a 1:1 ratio with the precursor.
The synthesis of ZnO NPs in the absence of PVA and urea also
follows the same above-mentioned procedure, excluding the

Figure 11. Possible 4-nitrophenol to 4-aminophenol conversion mechanism. During the catalytic reduction process, NaBH4 acts as a H2 source and
the metal nanoparticles as a catalyst. Reprinted with permission from ref 1. Copyright 2022 Royal Society of Chemistry.
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first PVA dissolving step. In addition, single CuO NPs and Cu-
doped ZnO (1 and 10%) use an appropriate amount of copper
dopant and zinc host precursor and follow the same above-
mentioned procedures.

4.3. Catalytic 4-Nitrophenol Reduction Procedure.
The potential of NPs and NCs for 4-nitrophenol to 4-AP
reduction was investigated using sodium borohydride
(NaBH4) as a reducing agent, as previously reported

45 with
minor modifications. In detail, 1.10 mL of 0.01 M 4-NP was
dissolved in 0.38 g/100 mL (0.1 M) of excess NaBH4 to give a
deep yellow color. The mixture was then mixed with 10 mg of
the catalyst, and the 4-nitrophenol reduction to 4-AP was
monitored using a UV−vis spectrophotometer (P9 UV/Visible
double-beam spectrophotometer).

4.4. Characterizations. The thermal decomposition
behavior of PVA-ZnO was investigated using a thermogravi-
metric-differential thermal analyzer (TGA-DTA, DTG-60H).
The X-ray diffraction method (XRD, Shimadzu, XRD-7000)
was used to study the catalyst crystallite size, crystallinity, and
structure. Diffuse reflectance ultraviolet−visible (DRS-UV−vis;
Shimadzu, UV-2600) spectroscopy was used to study the
optical property. Further optical and electrical properties of the
materials were characterized by photoluminescence spectros-
copy at the excitation wavelength of 325 nm (PL, eclipse
fluorescence spectrophotometer, Agilent). Scanning electron
microscopy (SEM, JCM-6000Plus), transmission electron
microscopy (TEM), selected-area electron diffraction
(SAED), and high-resolution TEM (HRTEM) (JEOL TEM
2100 HRTEM) showed the porosity, crystallinity, and
morphology of the materials. The chemical bonding properties
and compositional study were characterized by attenuated total
reflectance-Fourier transform infrared spectroscopy (ATR-
FTIR, Nicolet iS50 FTIR). The electrochemical tests were
conducted using the cyclic voltammetry technique (CH 660E
workstation). The Mott−Schottky analysis was accomplished
using a 0.1 M Na2SO4 solution as an electrolyte at 800 Hz
frequency, sweeping the potential in the range of +1.0 to −1.2
V. The electrochemical test was conducted in a three-electrode
system with an FTO-loaded catalyst, silver−silver chloride, and
platinum electrodes as the working, reference, and counter
electrodes, respectively.
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