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Doped semiconductor heterostructures have superior properties compared to their components. In this
study, we observed the synthesis of Cu-doped ZnO/Ag/CuQ heterostructure with the presence of
charge transfer and visible light-harvesting properties resulting from doping and heterojunction. The
porous heterostructures were prepared using the bottom-up combustion (BUC) approach. This method
(XRD)
optimization revealed that the ideal conditions included 1.00 g of polyvinyl alcohol (PVA), a synthesis

generated porous heterostructures by eliminating gaseous by-products. X-ray diffraction

temperature of 50 °C, and a 1 hour calcination time. Introducing copper (Cu) into the zinc oxide (ZnO)
lattice caused a high-angle shift in the XRD pattern peaks. High-resolution transmission electron
microscopy (HRTEM) images and XRD patterns confirmed the formation of Cu-doped ZnO/Ag/CuO (c-
zac) heterostructures. Elemental mapping analysis confirmed the even surface distribution of Ag metal.
The c-zac heterostructures exhibited superior optoelectrical and charge transfer properties compared to
single ZnO. The heterostructures demonstrated improved methylene blue (MB) dye degradation
potential (k = 0.065 min™) compared to single ZnO (k = 0.0041 min~Y). This photocatalytic potential is

attributed to enhanced light absorption and charge transfer properties. The extended visible light
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Accepted 13th September 2024 absorption resulted from CuO and Ag's surface plasmon resonance properties. The selected 15c-zac
heterostructure also performed well in a reusability photocatalytic test, remaining effective until the 3™

DOI: 10.1035/d4ra05989a cycle. Consequently, this heterostructure holds promise for scaling up as a catalyst for environmental
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1. Introduction

A large volume of non-biodegradable pollutants that induce
toxicity in human and aquatic systems are discharged into
water bodies without treatment." Therefore, researchers should
develop efficient organic pollutants remediation techniques
using nanotechnology. Metal oxides such as zinc oxide (ZnO)
and titanium oxide (TiO,) have decent optoelectronic proper-
ties, environmental friendliness, stability, and photocatalytic
activities.” However, light-induced electron-hole recombination
and a lack of harvesting visible light are the main ZnO draw-
backs. Porous metal or metal oxide heterostructures and doping
strategies are the two novel approaches to improving host
material drawbacks.>” Besides, material with visible light
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absorption properties, which constitute about 40% of the solar
spectrum, has valuable use in several applications.>®

Copper ion (Cu®>") has comparable ionic radii with zinc ion
(zn*"). The ionic radius of Cu*" is 0.58 A in tetrahedral and 0.73
A in octahedral coordination, while the ionic radius of Zn*" is
0.60 A in tetrahedral and 0.74 A in octahedral coordination.
Thus, the penetration and inclusion of these slightly smaller
ionic radii of Cu®" result in lattice shrinkage, which results in
a peak shift towards a high angle on the XRD pattern.” Copper
doping forms 3d mid-gap state in the ZnO band gap and acts as
an electron trap and interband transition.® Besides, the greater
ionic radii of silver compared to the zinc ion increase the ZnO's
unit cell volume and result in the shifting of the XRD pattern
peak towards a lower angle. However, the solubility of silver in
the ZnO lattice is difficult due to its greater ionic radii.” Thus, it
instead forms a separate crystal, or aggregate, as a hetero-
junction. Trang et al.'® reported a small amount of Ag inclusion
in the ZnO lattice based on the XRD pattern peak shift and the
domination of heterojunction (independent crystal formation).
The Ag crystal then forms local contact with ZnO, which facili-
tates an in situ charge transfer process through the interface.
Wang et al.'* also reported the dominance of independent Ag
crystal formation instead of its inclusion in the host lattice.
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Recently, the type II (staggered), Z-scheme, and S-scheme
charge transfer mechanisms have been proposed. These
charge transfer mechanisms are beneficial for boosting the
photocatalytic activity of the heterostructure. In the type-II
mechanism, charge transfer, Fermi level equilibration, and
band-bending processes occur as usual. Under light irradiation,
the electrons and holes are separated. Then, the electrons
migrate from the more negative conduction band (CB) potential
of one semiconductor to the other's less negative CB potential.
The holes also migrate from a more positive valence band (VB)
potential to a less positive one. With this migration, the elec-
trons have been collected at a position of weaker reducing redox
potential. Which means a weaker reduction potential than the
standard O,/°0O,~ reduction potential (—3.33 eV) and weaker
oxidation potential than the standard oxidation potential of
"OH/H,0 (—2.38 eV). This indicates no full guarantee for water
and oxygen to be oxidized and reduced, respectively.” In addi-
tion, in the traditional Z- and S-scheme mechanisms, the CB
electrons and VB holes have greater reduction and oxidation
potential, respectively, unlike those in the type II mechanism.
However, the CB electrons and VB holes present in the weak
reduction and oxidation redox potentials are lost as a result of
recombination and quenching. For this reason, recently, the
use of noble metals such as silver as charge mediators has been
practiced. Besides, the mediator noble metals extend visible
light absorption as a result of surface plasmon resonance
properties.'>** Mahyoub et al.'* synthesised a Z-scheme-based
Ce0,/Ag/ZnO heterostructure. As proposed, the electrons
migrate from ZnO CB and recombine with VB holes in CeO,.
However, the electrons in the CB of CeO, react with oxygen, and
holes in the VB of ZnO oxidize water with adequate energy.
Silver acts as a mediator and absorbs visible light that consti-
tutes about 40% of the solar spectrum. This visible light
absorption for silver is associated with the oscillation of elec-
trons with the electric field.*

Recently, several studies have been released for single Ag-
and Cu-doped ZnO heterostructure materials. Besides, some
works were also reported for Ag and Cu co-doped ZnO hetero-
structures using different methods, such as chemical bath
deposition,® sol-gel,"” facile and low-temperature chemical and
photochemical deposition,' and co-precipitation.” Most of the
above-mentioned research works reported the host material
property improvement due to copper oxide and silver metal
incorporation/heterojunction. However, none of these studies
reported synthesizing heterostructures with porous morphology
using the bottom-up combustion (BUC) method. The BUC
approach follows the development of colloidal NPs in solution,
gelation of the colloidal NPs through dehydration, and
combustion by heating the dehydrated product to a complex
ignition temperature.**** Once the combustion started in many
places on the sample surface, a foam-type porous hetero-
structure was produced. The combustion techniques quickly
produce a porous, pure, and highly stable by-product. It needs
cheap synthesis equipment and avoids post-synthesis treatment
processes.* Porosity generation is associated with the evapo-
ration of gaseous by-products. The evolution of gaseous prod-
ucts may further reduce metal ions or metal oxides into zero-
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valent metal NPs.”*** There is also a lack of clarity in
proposing the most possible charge transfer and visible light
absorption mechanisms. Besides, none of these studies also
interconnected the crucial ideas of LaMer's nanocrystal heter-
ostructure growth and the hard soft acid-base (HSAB) dopant-
host reactivity balance theory. Optimizing crucial parameters
such as synthesis temperature, calcination time, and dopant
amount was not also seen in detail.***” During synthesis, opti-
mizing the solution temperature can also assist in controlling
the precursor decomposition to nanocrystal growth process,
according to LaMer's theory.*®

Thus, this study synthesized pure NPs and heterostructures
using the simple BUC approach. The single NPs and Cu-ZnO/
CuO (c-zc), Ag/ZnO (za), and Cu-ZnO/Ag/CuO (c-zac) hetero-
structures were synthesized in the presence of poly(vinyl
alcohol) (PVA) as a capping agent. The effects of PVA amount,
synthesis temperature, calcination time, and dopant amount
were studied and optimized. The 1.00 g of PVA, 50 °C synthesis
temperature, and 1 hour calcination time were obtained to be
the optima. The crystallinity and formation of the Cu-doped
ZnO/Ag/CuO heterostructure were verified by TEM/HRTEM
morphology and XRD pattern analysis. The improved opto-
electrical properties of the c-zac were verified from the Mott-
Schottky, UV-vis-DRS, and PL analyses. The optimized 15c-zac
(15% dopant) heterostructure also showed enhanced methy-
lene blue dye (MB-D) degradation potential with a rate constant
value of k 0.067 min~". This application improvement for c-zac
is a result of copper doping and the synergistic effect of CuO, Ag,
and ZnO heterostructures.

2. Results and discussion

2.1. Characterization

2.1.1. DTA-TGA investigation. To obtain a catalytically
active, stable, and pure final product, the polyvinyl alcohol
(PVA) stabilizing agent that was used during synthesis should
be removed. This can be done by calcinating the sample at the
differential thermal-thermogravimetric analysis (DTA-TGA)
optimized temperature in the furnace. The DTA-TGA analysis
was used to select the optimal PVA decomposition temperature
(Fig. 1). The first small peaks on the DTA plot that appeared
lower than 140 °C are associated with surface and crystal-
adsorbed dehydration of water. The other wide exothermic
DTA band detected within the 150-210 °C temperature range is
associated with the decomposition of the complex formed
between the nitrate of the zinc precursor and PVA.* Lastly, an
intense exothermic DTA band was detected within the 300-500 °©
C temperature range. This intense peak is associated with the
pre-formed polyene decomposition. The instability detected
beyond 540 °C is due to the thermal oxidation of carbonized
residue.?**

Thus, 450 °C is the temperature at which the PVA polymer
completely decomposes and gives pure ZnO NPs (as observed
from the TGA curve). This temperature of 450 °C was used for
further physical analysis (characterization) and application
tests.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Thermal analysis: DTA-TGA (differential thermal-thermogravi-
metric analysis) plots of polyvinyl alcohol-zinc precursor complexes
before calcinating the sample in the furnace.

2.1.2. XRD investigation. The XRD pattern of PVA, NPs, and
heterostructures synthesized using the simple BUC approach is
given in Fig. 2 and S1.T The ZnO NPs synthesized without PVA
show greater crystallinity and crystallite size (61 nm) than ZnO
synthesized using PVA. The smaller crystallite size for ZnO
synthesized using PVA indicates that the PVA polymer is acting
as a capping agent, which protects the NPs from aggregation.
The amount of PVA was also optimized by varying its amount up
to 2.00 g (from 0.10 g). Here, 1.00 g of PVA was obtained to be
the optimum value (18 nm) (Fig. S1at). The synthesis solution
temperature optimization experiment was conducted by taking
different temperatures ranging from 30 °C to 90 °C (Fig. S1b¥).
In this optimization, the temperature of 50 °C gives a smaller
crystallite size. Besides, increasing the calcination time from 30
to 180 min at a fixed temperature of 450 °C resulted in
increasing the crystallite size (Fig. S1ct). This indicates that as
time increases, the temperature assists in the coalescence
process of the NPs. The dopant percentage optimization shows
Ag peak starting from lower dopant percentages of 1%
(Fig. S1df). However, the small intensity of CuO-independent
peaks was detected only at higher concentrations of 15% and
20%. This indicates that the solubility of copper is better (>5%)
than that of silver. The smaller crystallite size of 13 nm was
obtained to be the optimum at 15% dopant concentration,
which is probably due to the synergistic surface area of copper
and silver.

The crystallite size versus PVA amount, synthesis tempera-
ture, calcination time, and dopant percentage plots were
depicted as insets in Fig. Sla-d,t respectively.

Fig. 2 shows the XRD plots of raw PVA, ZnO, Ag, and CuO
NPs, and c-zac heterostructure (15%). The PVA XRD pattern has
a peak at 20°, which corresponds to the crystal plane of (101)
(JCPDS # 00-053-1847) (see Fig. Slat inset label a).*> However,
after calcinating the NPs and heterostructures containing PVA
polymer at 450 °C, the PVA polymer peaks disappeared, indi-
cating the complete decomposition of it. The 26 values with the
respective crystal planes of single ZnO NPs are 31.8 (100), 34

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD crystallite structure of NPs and c-zac heterostructure: (a)
the X-ray diffraction patterns of ZnO nanoparticles, and c-zac heter-
ostructures, (b and c) the magnified views of uncalcined and calcined
ZnO and calcined c-zac heterostructures. A copper oxide-indepen-
dent peak was detected above the 15% dopant amount. The high-
angle shift is associated with the dominant copper doping.

(002), 36 (101), 47.5 (102), 56.6 (110), 62.8 (103), and 67.8° (112),
revealing the hexagonal wurtzite structure of ZnO NPs (JCPDS #
00-036-1451) (Fig. 2b). The XRD pattern of the c-zac hetero-
structure also has similar 26 peaks like that in ZnO and an
additional three silver and two small copper oxide (CuO) inde-
pendent peaks. These three Ag NPs peaks are associated with
the fec structure, which fits with the single Ag 26 and corre-
sponding crystal planes of 38 (111), 44 (200), and 64° (220)
(JCPDS # 00-004-0783). These two CuO peaks appeared at 26,
and the corresponding crystal planes of 35.5 (002, 11—1) and
39° (200, 111) are associated with the monoclinic structure of
CuO (JCPDS # 00-048-1548). The Scherrer formula (eqn (1)) has

RSC Adv, 2024, 14, 29763-29773 | 29765
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been used to calculate the crystallite size of the single NPs and
heterostructures.

K2
b= 8 cos(f)

where D is the mean size of the ordered crystallite, A is the X-ray
radiation wavelength (for CuKa = 0.15418 nm), K is a dimen-
sionless constant related to the shape of the materials, § is the
line widening at half maximum intensity, and @ is the diffrac-
tion or Bragg angle.

The uncalcinated ZnO NPs and 15c-zac (8 nm) hetero-
structures show a smaller crystallite size compared to their
calcined constituents (Fig. 2). However, depending on the pre-
photocatalytic test, the 60 minute calcination time was
selected and used for further analysis. Besides, calcinating the

1)

material to the optimum time assists in the decomposition of
impurities, including the PVA polymer. Depending on the
reaction conditions and synthesis approach, substitutional and
interstitial doping as well as heterojunction may occur due to
the doping of metal or metal ions. The substitutional and
interstitial doping can cause peak shifts on the XRD pattern
depending on the size of ionic radii. The solubility of silver is
very low due to its greater ionic radii, which then form a sepa-
rate independent crystal.'®"* Besides, the decomposition of
nitrates and PVA complex results in producing gaseous by-
products such as NO,, CO,, and CO, which reduces silver
ions.> Thus, Ag forms a more dominant heterojunction with
ZnO than that of its inclusion in the host lattice. The dominance
of Schottky contact for Ag and ZnO is also consistent with recent
reports.*>* The radius of the copper ion (0.73 A) is smaller than
zinc ion (0.74 A) in the tetrahedral structure. Thus, inclusion of
copper ions in the ZnO host lattice results in a decrease in unit
cell volume and a high angle shift on the XRD pattern.” The c-
zac heterostructure shows a high angle shift compared to the
single ZnO (Fig. 2c). This shift indicates the dominance of
copper inclusion in the ZnO lattice. The appearance of silver
and copper oxide (CuO) peaks on the XRD patterns of 15c-zac
indicates the formation of a ZnO/Ag/CuO heterostructure. All
together, the formation of Cu-doped ZnO/Ag/CuO hetero-
structure (c-zac) is witnessed.

2.1.3. DRS-UV-vis, Mott-Schottky, and PL investigation.
The optical properties of powder ZnO NPs and c-zac hetero-
structures were studied by the ultraviolet-visible diffuse reflec-
tance spectroscopy (UV-vis-DRS) technique. The % reflectance
versus wavelength plot in the DRS-UV-vis spectrum is given in
Fig. 3a. The ZnO NPs and heterostructures show sharp reflec-
tion at about 390 nm. This reflection is associated with CB
electron and VB hole recombination, which is a distinctive
property of the ZnO NPs.** The direct and indirect bandgaps of
the materials can be determined from the Kubelka-Munk (K-M)
function by extrapolating the linear region towards the x-axis®®
(Fig. 3b and c). The inter-band electron transition mechanism is
dependent on the relative positions of the minimum CB and the
maximum VB energy level (which are known as crystal
momentum (k-vector) values). The change in minimum CB and
maximum VB k-factor for the direct bandgap semiconductor is
zero. While the indirect bandgap materials do not have a zero k-
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Fig. 3 Optical properties of ZnO NPs and doped heterostructure: (a)
the DRS-UV-vis spectra, (b and c) the respective direct and indirect
Kubelka—Munk plots of ZnO and c-zac heterostructures, (d) the PL
spectra of ZnO and 15c-zac heterostructure, (e and f) the ZnO and c-
zac heterostructure Gaussian-shaped constituents of the deconvo-
luted plots. The inset label 15c-zac denotes the 15% dopant
concentration.

factor value.*” The zero change in k-factor indicates direct
emission of the absorbed energy due to electron-hole
recombination.

However, this electron-hole recombination process dimin-
ished in the indirect materials due to the presence of differ-
ences in the k-factor values. This indicates that the photon-
excited electrons and holes get relaxation time for the reduc-
tion and oxidation redox reactions. Thus, the reactive oxygen
species obtained from the redox reaction are beneficial for
applications such as photocatalysis. The obtained direct and
indirect bandgap values of ZnO are 3.18 and 3.12 €V, respec-
tively. The direct and indirect bandgap value for c-zac hetero-
structure is found to be 2.94 and 2.81, respectively. The c-zac
heterostructure showed greater redshift compared to ZnO NPs,
indicating the presence of synergistic effects due to copper and
silver. Generally, the crystal momentum value for ZnO is zero,
indicating it is a direct bandgap material. However, the creation
of defects (mid energy level) associated with doping can change
the direct transition to an indirect transition, and electrons get
relaxation time.?®

The relative band edge potential and n-type or p-type char-
acters of semiconductor materials can be understood by
combining the Mott-Schottky plots and DRS-UV-vis analysis.
The Mott-Schottky plots for ZnO NPs and c-zac NCs are depic-
ted in Fig. S2a and b,T respectively. Pure ZnO has positive
slopes, indicating it has n-type semiconductivity. The negative

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and positive slopes for the 15c-zac heterostructure confirm the
p-type and n-type characteristics, respectively. The p-type and n-
type characteristics of the 15c-zac heterostructure occur due to
the doping and formation of heterojunction and have a close
relationship with the improvement of optoelectric properties.
From the Mott-Schottky plot, the CB band edge potential can be
determined through extrapolation towards the x-axis. Thus, the
CB band edge potential for ZnO and c-zac is found to be —0.92 V
and —0.97 V, respectively, versus Ag/AgCl. Supposing that the
band edge potential of an n-type semiconductor is 0.1 V more
negative,* the corrected band edge becomes —0.82 and —0.87 V,
respectively. Therefore, we determine the VB edge potential for
ZnO and c-zac heterostructure to be 2.12 and 1.94 V, respec-
tively, by combining the Mott-Schottky plots and DRS-UV-vis
analysis (VB = E, + CB).

The optical and luminescence characteristics of ZnO and c-
zac heterostructures were also characterised by PL analysis
(Fig. 3d). The xenon lamp was used as a source at an excitation
wavelength of 325 nm. The common emission band at 394 nm
(UV region) is associated with the ZnO-near-band edge emission
(NBE) transition as a result of electron-hole recombination. The
three emission peaks detected in the visible region are associ-
ated with the intrinsic ZnO defects deep-level emission. The
visible emission that occurs during synthesis may be associated
with electron donor level (Vp and Zn;) or accepter level (V, and
0;) defects. The accepter level occurred below the CB and the
donor level above the VB of the host.** The violet-blue emission
is associated with Zn; and the host VB transition; the blue
emission is associated with V;, and the host CB transition;
green is due to the transition between V and V,; and yellow is
related to the recombination of holes trapped in O; and elec-
trons in the CB.*"*?

Fig. 3e and f show the Gaussian-shaped constituents of the
deconvoluted plot for ZnO NPs and 15c-zac heterostructure. The
intensity of PL spectra used in order to understand the charge
recombination efficiently. The lower the PL intensity shows the
presence of less charge recombination rate, and the higher the
PL intensity, the greater the charge recombination rate.** The
intensity of UV emission for doped heterostructure decreased
from 46 to 5 arbitrary units. This intensity reduction has a direct
relationship with electron-hole recombination hindrance or
the presence of charge transfer. This enhanced charge transfer
is associated with mid-gap level creation due to copper doping
as well as heterojunction within the heterostructure interface
(ZnO/Ag/Cu0).**** This charge transfer process with delayed
charge recombination has great importance in different appli-
cations, such as catalysis and photocatalysis.** The UV, violet,
blue, and green emission for ZnO NPs was observed at about
394, 418, 446, and 460 nm. However, the respective emission
peaks for the c-zac heterostructure were observed at 397, 420,
445, and 466 nm, respectively. The UV and blue emissions for
the doped heterostructure showed a redshift compared to the
ZnO NPs, which is due to the host dopant sp-d strong exchange
interaction.””*® This host electron interaction with localized
unpaired dopant 3d electrons creates a new mid-gap level
between the host bandgap.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

2.1.4. Morphological investigation. In the BUC synthesis
approach, once the combustion started at the ignition point of
the precursor-PVA complex, the evolution of gaseous by-
products started. Then, either a long wire- or spongy-like
structure occurs depending on whether the evolution started
at one or many points.*>** The FESEM images of ZnO NPs and c-
zac heterostructure for this study show a spongy-like structure,
which resulted from the evolution of gases from many points
(Fig. 4a and 5a). Besides, the gaseous by-products react with
metal ions and result in the reduction of metals.”® The c-zac
heterostructure has a more spongy-like structure compared to
ZnO NPs, indicating silver and copper salts are facilitating the
combustion process more. The surface distribution of dopant is
a crucial concern for several applications.”®** Fig. 4b and 5b
show EDS elemental mapping analyses for ZnO NPs and c-zac
heterostructure, respectively. The elemental mapping analyses
for zinc and oxygen are depicted in Fig. 4b2 and b3, respectively.
The elemental mapping analyses for zinc, copper, silver, and
oxygen are depicted in Fig. 5b1-b4, respectively. The EDS-
layered image of c-zac heterostructure shows a good distribu-
tion of copper and silver dopants on the host surface. The
elemental mapping image of silver shows white dots (Fig. 5b3).
These white dots are also visible on the FESEM image with
a good distribution, which are the reduced silver metal during
gas evolution.

The presence of only expected elements in the EDX
elemental composition analysis also shows material purity
(Fig. S3a and bt). The obtained composition for copper is lower
than the amounts added during synthesis, which is probably its
inclusion in the ZnO lattice and its likeness to zinc.

Fig. 4 Morphological and elemental mapping analysis of ZnO NPs: (a)
FESEM image, (b) EDS layered image, (b1) electron image, (b2 and b3)
elemental mapping images of zinc and oxygen, respectively, (c-e) TEM
image, HRTEM, and SAED ring of ZnO NPs, respectively. The inset in (e)
is the X-ray diffraction pattern. The scale bar for image (a) is 300 nm,
for (b), (bl), (b2), and (b3) is 1 um, for (c) is 200 nm, for (d) 20 nm, and for
(e) 5 nm™,
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Zn Lal2

Fig. 5 Morphological and elemental mapping analysis of c-zac het-
erostructure: (a) FESEM image, (b) EDS layered image, (bl-b4)
elemental mapping images of zinc, copper, silver, and oxygen,
respectively, (c—e) TEM image, HRTEM, and SAED ring of c-zac het-
erostructure, respectively. The inset in (e) is the X-ray diffraction
pattern. The scale bar for image (a) is 1 pm nm, for (b), (bl1), (b2), (b3),
and (b4) is 2.5 um, for (c) is 200 nm, for (d) 20 nm, and for (e) 5 nm™™.

The TEM/HRTEM/SAED images of ZnO and 15c-zac hetero-
structures are depicted in Fig. 4c-e and 5c-e, respectively. The
TEM images of ZnO and 15c-zac heterostructures are depicted
in Fig. 4c and 5c, respectively. The image has an agglomerated
but less aggregated morphology with a size between 20 and
65 nm. The doped heterostructure also shows more additional
porosity and channels compared to bare ZnO NPs. This porosity
and channel occur during the evolution of gaseous by-prod-
ucts.”® Fig. 4d and 5d show the HRTEM image analysis for ZnO
NPs and c-zac heterostructure, respectively. The d-spacing value
of 0.278 nm, obtained from the HRTEM image, for single ZnO
NPs matches with the (002) plane of the ZnO crystals. The d-
spacing values of 0.280 and 0.25 nm on the c-zac hetero-
structure are associated with ZnO and Ag crystals, respectively.
These d-spacing values correspond to the hexagonal (022) plane
of ZnO and the spherical (111) plane of Ag crystallites. The
existence of Ag crystals indicates the presence of local contact
(Schottky contact) between ZnO and Ag crystals.'®* Fig. 4e and
5e show the SAED ring images for ZnO and c-zac hetero-
structures, respectively. The ring and white spots in the SAED
image show the crystalline nature of the materials.

2.1.5. FTIR investigation. The metal-oxygen bond and
functional group information can be understood from the FT-IR
spectroscopic technique. The FTIR analysis was conducted for
calcined and uncalcined materials (Fig. S4at). As usual, the
broad bands formed at a wavenumber value of 3350 ecm™"
(uncalcined) and 3315 cm ' (calcined) NPs and hetero-
structures are due to the vibration of hydroxyl groups. This
stretching vibration is associated with the surface (physisorbed)
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and interstitial (chemisorbed) water molecules. The short
stretching vibration bands detected in the range of 2425-
2260 cm™ " are associated with the carbonate peak due to CO,
absorption. The nanomaterial metal bonded with oxygen (M-O)
(Cu-O, Zn-O, or Ag-O) bending vibration bands, which
commonly occur below 1000 cm ™", are also observed in both
calcined and uncalcined spectra.> Except for slight intensity
differences, the bands detected for uncalcined ZnO NPs and c-
zac are almost similar. In addition, the band detected for
calcined ZnO NPs and c-zac is also almost similar. However,
there is a higher wavenumber spectra shift and greater intensity
for calcined NPs and heterostructures compared to the uncal-
cined ones. This shift is due to the increased rigidity after heat
treatment, indicating the creation of stable crystalline metal
oxide.” There is one unique bending vibration band detected at
950 cm ! for the c-zac heterostructure, compared to both
calcined and uncalcined ZnO NPs. This unique peak is probably
associated with the Cu-O bending vibration.

2.1.6. CV investigation. The catalytic and electronic
conductivity associated with the charge transfer within the
electrolyte and catalyst electrode interface can be understood
from the electrochemical analysis.** Fig. S4bt and 6 show the
cyclic voltammogram-based electrochemical studies for ZnO
and c-zac heterostructures, respectively. There is no reduction
as well as an oxidation peak for ZnO NPs. The absence of a redox
peak indicates its poor charge transfer and catalytic properties.
The c-zac heterostructure has different redox peaks, which
indicates the presence of charge transfer and its good catalytic
properties. These redox peaks are related to the charge de-
intercalation and intercalation routes.*® The dominance of
either the adsorption or diffusion charge transfer processes can
be understood from the fitting of the square root of the scan
rate vs. the peak current linear plot.***® The coefficient of
determination R* value for the c-zac heterostructure is about
0.9921 (Fig. 6 inset (I)). The well-fitting of the R” value for c-zac
confirms the diffusion-controlled charge transfer routes.
Besides, the good relationship between the diffusion-controlled
transfer process theoretical value (0.5) and the slope of the

0.8+ '8'3 o R*=0.9945 o
06 c-zac o] - -omme " 1s 7
.0+ — 2"
<06 :
) L7 & -
0.4 o L
-0.9 ke 0
— 0.2 0] 7
g 90105120 1(.35/1.50 165
£ 0gE (mV,
= 0.04 gE (mV/s)
[
IS
5-0.2 4
(&}
0.4
-0.64
2583542495663 70
-0.84 (6)"” (mV/s)

05 04 03 02 01 00 01 02 03 04
Potential (mV/s)
Fig. 6 C-zac electrochemical analysis using cyclic voltammetry; the
inset (1) is the logarithmic relation between scan rates and the peak
current linear plot; (Il) is the square root of the scan rate vs. peak
current linear plot.

© 2024 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/D4RA05989A

Open Access Article. Published on 18 September 2024. Downloaded on 12/23/2025 4:10:36 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

logarithmic relation between the scan rates vs. peak current
linear plot also shows the dominance of the diffusion-
controlled process.”” The slope value for c-zac for this study is
0.091, which does not confirm the dominance of a diffusion-
controlled process (Fig. 6 inset (II)).

2.2. Photocatalysis activity and mechanisms

2.2.1. Photocatalytic activity. The pollutant degradation
properties of synthesized ZnO NPs, Ag- and Cu-ZnO, and 15c-
zac were tested on MB-D, as shown in Fig. 7, S5 and S6.f
Sorption of the MB-D on the surface of the catalyst was the first
step in its photocatalytic degradation.

Then, migration of the photon-induced electron and hole on
the surface and reaction with adsorbed MB-D occur. The MB-D
photocatalytic potential of ZnO NPs, Ag-ZnO, Cu-ZnO, and c-
zac is shown in Fig. S5.f ZnO shows less potential (k =
0.0041 min~ ') compared to all the other heterostructures. The c-
zac heterostructure has better activity (k = 0.023 min™")
compared to the other heterostructures. This is due to the
synergistic effects of CuO and Ag crystals. The synergistic effects
here indicate a combined effect of the Cu-doped ZnO/Ag/CuO
heterostructure, which enhances the optoelectrical and charge
transfer properties. The catalyst dose was also optimized by
taking different dosage amounts of 1, 10, 20, and 30 mg. The
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Fig. 7 Absorbance vs. wavelength plots of the c-zac heterostructure
at an initial MB concentration of 10 ppm, an optimized solution pH of
9, and different catalyst amounts of (a) 1, (b) 10, (c) 20, (d) 30 mg, (e and
f) C¢/Co and In C/Cq versus time plots of the NPs and heterostructures.
A catalyst amount of 20 mg has greater photocatalytic performance. A
lower catalyst amount of 1 and 10 mg lacks active sites for sorption. At
a high catalyst amount of 30 mg, the catalyst protects the light from
reaching the adsorbed methylene blue dye.
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optimum catalyst dosage was obtained to be 20 mg (Fig. 7). The
lower photocatalytic potential at lower catalyst amounts is
associated with the scarcity of active sites for MB-D sorption. In
addition, the lower potential at a higher dosage of 30 mg is
associated with turbidity, which prevents light from reaching
the surface. Besides, high catalyst amounts also result in
decreasing catalyst active sites due to agglomeration in
solution.®®

To control the sorption and electrostatic interaction between
the catalysts and MB-D solution, pH optimization has been
conducted. Fig. 8 shows the effects of pH on the photocatalytic
potential of the c-zac heterostructure. In the acidic solution (pH
= 4), the catalyst is surrounded by positive hydrogen ions. The
electrostatic repulsive interaction between the positively
charged MB-D and the catalyst protects the dye's sorption on
the catalyst's surface in acidic media. Since there is no photo-
catalytic reaction without sorption, less photocatalytic activity
was observed in acidic pH (k = 0.020 min~"). At a neutral pH of
7, the c-zac heterostructure catalyst degradation activity is
relatively better than that at an acidic pH (k = 0.023 min™"). As
the solution pH increased to 9, the degradation potential
increased significantly (k = 0.065 min ). At an alkaline pH of 9,
the catalyst surface is surrounded by negatively charged
hydroxyl ions. Then, the negatively charged catalyst surface and
positively charged MB-D electrostatically attract each other.
While comparing the photocatalysis potential of this study (k =
0.065 min~') with the related literature reports,**® which have
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Fig. 8 The absorbance vs. wavelength plots of c-zac heterostructures
at an initial MB concentration of 10 ppm, a catalyst amount of 20 mg,
and different pH values of (a) 4, (b) 7, (c) 9, (d and e) C/Co and In C¢/Cq
versus time plots of the NPs and heterostructures, respectively. The
basic region (pH of 9) showed greater photocatalytic performance due
to the attractive MB and catalyst electrostatic interaction effects.

RSC Adv, 2024, 14, 29763-29773 | 29769


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D4RA05989A

Open Access Article. Published on 18 September 2024. Downloaded on 12/23/2025 4:10:36 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

a maximum rate constant value of 0.0261 min*, the photo-
catalytic potential for this study is much greater. This enhanced
photocatalytic potential is due to the porous nature of the
material, which has good pollutant adsorption ability and
enhanced optoelectric and charge transfer properties.

As indicated in the XRD pattern analysis interpretation, the
crystallite size for the uncalcined 15c-zac heterostructure was
about 8 nm. This smaller crystallite size and greater surface area
resulted in greater sorption of the dye on the catalyst surface. Of
course, this greater sorption property in dark for the uncalcined
5c-zac and 15c-zac heterostructures has been conformed, as
shown in Fig. S6b and S7d.t With this information, the pho-
tocatalytic activities of calcined and uncalcined ZnO NPs and
the c-zac heterostructure were tested at an optimized pH of 9.
However, the test showed that the photocatalytic potential for
calcined ZnO NPs (k = 0.028 min ') and c-zac heterostructure (k
= 0.067 min ') is much greater than that of uncalcined ZnO
NPs (k = 0.015 min~') and czac heterostructure (k =
0.012 min~"). The decrease in photocatalysis potential for the
uncalcined materials is due to a lack of crystallinity and the
blockage of the nanocrystals from light by the uncalcinated
impurities. Besides, to see the effects of dopant amount, the
calcined 5c-zac heterostructure was also tested. Here, the 5c¢-zac
heterostructure showed lower activity (k = 0.017 min~ ") than
the 15c-zac heterostructure, as shown in Fig. S6g.T The greater
photocatalytic potential of heterostructures is a result of the
improvement in optical properties and the presence of charge
transfer through the interface. The charge transfer is associated

with the electron getting relaxation time without
recombination.
2.2.2. Mechanism. The enhanced photocatalytic potential

mechanism of the 15c-zac heterostructure was proposed
(Fig. S71). The Motte-Schottky plot and DRS-UV-vis analysis
were used to determine the band edge potential. The ZnO CB
and VB edge potentials are obtained to be —0.87 V and 2.32 eV,
respectively. While the CuO CB and VB edge potentials are
—0.92 and —0.49 eV, respectively.** During contact, first the
Fermi level redistribution until equilibration occurs as a result
of differences in the work function. Then, the development of
an internal electric field, or accumulated layer, between the two
semiconductor interfaces as well as band edge bending
occurred.®>®* Presently, charge transfer mechanisms such as
type II (staggered), Z-, and S-schemes are proposed (Fig. S7a-ct).
In the type II mechanism, electrons migrate from the CuO CB to
the ZnO CB. The holes migrate from ZnO VB to CuO VB.
However, the VB potential of CuO (—0.49 eV) is more negative
than the standard reduction potential of ‘OH/H,0 (—2.38 eV).
Thus, water cannot be oxidized by the accumulated holes in the
VB." In the Z-scheme mechanism, the weaker thermodynamic
potential electrons on the ZnO CB recombine with CuO VB
(Fig. S7bt). Thus, the CuO CB electrons and ZnO VB holes exist
with greater reduction and oxidation potential, respectively.
Besides, in the S-scheme mechanism (Fig. S7ct), the internal
electric field assists in the electrostatic attraction of electrons
and holes. Thus, the electrons from ZnO CB and holes from
CuO VB come together and result in quenching at the
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interface.®® Here also, the CuO CB electrons and ZnO VB holes
are present with greater energy.

Thus, reduction and oxidation of oxygen and water for the
generation of electroactive species ("O,” and 'OH) occur,
respectively. In both Z- and S-scheme mechanisms, electrons
and holes with less thermodynamic energy are lost. Recently,
incorporating a charge mediator such as silver between the two
semiconductors was proposed (Fig. S7df). This mediator
insertion was proposed to resolve the electron-hole recombi-
nation and quenching problems in the Z- and S-scheme
mechanisms.”'* Copper oxide is a photocatalyst that has
enhanced visible light absorption properties.** Silver also has
a surface plasmon resonance property, which involves the
oscillation of electrons with the electric field.* Thus, forming
silver and CuO heterojunction can enhance the visible light
absorption properties of ZnO and also extend the charge
relaxation time for the generation of reactive oxygen species. In
this study, the photocatalytic activities of 15c-zac are much
better than those of Cu-doped ZnO/CuO as well as Ag/ZnO
heterostructures. This indicates that the Z- or S-scheme mech-
anism in the presence of a silver mediator is the most likely
mechanism.

2.2.3. Reusability test. Fig. 9 shows the stability and pho-
tocatalytic reusability performance tests for the 15c-zac heter-
ostructure. The photocatalytic performance of 15c-zac for the
first three cycles is good (Fig. 9a). The obtained rate constant for
the 1°° (0.0656 min~*), 2" (0.0641 min~'), and 3™
(0.0620 min ") cycles shows the presence of slight performance-
decreasing behaviour (Fig. 9b). However, the 4™ cycle shows
a greater rate constant reduction (0.0469 min~") compared to
the others. This performance reduction for the 4™ cycle is
probably associated with the loss in material crystallinity.
Fig. 9c shows the XRD pattern analysis results of the 15c-zac
heterostructure before the experiment and after the 4™ cycle
reusability test. The material's crystallinity has a crucial effect
on its catalytic applications; the higher the crystallinity, the
greater its catalytic potential.®> The XRD pattern analysis shows
that the crystallinity of the material before the photocatalysis
test is better than after the test, which explains why the poten-
tial after the 4™ cycle decreased.

3. Experimental

3.1. Chemicals

The polyvinyl alcohol polymer (PVA), zinc nitrate (Zn(NO3),.6-
H,0), copper nitrate (Cu(NO3),), and silver nitrate (AgNO3, 99%)
are chemicals used for this work. These common chemicals are
used immediately after purchase without further laboratory
purification.

3.2. Synthesis of NPs and heterostructures

HSAB theory is a significant theory for selecting dopant-host
reactivity balance. Here, solvent hardness is also another crucial
consideration for dopant-host reactivity. The soft acid dopant
can diffuse and be incorporated into the borderline or hard host
acid in hard solvents like alcohol and water.®*®” There are about

© 2024 The Author(s). Published by the Royal Society of Chemistry
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experiment.

five common procedures used for the diffusion of dopants in
the host lattice.®® The single-source precursors using nitrate
metal salts were used for this study. Specifically, the copper and
silver soft acid dopants were used to diffuse and exchange Zn in
the ZnO lattice.

In detail, to synthesize ZnO NPs, first, 1.00 g of PVA was
completely dissolved in 50 mL of distilled water while stirring
on a magnetic stirrer at a temperature of 70-80 °C.>*** The PVA
aqueous solution was cooled down to a temperature of 50 °C.
Then, the Zn(NOj3),.6H,0 salt precursor was added and dis-
solved for about 30 minutes. The solution was then constantly
heated to 100 °C (4 h) to remove the solvent and convert the sol
to gel. The gel was further heated and combusted by gently
increasing the temperature in the range of 150-250 °C. Lastly,
the spongy, high-volume combusted product was crushed and
calcined at 450 °C for 1 hour. Besides, the effects of PVA amount
(0.10-2.00 g), synthesis temperature (30-90 °C), calcination
time (1/2-3 h), and dopant amount (0.5-20%) were studied and
optimized. To synthesize the c-zc, za, and c-zac hetero-
structures, the same above-mentioned steps are followed,
except for adding the copper nitrate and silver nitrate salt
precursors.

3.3. Photocatalytic activity

The photocatalytic activity was conducted by focusing the xenon
lamp at a distance of 2 cm. A constant 10 ppm initial concen-
tration of MB-D was used during the experiment. The degra-
dation potential of ZnO NPs, za, c-zc, and c-zac were first tested
and optimized. The catalyst amount (1, 10, 20, and 30 mg) and
solution pH (4, 7, and 9) were optimized. The degradation
potential of calcined and uncalcined ZnO NPs and c-zac with
two different dopant concentrations was also tested. To attain
catalyst-dye adsorption/desorption equilibration, first the
mixture was continuously stirred in the dark for 30 minutes.
After the equilibration time, the catalyst-dye mixture was irra-
diated with a broad-spectrum xenon lamp. An electric fan and
water circulation were used to control the reactor temperature.
The dye degradation potential was controlled using the UV-vis
spectrophotometer with a twenty-minute interval. The
percentage efficiency and reaction dynamics were calculated
based on the percentage and pseudo-first-order kinetic equa-
tions, respectively.*®

© 2024 The Author(s). Published by the Royal Society of Chemistry

3.4. Characterizations

Thermal stability is determined by a thermogravimetric-
differential thermal analyzer (DTG-60H). Crystallinity and
average crystallite size are examined by X-ray diffractometer
(Shimadzu-7000). Morphology, composition, and elemental
mapping are studied by field emission-scanning electron
microscopes (ZEISS SIGMA VP). Optical properties are observed
by double-beam ultraviolet-visible spectroscopy (P9 spectro-
photometer). The cyclic voltammetry (CV) (a CHI60S8E work-
station; potentiostat, scan rate, 0.03 (V s™"), sensitivity (0.001 A
V™)) electrochemical analyzer was used to examine the elec-
trochemical properties of ZnO and c-zac. Here, the respective
70:15:15 ratios of graphite powder, silicon oil, and catalyst
were mixed to create the NPs and heterostructure paste. Thus,
the catalyst paste-modified electrodes as working, the Ag/AgCl
standard electrode as a reference, and the platinum wire as
a counter electrode were used in the three-electrode system.
Besides, a 0.1 M Na,SO, aqueous solution was used for the
Mott-Schottky analysis at four different frequencies of 1, 10,
100, and 1000 Hz with amplitude of 10 mV.

4. Conclusions

Here, a porous Cu-doped ZnO/Ag/CuO heterostructure is effec-
tively synthesized by the bottom-up combustion approach. A
1.00 g of PVA polymer was obtained to be the optima. Besides,
the synthesis temperature of 50 °C and the calcination time of 1
hour were optimized and fixed. The Cu-doped ZnO and ZnO/Ag/
CuO formations were confirmed from the HRTEM image and
XRD pattern analysis. The obtained crystallite size (XRD) was
found to be 10-25 nm. The particle size (TEM) was found to be
within the range of 40-75 nm. The porosity observed on the
FESEM image is associated with gaseous by-product evolution.
The solubility of copper dopant was found to be much better
than that of silver. The good silver metal surface distribution
was confirmed by the elemental mapping FESEM-EDS analysis.
The optical property change for ZnO is associated with copper
3d mid-gap state formation and heterojunction. The mid-gap
level is a result of host-dopant sp-d strong exchange interac-
tion. The c-zac heterostructure (k = 0.067 min~') showed
enhanced methylene blue degradation potential compared to
single ZnO (k = 0.0041 min~"). The photocatalytic reusability
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test is also tested and found to be effective until the third cycle.
This greater potential is due to the enhanced optoelectric and
charge transfer properties. The Z- or S-scheme in the presence
of silver as a mediator is a possible mechanism related to the
application. However, the dopant level distribution (copper
case) using STEM microscopy is our future work. Thus, this
modified heterostructure that has good photocatalytic dye
degradation potential has noble future outlooks as an envi-
ronmental pollution control application.
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