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ABSTRACT: CuO@ZnO core—shell catalysts, coated by
varying the CuO layer density ranging from 0.5% to 10%,
were synthesized with the aim to enhance the photocatalytic
activity of ZnO in sunlight and control its photocorrosion.
Initially, the Cu®* ions were impregnated on presynthesized
ZnO by wet impregnation and finally converted to CuO layers
by calcination. The optical and structural characterization of
the synthesized powders was performed by DRS, PL, Raman
spectroscopy, and XRD analysis, respectively. The homoge-
neity of the coated layers was explored by FESEM. The
photocatalytic activity of CuO coated ZnO was investigated for
the degradation of mononitrophenols (2-, 3-, and 4-nitro-
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phenol) and dinitrophenols (2,4, 2,5, and 2,6-dinitrophenol) in the exposure of the complete spectrum and visible region
(420—800 nm) of sunlight. The effect of the increasing density coated layers of CuO on photocatalytic activity was evaluated for
the degradation of 4-NP. Compared to pristine ZnO, a substantial increase in the degradation/mineralization ability was
observable for the catalysts coated with 0.5% and 1% CuO, whereas a detrimental effect was noticed for higher coating density.
Prior to photocatalytic studies, as evaluated by cyclic voltammetry (CV), compared to pure ZnO, a significant suppression of
photocorrosion was noticed, under illumination, for catalysts coated with lower CuO coating. The progress of the photocatalytic
degradation process was monitored by HPLC while the mineralization ability of the synthesized catalysts was estimated by TOC.
The estimation of the released ions and their further interaction with the excited states and the reactive oxygen was monitored by

ion chromatography (IC).
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1. INTRODUCTION

In the last few decades, advanced oxidation processes have been
successfully used for the mineralization of harmful pollu-
tants.' > Photocatalysis, a protuberant off-shoot of advanced
oxidation processes, has emerged as one of the most efficient
methods for the complete mineralization of toxic organic
pollutants.>*® The use of low-cost resources such as semi-
conductor materials, water, and light photons for the generation
of reactive oxygen species (ROS) further authenticates its
efficacy and economic viability."”~*° In aqueous photocatalytic
processes, the generation of ROS is primarily based on the light
source of optimum energy for bandgap excitation. The majority
of the research work on photocatalysis, available in the
literature, is based on the use of artificial light sources. In our
opinion, the use of costly light sources that convert electrical
energy to photons not only is an impediment in the widespread
commercial utilization of photocatalysis but also limits it for
academic purposes only. We also believe that photocatalysis can
achieve its utmost effectiveness with the use of inexpensive and
ever renewable excitation/light sources. Sunlight is the most
appropriate choice in this regard; however, it requires the
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development of photocatalysts capable of utilizing the major
portion of sunlight with optimum activity. Two approaches are
prevalent in this regard that include either developing new
sunlight responsive photocatalysts or modifying the existing
active catalysts for better sunlight response and photocatalytic
activity.

A number of well-known semiconductors, such as TiO,,
Zn0O, Bi,0;, WO;, V,0, Sn0O,, Fe,05, CdS, etc.,, have been
studied as photocatalysts."”"' ' Among the aforementioned
active photocatalysts, TiO, is the most widely studied for
photocatalytic environmental remediation, whereas ZnO, with
comparably broader absorption cross section, is regarded as the
suitable alternative of TiO,. Under sunlight illumination, ZnO
furnishes better activity compared to TiO,, as it absorbs a large
fraction of the UV spectrum while additional visible light
quanta, however, are disregarded due to photodissolution or
photocorrosion. In our preceding studies, we have successfully
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Figure 1. (a) Comparison of the solid-state absorption spectra of pure and x% CuO coated ZnO (x = 0.5, 1%, 3%, 5%, and 10%). (b—d) Graphical

evaluation of the bandgaps of pure and CuO@ZnO powders.

demonstrated that the photocatalytic activity of ZnO can be
enhanced in sunlight and the issue of photocorrosion can be
addressed effectively by implanting a suitable surface trap for
the efficient engagement of charﬁe carries responsible for
photocorrosion under illumination.'”~*°

Among toxic organic pollutants, the complete removal of
nitrophenols, because of their toxic and carcinogenic health
hazards, has been of major concern for decades.'”*"** Mono-
and dinitrophenols, especially 2-nitrophenol, 4-nitrophenol,
and 2,4-dinitrophenol, owing to their solubility, structural
properties, resonance imparted chemical stability, and ability to
transform into more toxic secondary pollutants, are the most
difficult to remove by traditional wastewater treatment
techniques.”*** The number of articles discussing the photo-
catalytic degradation of nitrophenols, in detail, are
limited.!”"®*>

In the current study, with a view to enhance the
photocatalytic activity and suppress the photocorrosion of
ZnO under sunlight exposure, the surface of ZnO was modified
by coating it with CuO to form CuO@ZnO core—shell
catalysts. A user-friendly approach was adopted for the
synthesis of coated photocatalysts. The effect of increasing
CuO layers density on photocatalytic activity under sunlight
exposure was optimized for the removal of 4-NP. The
optimized CuO layer density was further tested for the
degradation of mononitrophenol (2-NP, 3-NP, and 4-NP)
and dinitrophenol (2,4-DNP, 2,5-DNP, and 2,6-DNP) isomers
under exposure of the complete spectrum as well as the visible
region (420—800 nm) of sunlight.

2. EXPERIMENTAL DETAILS

CuO coated ZnO photocatalysts were synthesized by impregnating
Cu®* ions on the presynthesized ZnO. The synthesis of ZnO was
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carried out by the slow hydrolysis of zinc acetate using 0.1 M KOH.
The detailed synthesis of ZnO is outlined in our previous
communications.'®'® The coated samples loaded with 0.5%, 1%, 3%,
5% and 10% of CuO with respect to the weight of ZnO were
synthesized. The stoichiometry of the catalysts was adjusted on the
basis of the amount of Cu®*. In a typical synthesis, for 0.5% CuO
coated ZnO, 0.00542g of Cu(NO;),.9H,0 (Sigma-Aldrich, 99.99%),
containing 0.5% Cu** ions with respect to the weight of ZnO, was
dissolved in S0 mL of deionized water. The precisely weighed amount
of ZnO (10g) was added to the Cu®* solution. The slurry was aged
overnight under stirring for maximum adsorption of Cu?* ion at the
surface of ZnO. The excess water was removed by heating at 120 °C
while the nitrates were decomposed at an elevated temperature of 250
°C that resulted in the impregnation of Cu®" ions at the surface of
ZnO with partial oxidation. For complete conversion of impregnated
Cu?* ions, the dried powder was calcined at S00 °C for 4 h in air with
the heating rate of 10 °C per min.

The solid-state absorption and diffuse reflectance spectra (DRS) of
the synthesized CuO coated ZnO photocatalysts were acquired by
PerkinElmer UV-—visible diffuse reflectance spectrophotometer in
190—900 nm range. The %R data was subjected to Kubelka—Munk
transformation, F(R), for the evaluation of the absorption edges of the
synthesized powders by plotting (F (R) x ho) /2 versus ho (eV). The
photoluminescence (PL) emission spectra of the CuO coated ZnO
powders were recorded by a fluorescence spectro-fluorophotometer,
RF-5301 PC, Shimadzu, Japan at an excitation wavelength of 325 nm
while the fluorescence emissions were recorded in the range of 350 to
650 nm. A DXR Raman Microscope, Thermo Scientific, USA,
equipped with 532 nm laser as the excitation source at 6 mW power
measured the Raman shifts. The powder XRD patterns of bare and
Cu®* impregnated ZnO powders were recorded by Xpert X-ray
powder diffractometer (Philips PW1398) equipped with Cu Ka
radiation source, from 20° to 80° (26) with a step time of 3 s and step
size of 0.05°. Scherer’s equation was applied on main reflections to
evaluate the crystallite size of various phases. The changes in the
morphology of ZnO base and the surface presence of Cu*" species
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Figure 2. Comparison of (a) PL spectra of pure and CuO coated ZnO. (b) Raman spectra of ZnO with 0.5% and 1%CuO coated ZnO. (c) Raman
spectra of ZnO with 3%, 5%, and 10% CuO coated ZnO. (d) Exploded view of the variation in the position of the E, (high) band for 0.5% and 1%

CuO coated ZnO with reference to pure ZnO.

were examined by Field Emission Scanning Electron Microscope
(JEOL JSM 6490-A).

The ability of CuO coated layers in suppressing the photocorrosion,
compared to pure ZnO, under illumination, was evaluated by cyclic
voltammetry (CV) using a VSP multichannel potentiostat (Biologic
Science Instrument, USA) equipped with Ec-lab software in a three
electrode system namely; glassy carbon electrode (working electrode),
platinum (counter electrode) and Ag/AgCl saturated electrode
(reference electrode). The powders, dispersed in chloroform, were
coated at the tip of glassy carbon electrode by dropping 10 uL of
suspension and dried in hot air for film formation. The homogeneity
of the film was analyzed optically. For acquiring cyclic voltammograms
under illumination, a 50 W halogen lamp was used as a light source.
The cyclic voltammograms acquired for the coated samples, both in
dark and under illumination, were compared with that of pure ZnO.
All the measurements were carried out at room temperature (23 °C).

The photocatalytic activity of pure and CuO coated ZnO powders
under sunlight exposure was performed by exposing 150 mL of 30
ppm of respective nitrophenol solution containing the optimized
amount (150 mg) of respective catalyst in a Pyrex glass reactor. The
dimensions of the glass reactor were 15.5 (diameter) x 2.5(height).
The evaluated effective surface area of the reactor was 189 cm” All the
experiments were performed under identical conditions without
stirring. The adsorption—desorption equilibrium between the catalysts
and substrates was established by stirring the samples in the dark for
30 min. The optimization of the CuO coating was performed by
exposing all the synthesized catalysts to sunlight under identical
experimental conditions. 4-nitrophenol was used as substrate for
optimization. The amount of the catalysts was optimized for pure ZnO
and kept constant for rational comparison. All the experiments were
performed with 150 mg catalyst loading under sunlight illumination of
800 + 100 X 10* Ix (21.4939° N, 39.2503° E) and fixed period of the
daylight i.e. from 930 to 1500 h. The progress of degradation process
was monitored by drawing the samples after every 30 min in the first 2
h and after 60 min in the last hour. The catalyst was removed by using
0.20 ym Whatman syringe filter. The collected samples were analyzed
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by high performance liquid chromatography (HPLC, SPD-20A,
Shimadzu Corporation, Japan) using 60:40 Methanol—water mixture
as solvent and c18 column. Based on peak response, a 254 nm was
selected for analysis. Thermo scientific, USA, ion chromatograph,
Dionex (ICS-5000 + EG Eluent Generator), was used to measure the
released ions during photocatalytic process. TOC-VCPH total carbon
analyzer supplied by Shimadzu Corporation, Japan, measured total
Organic Carbon (TOC) of the samples. Blank experiments were
performed to estimate the decrease in concentration of the substrates
by direct photolysis.

3. RESULTS AND DISCUSSION

Figure la shows the comparison of the solid-state absorption
spectra of pristine and CuO coated ZnO powders, where an
enhanced absorption of the CuO coated powders in the visible
region, compared to pure ZnO, was observable. In pristine
ZnO, the principle absorption with the sharp absorption edge
between 3.0 and 3.2 eV appears due to the transitions between
the O~ (2p) levels (valence band) to Zn** (3d'® — 4s) orbitals
(conduction band). The coating of CuO at the surface of ZnO
results in the formation of two closely spaced conduction bands
formed by the sharing of surface O entities between Cu*" and
Zn** surface states. The probability of the transition of
electrons to the individual components depends on the
population density of each state. The lower energy transitions
between O* (2p) and Cu®* (3d’) compared to that of O*~
(2p) and Zn** (3d'® — 4s) results in the enhanced absorption
in the visible region. The magnitude of the absorption increases
with the increase in the density of CuO surface coating
Additionally the role of d—d transitions between the closely
spaced Zn** and Cu?" states for enhanced absorption cannot be
neglected. The graphical evaluation of the band edges of pure
and the CuO coated ZnO powders extracted by plotting (F(R)
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X hv)? versus hv, where F(R) is the Kubelka—Munk
transformation of %R values, is presented in Figure 1b—d.
The evaluated bandgap value of ~3.20 eV for pristine ZnO was
in accordance with the literature values.”**” A gradual red shift
in the bandgap values was observed with the increasing CuO
coating. Accordingly, the band edges of 0.5%, 1%, 3%, 5%, and
10%CuO@ZnO were shifted to ~3.1 eV, ~3 eV, ~2.95 eV,
~2.75 eV, and ~2.65 eV, respectively. The shifting of the
bandgap energies to lower values may be regarded as the
consequence of the enhanced combined transitions from O*~
(2p) to Zn** (3d" — 4s) and to Cu** (3d°).

Figure 2a shows the comparison of PL spectra of pure and
CuO@ZnO powders, where a significant decrease in the
emission intensity of the characteristic bands of ZnO can be
noticed. Pure ZnO is a highly florescent material with a number
of emission bands. In this study, besides low intensity bands,
the intense sharp band centered at ~389 nm and a broad band
at ~495 nm were of particular interest from a surface
modification point of view. The positions of these bands with
minor variations were in accordance with the literature
values.'”*” The intense band at 389 nm (3.187 €V) epitomizes
the de-excitations from the conduction band composed of Zn**
(3d) to the valence band constituted by O>~ (2p) while the
broad band ~495 nm represents the emissions due to
excitations between Zn*" and singly charged surface oxygen,
respectively.'”?® A significant decrease in the intensity of all the
emission bands of ZnO to varying extent, with the increasing
surface coating of CuO, depicted that the excited charges are
trapped by the surface CuO states that resulted in the
quenching of the emission. An average decrease of ~90% in
the intensity of the band at 389 nm indicated that surface CuO
successfully inhibits the electron—hole recombination process
to prolong the lifetime of the excited state whereas the
decreased intensity (~85%) of the broad band at 495 nm
verified the engagement of singly charged surface oxygen by
Cu’* entities.

For clarity, the comparison of the Raman spectra of pristine
and 0.5% and 1% CuO coated ZnO is presented in Figure 2b,
while the comparison of pure ZnO with 3%, 5%, and 10% CuO
coated ZnO is shown in Figure 2c. In the current study, the
Raman active modes in pure ZnO appeared at 99.09 cm™,
331.95 cm™, 379.20 cm™, 437.50 cm™, 525.47 cm™!, 575.40
cm™}, and 1152.03 cm™. The observed values were in good
agreement with the literature values.” Also the origin of these
bands is already very well explained in the literature.”’ To
evaluate the effect of increasing the CuO coating on the ZnO
surface, we concentrated on the E, (high) band at 437.50 cm™,
which is associated with the transitions of surface Zn—O~
groups.® As per our perception, the shift in the position and
the increase or decrease in the intensity of the E, (high) band
can reveal valuable information about the site of attachment of
Cu®" ions at the surface of ZnO, thus forming CuO after
calcination. As presented in Figure 2b, compared to pure ZnO,
a significant decrease in the intensity of E, (high) was
observable for 0.5% and 1% CuO@ZnO, depicting that CuO
forms the homogeneous surface layers by sharing the surface
O~ entities. Additionally, the shifting of the E, (high) band
toward higher energy, as presented in the exploded view
(Figure 2d), revealed the CuO induced rigidity in the system.
For 0.5% and 1% CuO coated ZnO, the E, (high) band is
shifted to 435.62 and 433.68 cm™', respectively. With the
increasing surface CuO coating, i.e. for 3% and beyond, as
presented in Figure 2c, the bands due to surface CuO dominate
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the spectra and mask the bands of ZnO. The bands due to
surface CuO appear at 199.37 cm™}, 320.38 em™, 429.30 em ™},
562.88 cm™, and 1115.87 em™.

Figure 3 shows the comparison of the XRD patterns of
pristine ZnO and CuO coated ZnO powders, where the
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Figure 3. Comparison of the XRD patterns of ZnO with 0.5%, 1%, 3%,
5%, and 10%CuQO coated ZnO from 26 = 20° to 260 = 80°. The
reflections due to ZnO and CuO coating are marked by “*” and “@”
respectively. The inset shows the exploded view from 26 = 30° to 20 =

50°.

«

reflections due to ZnO are marked with “+” while the
reflections due to CuO coating are identified by “@”. As
observed in our previous communication,"”'® the major
reflections due to ZnO appearing at 260 values of 31.7, 34.4,
36.2, 47.5, 56.5, 62.8, 67.9, and 69.05 were matching with
hexagonal ZnO (JCPDS 36-1451). A noticeable decrease in the
intensity of the above-mentioned reflections and the appear-
ance of additional reflections at 26 values of 35.6, 38.7, 48.6,
58.4, and 61.6 with the increasing surface CuO coating verified
the presence of CuO. The intensity of the reflections due to
CuO increased with the increasing CuO coating. The
reflections were matched with monoclinic CuO (JCPDS 0S-
0661). These reflections are more prominent in the exploded
view (26 = 30° to 50°) presented in the inset of Figure 3. The
absence of the reflections due to Cu or Cu,O verified the
formation of phase pure surface layers of CuO coating without
any alteration in the oxidation state.

The comparison of the wide angle XPS survey scans of pure
and CuO coated ZnO powders is presented in Figure 4a, where
the peaks due to all the components such as Cu, Zn, and O are
observable. The major peaks representing the core levels of the
individual components are identified by dotted lines. Although
the spectrum is dominated by the peaks due to ZnO base,
however, the growth of Cu peaks with increasing CuO coating
is noticeable. The C 1s reference peak at 284.6 eV is also
observable in all the scans. The variation in the peak position of
O 1s can furnish valuable information regarding the sites of
attachments of Cu®" and the change in the surface composition
of ZnO after the formation of CuO under calcination.
Compared to pure ZnO, the increased asymmetry and shifting
in the O 1s peak positions was witnessed. To estimate the
change in the surface oxygen environment with the increasing
CuO coating, the O 1s profiles of pure ZnO and CuO@ZnO
catalysts were fitted (Gaussian) and compared in Figure 4b.
The O 1s peak for pure ZnO was observed at 531.4 eV.
Interestingly, for all the CuO coated samples the O 1s peaks
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Figure 4. Comparison of (a) the XPS survey scan and (b) O 1s, (c) Cu 2p, and (d) Zn 2p peaks of pure ZnO with 0.5%, 1%, 3%, 5%, and 10% CuO
coated ZnO catalysts. The survey scan was performed in the range of 0 to 1100 eV.

were shifted to lower binding energies. Till 5% CuO coating the
observed values were 530.4 eV, while for 10% CuO coating the
value was shifted to 529.9 eV. The shift in the binding energy of
O 1s clearly depicted the changes in the oxygen environment at
the surface due to CuO coating and verified that the incoming
Cu®* binds with the surface oxygen entities forming surface
CuO. The significant shift of 1.5 eV, for 10% CuO@ZnO, also
confirmed the majority surface coverage by CuO.

The comparison of the growth of the 2p spin—orbit splitted
core levels of Cu, i.e. Cu 2p;/, and Cu 2p;,, with the increasing
CuO coating is presented in Figure 4c. The Cu 2p;/, and Cu
2p3/, peaks were observed at ~932.6 eV and ~952.8 eV,
respectively, which corresponds to Cu in the 2+ oxidation
state.>’ Along with the spin—orbit splitted Cu 2p core levels,
additional satellite peaks at ~940 eV and ~959.8 eV,
characteristic of partially filled d-orbitals (3d” in this case of
Cu®), were also noticed. It is important to mention here that
due to the matrix effect of ZnO the Cu 2p splitted peaks were
asymmetric in shape. Additionally, a minor shifting in the peak
maxima was also observable because of the interaction between
the CuO and ZnO; however, the observed values were well in
accordance with the literature values for CuO, proving null
variation in the oxidation state of Cu®*" during the coating
process.’® Moreover, the absence of the peaks due to Cu and
Cu,O also supported the findings.

For pure ZnO, the intense peaks at ~89.0 eV, ~1021.4 eV,
and ~1045.6 eV, assigned to the Zn 3p;/, Zn 2p;/, and Zn
2p, s, levels, respectively, were in accordance with the literature
values.'®
Zn 2ps,, peaks for the pure and CuO coated ZnO samples is
presented in Figure 4d. The strong interaction between the
CuO and ZnO, at higher coating levels, ie. 5% and 10%,

*! The comparison of the normalized single peak fitted
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resulted in the minor shifting of the corresponding peak
maxima to ~1021.8 and 1022.3 eV, respectively.

The comparison of high resolution FESEM images of pure
and CuO coated ZnO catalysts, at 120,000X magnification, is
presented in Figure 5. Although a wide particle size distribution
ranging from 10 to 100 nm was noticed for pure ZnO, however,
>80% of the particles were in the 20—60 nm range.
Additionally, the sharp hexagonal edges of the ZnO particles
were also perceptible (Figure Sa). The careful analysis of Figure
Sb—f revealed the homogeneous deposition of CuO at the
surface of ZnO without the formation of individual CuO
particles. A minor aggregation of ZnO particles at higher CuO
coatings (5% and 10%) was observed that resulted in the
apparent increase in particle size. Apart from the observations
mentioned above, the only noticeable difference in the
morphology of pure and CuO coated ZnO powders was the
depletion of sharp margins of hexagonal edges with the
increasing surface coating of CuO.

Pristine hexagonal ZnO is renowned for its instability under
illumination. In the current study, the effectiveness of CuO
coating in suppressing or eliminating the photocorrosion of
ZnO, before being subject to actual degradation/mineralization
experiments, was estimated by performing the cyclic voltam-
metric studies of pure and CuO coated ZnO powders in the
dark and under illumination. The comparison of the cyclic
voltammetric behavior of pure and 0.5%, 1% and 3% CuO
coated ZnO samples in the dark is presented in Figure 6,
whereas the inset of the same figure presents the electro-
chemical behavior under illumination. In the dark, ZnO shows a
stable behavior and the redox peaks due to the formation of
zincate ions under the influence of the applied potential are
observable. The CuO layers effectively suppress the formation
of zincate ions, and the redox peaks appearing due to the
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Figure S. Comparison of high resolution (120,000x) FESEM images of (a) pure and (b) 0.5%, (c) 1%, (d) 3%, (e) 5%, and (f) 10% CuO coated
ZnO, elaborating the homogeneous distribution of coated CuO at the surface of ZnO without altering its inherent hexagonal morphology.

formation of zincate ions are broadened for 0.5% and
featureless for 1% and 3% CuO coated ZnO; however,
additional peaks appeared for 3% CuO@ZnO, probably due
to the formation of hydrated Cu®** released from the surface.
Under illumination, the additional peak at —1.04 V, for pure
ZnO, marked by the circle in the inset of Figure 6, represents
the photocorrosion of ZnO, ie. anodic dissolution with the
release of Zn”* ions in the solution caused by the photoexcited
entities. In the CV curves for CuO coated ZnO samples, the
absence of the peak corresponding to the release of Zn*" ions
validated the effectiveness of coated CuO in eliminating the
corrosion of ZnO by engaging the photon generated excited
charge carriers. The anodic and cathodic dissolution processes

that can be responsible for the release of Zn>* ions in solution
can be represented by the set of eqs 1—-3 below.

E>E, . _
ZnO + hv — ZnO(h)}, + ¢,) (1)

1
ZnO + 2k} 4+ H,0 — Zn**(solution) + EOZ(solution)
(2)
ZnO + 2¢~ — Zn**(solution) + 20 (surface) (3)

Before the convulsion of actual photocatalytic experiments,
as presented in Figure 7, the effect of the increasing surface
density of CuO on ZnO was optimized for the degradation of
4-NP (30 ppm). It was noticed that, compared to ~75%,
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Figure 6. Comparison of the cyclic voltammetric behavior of pure and
0.5%, 1%, and 3% CuO coated ZnO in the dark. Inset: the same under
illumination.
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Figure 7. Optimization of CuO coating in comparison to pure ZnO
for the maximum degradation of 4-NP (30 ppm) under sunlight
exposure.

removal of 4-NP in 180 min of sunlight exposure for pure ZnO
or 0.5%CuO coated ZnO degraded ~99% of the substrate in
the same period. The activity of 1%CuO@ZnO (~96%) was
higher than pure ZnO while that of 3% CuO@ZnO (~75%)
was comparable with that of pure ZnO. In comparison with
pure, a significantly lower activity was witnessed for 5%
(~38%) and 10% (~30%) CuO coated ZnO catalysts. As
discussed earlier that the increasing CuO layer density imparts
better absorption of photons with the lowering of the bandgap
(Figure 1a) as well, however, the decreased efficiency of the
catalysts with increasing surface layer of CuO revealed that the
increased spectral response does not essentially mean increased
photocatalytic activity too. Additionally, it was also inferred that
the increased absorption of photons, the existence of a bandgap
in the visible region, and the suppression of the recombination
process (Figure 1b) do not guarantee the efficient transfer of
photoexcited charge carriers to reductants and oxidants for
reactive oxygen species (ROS) generation that is regarded as an
essential parameter for boosting the photocatalytic activity. It is
also evident from the above-mentioned results that the lower
CuO coatings (up to 1%) serve not only as the trapping sites
for the photoexcited electrons but also efficiently transfer these
to the dissolved/adsorbed O, for the generation of superoxide
anion radicals (O,°”), while on the other hand the trapping of
excited electrons minimizes the possibility of electron—hole
recombination, thus enhancing the yield of hydroxyl radicals
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(*OH) by holes initiated water-oxidation processes. The two
processes are elaborated in eqs 4 and 5 below.

O, (adsorbed) + ¢, — O3~ (4)

©)

With the significant elevated activity imparted to ZnO by the
lower concentrations of surface CuQ, it can be visualized that
surface Cu®* species arrange in closely spaced surface states that
facilitate the transition of excited electrons from Zn** (3d'°,
4s°) to Cu’ (3d°). As per our perception, this is only
achievable by sharing the singly charges surface oxygen (O7).
Pictorially the same can be represented as in Scheme I

H,0 + hj, - "OH + H*

Scheme I. Plausible Mechanism of Attachment of Cu?* Ions
at the Surface of ZnO To Form CuO

CuO coated ZnO surface

O o

Bare ZnO surface

. Zinc @ Surface Oxygen

' Skeletal Oxygen

Based on the pictorial representation above (Scheme I) and
the degradation results, it can be inferred that, at lower surface
coating, the surface bonded Cu®" species serve as trap centers
for the photoexcited electron by sharing valence band with Zn**
entities. The surface Cu’* entities add an extra conduction band
that augments the probability of the excited electron capture.
The decreased emission intensity in the PL spectra also verified
the same. Additionally, as the Zn** and Cu*" entities are closely
spaced, the lifetime of the excited states is further augmented by
the inert transfer of electrons between the two states. The same
can be represented pictorially as below in Scheme II.

With the increase in surface coating, the direct absorption of
photons by surface CuO leads to a fair reduction in the direct

Scheme II. Proposed Mechanism of Excited Electron
Trapping with a Low Concentration of CuO Present at the
Surface of ZnO*

—E= u? (3d°)
Conduction band

‘ e
2" (30 45°) wp —
onduction ban

geeeceeecceeeeeeee
Zn0O Valence band

0 (2p)

“The solid line shows the probability of direct transition from the O
(2p) valence band to the Zn** (3d'?, 4s°) and Cu** (3d°) conduction
bands, whereas the dotted lines show the possibility of transitions
between the Zn** and Cu** states for the prolonged lifetime of excited
states.
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photon absorption by ZnO host. Zinc oxide is an n-type
semiconductor with valence and conduction band edges at
+2.89 V and —0.31 V, respectively, that demonstrates its ability
for the generation of ROS (eqs 4 and $), whereas CuO is a p-
type semiconductor with the valence and conduction band
edges at +1.25 V and +0.45 V, respectively.”* The potential of
the band edges predicts the inability of CuO to effectively
contribute to the generation of ROS. At moderate CuO coating
(3% and 5%), with the possibility of transfer of excited
electrons from the conduction band of ZnO to that of CuO, an
energetically allowed process, the extent of the generation of
0, is drastically reduced. Additionally, the energetically
favored transfer of h* from the valence band of ZnO to that of
CuO affects the oxidation of adsorbed water, which results in
the low yield of *OH as well. At further higher CuO coating, i.e.
10%CuO@ZnO, with the possibility of the majority of sunlight
photons directly absorbed by CuO coating, the occurrence of
reverse processes, i.e. transfer of h* and e~ from CuO to ZnO, is
energetically forbidden. As the superoxide anion radicals
(0,°7) are regarded as the major contributors in the
degradation/mineralization process,>>* the consistent decrease
in their production with the increasing CuO coating leads to
decreased degradation/mineralization activity. The pictorial
representation of the deactivating processes is given below in
Scheme IIL.

Scheme III. Proposed Mechanisms of Deactivating Processes
(a) at Moderate CuO Coating (3% and 5%), When the
Photons Are Absorbed by the ZnO, a Fraction of Charge
Carriers (e~ and h*) Is Transferred to CuO, and (b) at
Higher CuO Coating (10%), When the Majority Photons Is
Absorbed by the CuO, De-excitation Is the Only
Energetically Allowed Process
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Based on the significantly higher degradation compared to
pure and other CuO coated catalysts, the detailed investigation
of photocatalytic degradation/mineralization of mono- and
dinitrophenols was carried out over 0.5%CuO@ZnO under the
exposure of the complete spectrum and the visible region of
sunlight. The dark experiment revealed the low adsorption (7—
9%) of MNP and DNP substrates. As MNPs and DNPs are
weakly acidic substrates, compared to the pH of the water used,
a mild decrease in the pH, ranging from 5.4 to 6.1, was noticed
for 30 ppm of NPs substrate solutions. An increase in the pH of
the suspension was observed with the addition of the catalyst or
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pure ZnO. It is important to mention here that, as per our
perception, in an aqueous photocatalytic system, any change in
the structure of the phenolic substrate as a result of the
interaction with the photon generated ROS can be regarded as
degradation. The loss of aromaticity or any substitution may
shift the absorption maximum in the UV—visible analysis or
shift the retention time in HPLC analysis. The time dependent
HPLC chromatograms for the degradation of 2-NP, 3-NP, and
4-NP, in comparison to pure ZnO, are presented in Figure S1
(Supporting Information), whereas Figure 8a shows the
comparison of the time-scale percentage degradation of 2-, 3-,
and 4-NP over pure and 0.5% CuO coated ZnO extracted from
the decrease in the concentration of the respective phenolic
substrate. Compared to ~19% degradation over pure ZnO, the
0.5% CuO coated catalyst degraded ~80% of 2-NP in the initial
30 min of complete spectrum sunlight exposure, whereas
compared to ~30% and ~21% degradation over ZnO, ~43%
and ~55% of 3-NP and 4-NP was degraded in the same period,
respectively. In 90 min of exposure, the removal of >99%,
>80%, and 85% was observable for 2-NP, 3-NP, and 4-NP,
respectively, whereas the degradation of these substrates was
<65% for 2-NP and <50% for 3-NP and 4-NP over pure ZnO.
2-NP was completely degraded in 120 min of sunlight exposure
while >90% of 3-NP and 4-NP was removed in the same
period. For pure ZnO, a maximum degradation of ~90% was
noticed for 2-NP while for the other substrates (3-NP and 4-
NP), it was less than ~83%. The rates of degradation of the
phenolic substrates were evaluated by applying the Langmuir—
Hinshelwood kinetic model for pseudo first order reactions.
The graphical evaluation of the rate constants “k” is presented
in Figure 8b. The maximum rate of 0.050 min~" was perceived
for the degradation of 2-NP over 0.5% CuO@ZnO, whereas
0.020 min~! and 0.019 min~! was noticed for 4-NP and 3-NP,
respectively. The observed rates of degradation of 2-, 3-, and
4NP over pure ZnO were 0.0120 min~!, 0.007 min~!, and
0.009 min~", respectively. Based on the percentage and rates of
degradation, the order of degradation of mononitrophenols
appeared as 2-NP > 4-NP > 3-NP. The simultaneous blank
experiments revealed no significant change in the concentration
of MNP substrates after 180 min of exposure.

The degradation of a substrate does not actually mean its
complete removal. In the photocatalytic system, as discussed
earlier, the interaction of ROS with the substrate may result in
the formation of more hazardous off-shoots. Therefore, TOC
removal (mineralization) efficiency of a catalyst is the actual
measure of its suitability for the complete removal of substrates
as well as intermediates. The comparison of the time-scale
TOC removal of MNP isomers in the presence of pure and
0.5% CuO@ZnO is presented in Figure 8c. The comparison of
Figure 8a and 8c revealed lower extent of TOC removal
compared to degradation. Compared to ~90% degradation of
2-NP in the initial 30 min of exposure, ~40% of TOC was
removed. The same was true for the other substrates as well;
however, the TOC removal by 0.5% CuO@ZnO was much
higher than the pure ZnO. A pattern similar to that of
degradation was also witnessed for TOC removal as well. A
maximum TOC removal of ~93% was noticed for 2-NP,
whereas, for 4-NP, it was ~83% and ~80% for 3-NP for the
exposure of 180 min. As presented in Figure 8d, a trend similar
to that of degradation was noticed in the rate of TOC removal.
The evaluated rates of mineralization of 2-, 3- and 4-NP over
0.5% CuO@ZnO were 0.145 min™!, 0.009 min~’, and 0.010
min~', respectively, and significantly lower than the rates of
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Figure 8. Comparison of (a) percentage degradation, (b) graphical evaluation of rate of degradation, (c) TOC removal, and (d) rate of TOC
removal of 2-, 3-, and 4-NP (30 ppm each) over pure and 0.5% CuO coated ZnO under sunlight exposure.

degradation for the respective substrates. With these observa-
tions it might be inferred that the mineralization of MNP is not
a single step process but rather proceeds through the formation
of intermediates. The intermediates were further interacted by
ROS to smaller fragments and then to mineralization finally.
The release of NO,™ and NO;™ ions during the degradation
process was measured by ion chromatography (IC). The time-
scale IC profiles for the release of these ions are presented in
Figure S2 (Supporting Information). It was noticed that NO,~
are the primary ions that are released as a consequence of ROS
interaction and transformed into secondary anions by the
further interaction of either ROS or the photon induced charge
carriers such as “holes”. It is important to mention here that
due to the enhanced detector response for NO; ™, the peaks due
to NO,™ ions are suppressed; therefore, based on the peak
intensity, the comparison of NO,™ ions released during the
MNP degradation process was plotted as a function of sunlight
exposure time and presented in Figure 9, while the inset of the
same shows the comparison of the release of NO;™ ions. The
instantaneous release of NO,™ ions revealed that the NO,
groups bearing carbons of MNP are primary interaction sites
for ROS. Additionally, the release of NO,™ ions predicts the
charged nature of ROS involved rather than neutral. The rapid
degradation and mineralization of MNP also supports the
involvement of superoxide anion radicals in both the processes.
The charge separation induced by the presence of electro-
negative oxygen imposes the partial positive charge on the
attached carbon atom that serves as a potential source of
interaction with superoxide anions. The O,°” ions displace the
nitro groups as nitrite ions and inserted themselves in the chain,
causing the ring opening and formation of intermediates. The
presence of a variety of oxygenated intermediates (formic acid,
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Figure 9. Comparison of the release of NO,” ions during the
degradation of 2-, 3-, and 4-NP (30 ppm each) over pure and 0.5%
CuO coated ZnO under sunlight exposure. The inset shows the
comparison of the conversion of released NO,™ to NO;™ ions.

acetic acid, aliphatic alcohols, and esters) also supports this
assumption. The difference in the rate of degradation is
explainable on the basis of the extent of the position regulated
charge separation induced by the nitro groups on the attached
carbon. The rapid degradation of 2-NP is facilitated by the
intramolecular hydrogen bonding that induces additional
charge distortion. The intermolecular hydrogen bonding in 4-
nitrophenol is an additional factor besides the inductive effect
that facilitates its degradation. The absence of hydrogen
bonding in 3-NP results in lower degradation of 3-NP.
Additionally, the position and orientation of NO, groups in
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MNP also affect their rate of degradation. The other factors,
based on the stability consideration that can influence the
interaction of ROS with MNP isomers, are discussed in detail
in our previous communication.'®

The HPLC degradation profiles of dinitrophenol isomers,
namely 2,4-, 2,5, and 2,6-DNP, are presented in Figure S3
(Supporting Information) while the time-scale percentage
degradation profiles evaluated on the basis of peak heights, in
comparison to pure ZnQ, are presented in Figure 10a. In the
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Figure 10. Comparison of (a) the degradation of 2,4-DNP, 2,5-DNP,
and 2,6-DNP (30 ppm each) over pure and 0.5% CuO coated ZnO
under sunlight exposure. (b) Percentage mineralization of 2,4-DNP,
2,5-DNP, and 2,6-DNP over 0.5% CuO coated ZnO.

presence of 0.5%CuO@ZnO, the degradation of all the DNP
isomers was significantly higher than that of pure ZnO.
Compared to ~66% and ~59% removal of 2,4- and 2,5-DNP,
respectively, ~95% of 2,6-DNP was removed in 30 min of
complete spectrum sunlight exposure. All the three substrates
were completely removed in 180 min of sunlight exposure.
Although a significantly higher degradation (~90%) of all the
three substrates was noticed in the presence of pure ZnO in the
same period, however, none of the isomer was completely
removed. The graphical evaluation of the rate constants “k” for
the degradation of DNP evaluated by plotting In(C,/C) versus
the sunlight exposure time “t” is presented in Figure S4
(Supporting Information), where a rapid degradation of 2,6-
DNP, at the rate of 0.068 min~!, was calculated. The rates of
degradation of 2,4- and 2,5-DNP were 0.040 min~! and 0.032
min~", respectively. The comparison of the mineralization of
DNP isomers under identical conditions to that of degradation
is presented in Figure 10b. Compared to the mineralization of
~75% for 2,5-DNP, the mineralization of >85% for 2,4- and
2,6-DNP isomers was noticed. Among all the DNP isomers the
degradation as well as mineralization of 2,6-DNP was
significantly higher. Based on the removal and mineralization
rates, the order of degradation of DNP isomers appeared as 2,6-
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DNP > 2,4-DNP >2,5-DNP. Similar to MNP degradation, no
degradation of DNP isomers was observed as a result of direct
photolysis after 180 min of exposure.

Based on the above-mentioned statistics, it was inferred that
the position of nitro groups regulates their degradation. The
rapid degradation of 2,6-DNP is attributed to the enhanced
magnitude of hydrogen bonding due to the presence of nitro
groups at the positions adjacent to phenolic carbon that imparts
partial positive character at the 2- and 6-position, thus
generating additional sites for O,°” ions interaction. For 2,4-
DNP, the hydrogen bonding of the NO, group at the 2-
position and the enhanced —I effect by the NO, group at the 4-
position results in the distortion of the electronic cloud, which
facilitates the degradation process. Although the NO, group at
the 2-position undergo hydrogen bonding in 2,5-DNP,
however, the inductive effect of the NO, group present at
the S-position is not effective enough to induce substantial
polarity for O,°” ions interaction.

The comparison of the percentage degradation and
mineralization of MNP and DNP isomers is presented in
Figure 11a and its inset, respectively. Compared to the MNP
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Figure 11. Comparison of the degradation of MNP and DNP isomers
(30 ppm each) over 0.5% CuO coated ZnO under (a) sunlight or (b)
visible light (420—800 nm) exposure. The inset of (a) shows the
comparison of mineralization of the above-mentioned substrates under
sunlight exposure, whereas the inset of (b) shows the HPLC profiles
after 30 min of sunlight (420—800 nm).

degradation, a higher degradation was noticed for DNP
isomers. This observation is explainable on the basis of the
fact that, compared to MNP, the DNP isomer has the
advantage of an additional reactive site that enhances the
degradation. On the other hand, the mineralization of MNP
isomers was significantly faster than that of DNP isomers. In
the degradation of DNP isomers, as the number of ROS
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generated under identical conditions remains constant in the
aqueous fixed-bed experiments, the majority of ROS that are
produced are consumed in the degradation process and a few
are available for mineralization. The rate of mineralization of
DNP isomers increases with the decrease in the concentration
of the original substrate. In a simple analogy, the degradation of
DNP isomers requires twice the number of ROS as compared
to MNP isomers. The low degradation of 3-NP and 2,5-DNP
predicts the importance of orientation and position of NO,
group(s) in the degradation of nitrophenols. The overall
combined order of degradation over 0.5%CuO@ZnO after 30
min of sunlight exposure appeared as follows:

2,6-DNP > 2-NP > 2,4-DNP > 2,5-DNP
> 4-NP > 3-NP

The activity of 0.5%CuO@ZnO toward MNP and DNP
isomers was also evaluated in the visible region (420—800 nm)
of the solar spectrum. The comparison of the percentage
degradation in the visible region (420—800 nm) of all the
phenolic substrates, MNP and DNP isomers, is presented in
Figure 11b. The catalyst showed excellent activity for the
degradation of all the substrates in the visible region of the solar
spectrum. Although slightly lower than the exposure in the
complete spectrum of sunlight, it is, however, significantly
higher than the pure ZnO. This observation revealed that
although not much lowering in the bandgap was witnessed for
0.5%CuO@ZnO a marked change in the shifting of the
absorption cross section in the visible region of the spectrum, as
presented in Figure la, was noticed. The extended absorption
cross section and the presence of 0.5% CuO as trapping and
transfer agent, PL analysis (Figure 2a), at the surface resulted in
the enhanced degradation. Additionally, the assumption of
sharing of the valence band by Cu®* sounds valuable in this
context. A similar observation was noticed in the mineralization
process. No change in the order of degradation or
mineralization of MNP and DNP isomers was observable.

Recently, a limited role of hydroxyl radicals (OH®) has been
proposed rather than the generation of hydroxyl radicals being
negated in the aqueous phase photocatalytic processes and a
complex route has been proposed. Additionally, the survival
and the reactivity of the hydroxyl radicals (OH®) have been
associated with the pH of the system.”****> In the current
study, in complete spectrum sunlight exposure, the absence of
aromatic hydroxyl group substituted intermediates, in the GC-
MS analysis of selected samples, further strengthened the view
of minor or near absence role of hydroxyl radicals in the
degradation process. However, in the exposure of the visible
region of the sunlight, an interesting change in terms of
intermediate formation was noticed. The HPLC profiles of
MNP and DNP isomers after 30 min of visible region of
sunlight exposure are presented in the inset of Figure 11b.
Except for 2- and 4-NP, the positions (retention times) of the
intermediates formed in the visible light exposure were similar
to those observed under sunlight exposure (Figure S,
Supporting Information). In the HPLC degradation profiles
of 2- and 4-NP, the additional peaks, marked by red arrows, at
525 and 3.55 min, respectively, were noticeable. An initial
increase until 90 min of exposure followed by a decrease in the
peak intensity afterward was observable. The GC chromato-
grams obtained in the identification of these intermediates are
presented in Figure 12, where apparently no difference in the
retention time of the intermediates was observed in HPLC;
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Figure 12. Comparison of the GC profiles of 2-NP and 4-NP over

0.5% CuO coated ZnO under sunlight (420—800 nm) exposure. Inset:

exploded view to verify the difference in the retention time of
apparently the same products.

however, the exploded view, as presented in the inset of Figure
12, revealed a shift in the retention time of both. The GC-MS
library peak search and match analysis revealed that both have
the same molecular formula (CgHyNO,) with the mass number
151 g/mol, which led to the speculation that both the peaks are
due to isomers of the same compound formed by the
interaction of either ROS or the reactive intermediates with
the NO, groups of 2- and 4-NP. It may also be inferred that
these products are also formed in the complete spectrum
sunlight exposure but are, however, degraded immediately after
their formation due to the increased formation of ROS, mainly
0,°7, under the influence of UV photons.

As monitored by ICP, the release of Zn®* and Cu®* ions for
0.5% and 1% CuO@ZnO was negligible, i.e. <1 ppm after 180
min of exposure, while for pure ZnO the concentration of Zn**
ions in the solution was ~17 ppm in the same period of
complete spectrum sunlight exposure. Although no release of
Zn>* ions was noticed for 5% and 10% CuO@ZnO, however
Cu’" ions in the solution were detected at a noticeable
concentration. The total concentration of Cu®** detected for 5%
and 10% CuO@ZnO catalysts by ICPE-9000 was 1.9 and 3.4
ppm, respectively, after 180 min of sunlight exposure, whereas,
in the visible region (420—800 nm) exposure, the measured
concentration was well below 1 ppm. These findings validated
the observations of pre-exposure cyclic voltammetric analysis.

As presented in Figure S5 (Supporting Information), the
0.5% CuO@ZnO catalyst showed sustained activity, without
any significant decrease in the activity, in three cycles estimated
by the repeated exposures after 24 h and 48 h by replacing the
fresh substrate (2-NP) under identical experimental conditions.

4. CONCLUSIONS

The study revealed that the CuO surface coating of ZnO did
the following:

e improved the spectral response of ZnO in the visible
region

o effectively suppressed the e”—h* recombination process

o enhanced the photocatalytic activity of ZnO in both the
visible and complete spectrum sunlight exposure

o effectively suppressed the photocorrosion of ZnO

The other silent features of the study are as follows:
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e The degradation process proceeds with ring opening and
release of NO,™ ions.

e NO,™ ions are further oxidized to NO;™ ions.

e The lower CuO coatings enhanced the photocatalytic
degradation/mineralization process while the higher
coatings were detrimental.

e Superoxide anion radicals were identified as major
oxidants; however, the existence of hydroxyl radicals
cannot be neglected.

e Superoxide anion radicals interact simultaneously with

the substrates as well as intermediates.

B ASSOCIATED CONTENT

© Supporting Information

HPLC profiles for the degradation of MNP (Figure S1) and
DNP (Figure S3) isomers in comparison to pure ZnO. The IC
profiles for the release of NO,” and NO,~ (Figure S2),
graphical evaluation of the rate constant for the degradation of
DNP (Figure S4), and comparison of the catalyst recyclability
(Figure SS). This material is available free of charge via the
Internet at http://pubs.acs.org/.
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