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Abstract

In this paper we prepared via different synthetic processes, two ternary systems based on ZnO, CeO;
and Cu;O for the abatement of organic pollutants. The system ZnO/CeO; was already known to be
efficient in the degradation of emergent contaminants, the addition of cuprous oxides allows also
to enhance reductive properties to the material thanks to its specific potential. The mixed oxides
were characterized via power X Ray Diffraction, UV visible Diffuse Reflectance and Electron
Paramagnetic Resonance. The materials obtained through hydrothermal synthesis shown better

performances in the abatement of phenol and carbamazepine.

1. Introduction

The search for new materials that work as photocatalysts is constantly evolving. In recent years,
much attention has been paid to various methods for modifying the classic first generation
semiconductors such as TiO,. Among the different types of material engineering, the most used are
the intrinsic and extrinsic doping, the formation of solid solutions and the creation of
heterojunctions at the interface between two materials that have no tendency to form solid
solutions. The development of semiconductor-semiconductor composite heterojunctions for
efficient photocatalytic pollutant degradation is of great interest. ZnO is one of the most abundant,
cheap and non-toxic semiconductor, already employed for degradation of different pollutants 3,
The photocatalytic degradation process depends on various factors: the light-absorption ability of
the semiconductor, which in turn depends on its surface area and morphology, optical band gap
and in particular the charge separation capability *. The photocatalytic performances of ZnO can be
improved either through doping with metals or nonmetals or via the preparation of ZnO
heterostructures with other semiconductor elements >. Composite nanostructures of transition

metal oxides are of great interest because of their tunable optical as well as catalytic properties.
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Recently, our and other 8 research groups started to investigate the role of cerium as dopant of
oxides. In our approach, cerium ions are not soluble in the ZnO matrix. This composite system has
shown an amazing, unexpected activity in the mineralization of acesulfame K, a so-called emerging
pollutant, performed under visible light °. This result led us to an in-depth study of this new material.
We observed that the Ce0,/Zn0 system is biphasic and the role of the solid-solid interface plays a
crucial role in the photo-activity of the material.

Coupled semiconductors formed by ZnO and other metal oxides or sulfides (e.g., CuO, Cuz0, CdO,
Cus, CdS, and ZnS) have been employed as photocatalysts, enhancing the charge carrier separation
ability (electrons and holes) between adjacent semiconductors 0. In particular, cupric and cuprous
oxides (CuO and Cu;0) are nontoxic p-type metal oxide semiconductor having an optical band gap
in the range from 1.2 to 2.2 eV 1. Moreover, Cu,0 is considered very interesting thanks to its relative
band position with respect to the normal hydrogen electrode (NHE) (- 1.2 eV for the conduction
band and +1.3 eV for the valence band). It has been demonstrated that it instigates reduction and
oxidation of different pollutants via the formation of hydroxyl and superoxide radicals (with
formation energies of approximately +1.23 and - 0.28 eV, respectively), which are the main reactive
species in photocatalytic reactions 2. Accordingly, addition of Cuz0 to ZnO in a ZnO—Cu,0—-CuO
nanocomposite configuration could result in photocatalytic activity superior to that of the intrinsic
ZnO semiconductor system. As it will be shown below, it is indeed the role of these interfaces (or
heterojunctions) that allows a better understanding of this novel promising photocatalytic system.
In the present work we prepared nanocomposite systems coupling Ce0,/Zn0O materials with Cu,0
particle with two different synthetic methods. The preparation process influences the surface area
and the crystallinity of the photocatalysts affecting also their photocatalytic properties. We tested
these materials in the degradation of a classic probe molecule like phenol and of an emergent

pollutant such as carbamazepine.

2. Experimental section

All reactants employed were purchased by Sigma-Aldrich and used without any further
purification treatment. Distilled water was used in the synthesis procedures. Synthesis procedure
will be described for each system in the following corresponding section.

The investigated samples were mainly prepared via hydrothermal and precipitation synthetic

routes, described hereafter.

2.1 Hydrothermal synthesis.
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Pristine ZnO and ZnO containing 1% molar of cerium were prepared by means the hydrothermal
method and they were labelled ZnO-H, CZ1-H, respectively. The bare sample were synthetized
preparing a solution 1M of Zn(CH3COO);:2H,0 in 20 ml of H,0. Subsequently, NaOH 4M was added
to the solution until to reach a pH value of 11. The obtained solution was transferred into a PTFE-
lined stainless steel 100 mL autoclave and heat at 448 K for 12 hours. The product was centrifuged,
washed three times with distilled water and dried at 343 K overnight. The mixed sample CZ1-H was

synthetized adding to the starting solution the corresponding stoichiometric amount of CeCl3*7H,0.

2.2 Precipitation synthesis.

Even with this synthetic approach a bare sample of ZnO and a sample containing 1% of Ce were
prepared, labelled as ZnO-P and CZ1-P, respectively. The synthesis of the pristine material provides
the dissolution of 2.2 g of Zn(CH3C0O0),*2H,0 in 160 mL of H,O and 80 mL of EtOH; the formed
solution is left in stirring for 1 h and subsequently 120 mL of NaOH 1M were added. The precipitated,
after 48 h, was separated via filtration, washed with H,0 and dried at 343 K for 12 h. the final product
was obtained after calcination at 573 K in air for 30 h. The mixed sample CZ1-P, containing 1% molar
of Ce, was synthetized adding the corresponding stoichiometric amount of CeClz*7H,0 to the

starting mixture.

2.3 Cupper modified oxide systems.

Cuz0-Zn0O-P, Cuy0-CZ1-P and Cuy0-Zn0O-H Cu,0-CZ1-H were prepared by chemical reduction
followed by deposition method. At 10 mL of Cu(NOs3)2*3H20 7.9%103 M (0.5% wt on the basis of the
oxide) water solution were added 0.0568 g of glucose and 15 mL of NaOH 2.36*10°3 M. The solution
was stirred for 50 min at 343 K. At the end of the reaction an orange suspension was formed
(indicated as suspension A). In this reaction, known as Benedict reaction®3, glucose reduces Cu?* to
Cu* allowing the formation of Cu.O oxide. 1 g of oxide was added in 20 mL of deionized water and
the suspension was sonicated at 333 K for 10 min (indicated as suspension B). The suspension B was
added to the suspension A and stirred for 10 min at 343 K. After this time the obtained orange
powder was filtered and washed three times with water and ethanol, in order to remove the
reaction residues and finally dried at 343 K.

2.4 X-Ray Powder Diffraction

Powder X-ray diffraction (XRD) patterns were recorded with a PANalytical PW3040/60 X'Pert PRO

MPD diffractometer using a copper K radiation source (0.154056 nm). The intensities were

3
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obtained in the 20 range between 20° and 80°. X'Pert High-Source software was used for data

handling.

2.5 UV Visible Diffuse Reflectance Spectroscopy (DRS)

UV-Visible absorption spectra were recorded using a Varian Cary 5 spectrometer, coupled with
an integration sphere for diffuse reflectance acquisition, using a Carywin-UV/scan software. A
sample of PTFE with 100% reflectance was employed as the reference. Spectra were registered in
the 200-800 nm range at a scan rate of 240 nm/min with a step size of 1 nm. The measured
intensities were converted with the Kubelka-Munk function.

The optical band gap energies were calculated considering that the energy dependence of the
absorption coefficient (a) for semiconductors in the region near the absorption edge is given by:

o (hv — Epg)"

* hv

Where hv is the energy of the incident photon and Eyg is the optical absorption energy. n depends
on the type of optical transition and since ZnO shows a direct-allowed optical transition its value is
of 1/2. Finally, since the scattering coefficient weakly depends on energy and F(R-), it can be
assumed as proportional to the absorption coefficient within the narrow range of energy containing
the absorption edge feature.

(hv — E, )"
P(Ra) = ===

Then, the plot (F(R-)*hv)¥" vs hv can be used to determine the absorption edge energy (Tauc
plot) method?®.

The UV-Visible DRS studies after irradiation of the copper oxide impregnated samples were
performed irradiating 0.4 g of samples suspended in 2 ml of water/ethanol solution (10% v/v) in a
quartz cell for DRS measurements. After irradiation, prior to spectra acquisition the sample were let
to sediment on the bottom of the DRS cell. The UV-Visible DRS spectra were recorded in the 200-
800 nm range at a scan rate of 240 nm/min with a step size of 1 nm. Since during the irradiation was

not possible to stir the samples, after every irradiation the samples were sonicated in order to

homogenize the powders.

2.6 BET surface area
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The specific surface area measurements were carried out on a Micrometrics ASAP 2020 using the
Brunauer-Emmett-Teller (BET) model on the N, adsorption measurement. Prior to the adsorption
run, all the samples were outgassed at 573K for 2h.

2.7 EPR

Electron Paramagnetic Resonance (EPR) spectra were recorded at room temperature and at
liquid nitrogen temperature (77 K). They were run on a X-band CW-EPR Bruker EMX spectrometer
equipped with a cylindrical cavity operating at 100 kHz field modulation.

2.8 Photacatalytic tests
The irradiation experiments were carried out in closed Pyrex cells (40 mm id x 25mm) on 5 mL of
suspension in Milli-Q water containing 1 g/L of catalyst and 20 mg/L of compound kept under
continuous stirring. The samples were irradiated using a Philips TLK 05 Blacklight lamp (40 W) with
a maximum emission of 365 nm. The suspensions were then filtered with Millipore 0.45 uM Millex
LCR hydrophilic PTFE filters and analysed via HPLC-UV.

The analyses for carbamazepine and phenol were carried out with a Merck-Hitachi HPLC system
equipped with a L-6200A Intelligent Pump, a L-4200 UV-VIS Detector and a six-way Rheodyne valve
injection system. Isocratic elution was performed with a mixture of phosphoric acid solution at pH
2.8 and acetonitrile at a flow rate of 1 ml/min. Condition are as follows: 60/40 and 70/30 v/v with
retention times of 3.77 and 4.83 min for carbamazepine and phenol, respectively. Detection

wavelength were 285 for carbamazepine and 220 nm phenol.

3. Results and discussion
3.1 Structural and optical characterization

The ZnO nanoparticles synthetized via precipitation and hydrothermal methods were analysed
from a structural point of view by means of X-ray powder diffraction. The structural analysis of these
materials has been already well described elsewhere % 1>, the diffrattograms have been reported in
the supporting information section (see figure S1), showing the typical pattern of ZnO wurtzitic
hexagonal phase (00-036-1451 ICDD pattern) .

The optical properties of the synthetized samples were investigated by UV-Vis diffuse reflectance
spectroscopy; in Fig. S2 the reflectance measurements and the derived absorbance, obtained by the
application of the Kubelka-Munk equation, are reported. The reflectance and absorbance spectra
of CZ1 are dominated by the valence band (VB) — conduction band (CB) transition of ZnO, as already

explained in previous paper % 1>,
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Figure 1 panel A reports the XRD patterns of the bare ZnO-P and of the mixed system CZ1-P
following the impregnation of 0.5 % of Cu;0, occurring through the reaction described in the
experimental section, named ZnO-Cu;0-P and CZ1-Cu,0-P, respectively. Figure 1 panel B reports
the XRD diffraction patterns of the sample prepared via hydrothermal way. As in the cases reported
in the Sl section, the impregnated bare oxide shows the pattern typical of the wurtzitic hexagonal
phase and no additional reflections due to impurities or to the cubic Cu,O lattice were detected.
The same diffraction pattern has been also registered for CZ1-Cu,0-P, with the unique difference
that in this case a slightly and very weak reflection is present around 26 = 28.6°, due to the presence

of CeO; phase.

v ZnO
v
A v 710 B CeO,
v Ceoz v

L I . a Mﬂ 1 vy,
ool bJJJthJ\uA

20 30 40 50 60 70 80 20 30 40
26 (°)

|

50 60 70 80
26 ()

Figure. 1. XRD patterns of the synthetized materials. Panel A: a) ZnO-Cu;0-P and b) CZ1-Cu,0-P. Panel B: a) ZnO-Cu,0-H and b) CZ1-

Cu,0-H The green dot evidences a weak diffraction peak due to CeO.

Then, XRD analysis was not able to detect the fingerprints of the Cu,O crystal structure, probably
because of the too lower concentration of copper compounds (0.5 %) and characterized by very
small size. In addition, the most intense reflections should be at 208 angles around 30° and 40°, where
the intense reflections of the ZnO phase are already present.

Nevertheless, XRD analysis didn’t evidence the presence of copper(ll) oxide, the occurred
impregnation was guaranteed by a net visible pink/orange color hired by the previously white
samples (ZnO-P, ZnO-H and CZ1-P, CZ1-H).

We already described elsewhere > that the presence of cerium oxide has been demonstrated
both via XRD measurements and also via TEM images where it is clear that the crystals of CeO; are
much smaller that the ZnO ones. Also the measure of the surface area of the non —impregnated
materials have been already reported. In the case of impregnated materials, we observed that the
presence of copper oxide does not affect the surface area that remains identical to the samples
without impregnation. The surface area for the pure ZnO samples (impregnated and non-

6
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impregnated with copper) obtained via precipitation process or hydrothermal synthesis are 20 m?/g
and less than 10 m?/g respectively, while the mixed samples CZ1 (impregnated and non-
impregnated with copper) obtained via precipitation process or hydrothermal synthesis are 31 m?/g
and less than 10 m?/g, respectively. Again precipitation synthesis process leads to the formation of
samples with higher surface area.

In this sense, DR UV-vis spectroscopy gave a clear outcome, as reported in Figure 2, where the

presence of Cu;0 can be deduced.

1.0 1.0 4
0.006 4
b A Y, b B
0.005
a —
= b 0.004 .
—_ KA 0.003{\_a
S < —_
£05 S sl 0.002
< S, 0.001 {
400 500 600 700 800 <C 0.000 : ‘ ‘
/ % [nm] 400 500 600 700 800
0.0 T ‘ k' T T T 00+ T T T T T
200 300 400 500 600 700 800 200 300 400 500 600 700 800
A [nm] A [nm]

Figure. 2. Normalized Absorbance Kubelka-Munk transformed diffuse reflectance spectra. Panel A: a) ZnO-Cu,0-P and b) CZ1-Cu,0-

P; panel B: a) ZnO-Cu,0-H and b) CZ1-Cu,0-H

Indeed, the spectra for the modified samples show, beside the band gap transition in the UV region,
due to the excitation of electrons from the valence band to the conduction band Y/, further
absorptions in the visible region. The zoom evidences the presence of absorption bands in the range
of wavelength between 400-600 nm, typical of Cuz0 particles *¥21, More in details, the shoulder
around 460 nm is suggested to derive by the interface charge transfer from the VB of ZnO to the
Cu?* that may also cause a partial reduction of the copper species. The second well recognizable
band around 520 nm is due to the electronic transition from the valence band to the conduction
typical of Cu,0, showing a band gap width of 2.39 eV 1°. Less visible is the broad absorption between
600-800 nm, witnessing the presence of Cu(ll) species, and in particular related to d-d transitions:
this seems suggest that, beside Cu>O nanoparticles, also a small fraction of Cu(ll) is present in the

impregnated samples.

Definitely, the presence of the impregnating Cu,0 phase greatly modify the optical behavior of the
two different samples (P and H), particularly inducing absorption in the visible range, not previously

detected for the not impregnated samples.
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Finally, none appreciable red-shift in the energy gap of ZnO has been observed, suggesting that
the Cu incorporation inside the matrix has been not occurred, but the Cu;0 particles are adsorbed

at the surface of ZnO.

3.2 EPR characterization of the Cu,0 impregnated materials

The presence of the Cu?* species has been also confirmed performing EPR spectra of the
impregnated ZnO-Cu,0 and CZ1-Cu,0 samples. Indeed, Cu?*ions (3d°) show one unpaired electrons,
differently from the diamagnetic Cu* and Cu®, characterized by distinguishable fingerprint. The
signal exhibits an axial g tensor splitted in four hyperfine lines since the Cu nucleus has a nuclear
spin | = 3/2 and the derived line multiplicity is n = 21+1= 4, so four lines are expected.

Both EPR spectra of the two materials, represented in Figure 3, are dominated by the typical axial
signal of Cu?*; in addition, the signal always visible in ZnO around g = 1.96 and attributed to electrons
trapped in shallow donors [4], is also recorded. The signal at g = 1.96 is more likely associated to
electrons in the conduction band or in a band built up by donor levels just below the bottom of the
conduction band #2224, This indicates that some (paramagnetic) defects, related to the matrix are
always present but their concentration is strictly dependent on the synthesis procedure. In the case
of precipitation process the intensity of this signal is much lower respect to that obtained for the
sample prepared via hydrothermal synthesis; most probably this difference in intrinsic defectivity

will affect the photocatalytic properties of the materials, as it will be demonstrated later.

CuznO-P

CuCz1-P W

0=1.96
CuzZnO-H

Mn*< ‘ ‘
2é0 | 2é0 | 3(I)O | 3é0 | 3210 | BéO
B [mT]

Figure. 3. EPR spectra at 77K of ZnO-Cu,0-P (black line), CZ1-Cu,O-P (red line) ZnO-Cu;0-H (blue line) and CZ1-CU,0-H (green line).
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In Figure 3 it is possible to observe that the hyperfine structure results slightly visible in the
parallel component while it is better resolved in the perpendicular one. The signal features are A,/
=15 mT and A; = 3.1 mT where A is the hyperfine tensor: the fact that both the parallel and the
perpendicular hyperfine structure are observable has been ascribed as isolated Cu(ll) ions, that in
our case come as synthetic “waste”, caused by unavoidably oxidation during the synthesis
procedure. Another confirmation that the Cu?* ions are not embedded inside ZnO or CeO; lattices
is represented by the fact that for this situation the A values reported would be smaller than in our
case 228,

Thus, combining DR-UV-vis and EPR spectroscopy the samples impregnated with copper(l) oxide
exhibit, in addition to small Cu,0 particles (not visible with XRD but certified by DR UV-vis) anchored

to oxide surfaces, a certain amount of Cu(ll), dispersed on the surface of the two materials.

3.3 Photocatalytic efficiency of the developed materials
The efficiency of the developed materials was tested toward the abatement of two molecules:
carbamazepine (CBZ) and phenol (PHE). Preliminarily, adsorption in the dark was performed with all
materials toward the two analytes and was negligible. A contribution of direct photolysis in the
considered time window (2h) can be excluded as well.

3.3.1 Photocatalysts synthetized via precipitation
The degradation profiles obtained for the two investigated molecules in the presence of the
developed photocatalysts are plotted in Figure 4; the degradation achieved in the presence of the
benchmark TiO, P25 is reported as well for comparison purpose. In all cases, the degradation
process approximates a pseudo first order kinetic and the calculated constants are collected on
Table 1.
Considering the case of samples P shown in Figure 4 A, P25 and pristine ZnO exhibit the lowest
photoactivity and the changes introduced to the ZnO matrix by the presence of Cu;0 clearly increase
the performance of the materials. In fact, even if the single heterojunction with cerium (CZ1) leads
to a slight increase in the photocatalytic performance, copper single (Cu,0-Zn0O) and double (Cu,0-
CZ1) heterojunction prompted a faster degradation. This suggests that impregnation with Cu(l) may
increase the charge separation produced within the material and the mobility of the charge carriers

in the system with heterojunction.
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In the case of CBZ, we observed the same trend for ZnO-based materials, and modifications with
Cu(l) and Ce(IV) oxides favor the photocatalytic activity of the materials. However, the performance

for all the precipitates are worse than P25 as perceived in Figure 4 B.

Irradiation time (min)

Figure 4. Degradation of phenol (A), carbamazepine (B) in the presence of photocatalysts prepared with precipitation method

3.3.2 Photocatalysts synthetized via hydrothermal method
We noticed that all ZnO-based materials exhibit a higher efficiency than P25 toward all the tested
molecules as reported in Table 1.

Table 1. Kinetic constants for synthetized materials

K, min? TiO, | ZnO-P CZ1-P Cu;0- | CuO- Zn0O-H | CZ1-H Cu,0O- Cu,;0-
CZ1-P | ZnO-P CZ1-H | ZnO-H
Phenol 0.061 | 0.060 0.080 0.139 | 0.153 0.104 0.340 0.478 0.327

Carbamazepine | 0.257 | 0.108 0.145 | 0.189 | 0.203 0.252 0.873 1.249 0.256

Hydrothermal synthesis appears to be the optimal strategy for increasing the efficiency of the
heterojunctions that form in the modified ZnO matrix. In fact, as it can be seen from the degradation
curves in Figure 5, the system with single heterojunction between ceria and ZnO (CZ1) shows an
improved performance compared to the same material produced by precipitation, while the double
heterojunction composite (Cu,0-CZ1) is the most active towards phenol. The positive role played by

copper is confirmed with these experiments but, in this case, the synthesis strategy adopted seems

10
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to optimize the synergistic effect of the two heterojunctions in promoting the mobility of the charge

carriers, with a positive effect on the degradation of the target molecule.

—m-—TiO,
~@— Cu,0-CZ1-H
—A— Cu,0-ZnO-H

Cz1-H
—4—ZnO-H

S 0.6 4

T T T T T
0 5 10 15 20 25 30
Irradiation time (min)

Figure 5. Degradation of phenol (A), carbamazepine (B) in the presence of photocatalysts prepared with hydrothermal method.

Analyzing more in detail samples P and H and comparing with the kinetic constants obtained for the
different materials with the two different synthesis strategies, the choice of hydrothermal method
seems decisive for the performance of the catalysts. The Cu,0-CZ1-H system proves to be the most
effective for the removal of this molecule from the agueous medium, as depicted in Figure 5. In fact,
the constants obtained with the hydrothermal materials are significantly higher than those
calculated for the precipitated materials (0.34 min* for CZ1-H vs 0.08 min for CZ1-P, 0.11 min™* for
Zn0O-H vs 0.06 min* for ZnO-P, 0.48 min* for Cu,0-CZ1-H vs 0.14 min! for the precipitate and 0.38
min? for Cu;0-ZnO-H vs 0.15 min? for the precipitate). These results may be linked to the
crystallinity of the samples obtained with the two synthesis methods; with hydrothermal method,
a higher crystallinity is observed allowing a better and selective contact surface between the catalyst
and the adsorbate, so favouring the oxidation-reduction reactions occurring among the charge
carriers, the hydroxyl radicals and the pollutants.

Also for CBZ the hydrothermal synthesis has led to a higher degradation efficiency, as clearly shown
in Figure 5 B. The activity shown by the Ce0,/Zn0O system towards CBZ further supports that the

addition of ceria and the formation of the heterojunction could allow charge separation and
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electron stabilization in the f orbitals of Ce**. Moreover, thanks to the results obtained with the
double heterojunction composite system (Cu,0-CZ1), the synergistic effect of the double
heterojunction seems to be confirmed; for it the calculated kinetic constant is 1.25 min, the highest
observed, and is five times higher than pristine ZnO-H (0.25 min).

The type of synthesis method plays an important role in determining the efficiency for the
abatement of the target molecules. In particular, hydrothermal materials are able to reduce 70 to
90% of the initial concentration of carbamazepine and phenol within five minutes of irradiation. The
effectiveness of materials obtained by precipitation is always less than that of materials obtained
by hydrothermal means. In fact, by comparing the kinetic constants, it comes up that the materials
produced by precipitation have a lower performance than the materials synthesized by
hydrothermal method. The employment of a double heterojunction Cu,0/Zn0O/Ce0Q; seems the
most promising in degrading phenol and carbamazepine. The role of the synthesis way seems to be
crucial. It comes out also from the spectroscopic characterization that the two materials are

different.

4. Conclusions

The formation of heterojunction between ZnO and CeO; has been observed experimentally in the
past, the addition of Cu,0 nanoparticles on the surface of the mixed systems leads to the formation
of a very active material in the abatement of phenol and carbamazepine molecules. Residual traces
of Copper (IlI) not reduced have been evidenced by UV Vis analysis and EPR measurements. These
species seem to be well dispersed over the surface of the semiconductors. The role of these species
in the photo degradation process has still to be clarified. Moreover, also the photoacitivity under
visible light is an interesting point that should be took in consideration in the next future. From these
preliminary results we underlined the crucial role of the synthesis method in obtaining asuitable

material for pollutants degradation.
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