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Abstract. The development of highly active photocatalysts with broad spectrum response is
of paramount importance for photocatalytic applications. Herein, heterostructured CuO-
Cu,0/Zn0 photocatalysts were prepared in a single step and under mild conditions using a
photodeposition process which allows to deposit CuO-Cu,0 particles with an average size of
ca. 2.4 nm on the surface of ZnO nanorods. The p-n heterojunction built between CuO-Cu,0
and ZnO allows to increase both the visible light response of the photocatalyst and the
charge separation. The Cu0-Cu,0(10%)/Zn0O catalyst exhibits the highest activity for the
degradation of dyes (Rhodamine B and Remazol Brilliant Blue R) and of Naproxen under
simulated solar light irradiation. Based on scavenging experiments, holes, superoxide
radicals 0,* and singlet oxygen ‘0, are the dominant species involved in the photocatalytic
degradation and a mechanism is proposed. Due to its high stability and photocatalytic
performance in various water matrices, the CuO-Cu,0(10%)/ZnO nanohybrid is of high

potential for the large scale remediation of organic pollutants in wastewater.
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1. Introduction

In the past few decades, environmental pollution by persistent organic compounds has
generated serious toxicity problems both for living beings but also for ecological systems.
Photocatalysis is a green advanced oxidation process (AOP) for environmental remediation
as this technique requires only a catalyst and light to decompose pollutants [1]. Upon
irradiation of the semiconductor photocatalyst, electrons are promoted to the conduction
band while holes remain in the valence band. The electron/hole charge carriers take part in
redox reactions with oxygen and water allowing the production of oxidative species such as
superoxide 0,° and hydroxyl *OH radicals or hydrogen peroxide H,0, that decompose the
pollutants. ZnO is a well-known n-type semiconductor exhibiting a high photocatalytic
activity, low cost and weak toxicity and has therefore found many environmental [2-6] or
energy applications like hydrogen production via water splitting [7,8] or CO, reduction [8].
However, ZnO exhibits drawbacks like the fast recombination of electron/hole pairs and the
weak absorption of visible photons (energy bandgap of 3.3 eV) which restrict its
photocatalytic activity [2-6]. Among the strategies developed to overcome these
disadvantages are the doping of ZnO with metals or non-metals [5,10] or the construction of
heterojunctions with smaller bandgap semiconductors that allows mutual transfer of charge
carriers [11,12]. CuO and Cu,0 are p-type low bandgap semiconductors (ca. 1.85 and 2.0-2.2
eV for bulk CuO and Cu,0, respectively) [13] that can be coupled to ZnO to form p-n
heterostructures that allow to decrease the electron/hole recombination and increase the
visible light response. In recent years, numerous syntheses of CuO or Cu,0/ZnO
heterostructures have been developed among which the co-precipitation [14,15], the wet
chemical [16], the sol-gel followed by calcination [17,18], the ball milling [19], the solution
combustion [20], the solid state reaction [21], the oxidation of Cu(0)-coated ZnO [22] or the
use of metal organic frameworks as templates [23] can be cited. However, most of these
methods do not allow precise control of the size and distribution of copper oxide

nanoparticles associated to ZnO.
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Recently, there has been a notable focus on developing three-component photocatalysts
that integrate CuO, Cu,0, and ZnO to enhance charge carrier separation and, consequently,
improve photocatalytic activity. However, the expedited and straightforward synthesis of
such catalysts poses a challenge, primarily due to the presence of copper in two oxidation
states (+1 and +2). To the best of our knowledge, only three syntheses of photocatalysts
associating CuO, Cu,0 and ZnO were reported. CuO-Cu,0/ZnO photocatalysts can be
prepared by controlled oxidation of preformed CuS/ZnO composite [24], by a microwave-
assisted sol-gel process in the presence of a reductant [25] or via the combustion method
using oxalyldihydrazide as fuel [26]. These multi-stage processes require high temperature
heating and/or specific gas mixtures (N,/0,) to obtain the desired CuO-Cu,0/Zn0 catalysts.
The photodeposition has been demonstrated to be a mild and easy method to associate
metal or metal oxide nanoparticles with a semiconductor as it requires only a light source
[26]. The photodeposition of metallic Cu [28-30] or more rarely CuO [31-33] on the surface
of ZnO is described in the literature and this process has been demonstrated to be of high
potential for the preparation of heterostructured photocatalysts. Moreover, depending on
the irradiation conditions and on the presence of surfactants in the reaction medium, the
size and the morphology of copper oxide nanoparticles can easily be tuned from pseudo-
spherical to nanoplates [31-33].

Herein, we report a single-step photodeposition process for the preparation of nanometer-
sized CuO-Cu,0 particles on the surface of ZnO NRs exhibiting an average length of 150 nm
and a diameter of 35 nm. The obtained CuO-Cu,0/Zn0O heterostructures were demonstrated
to be highly effective photocatalysts for the photocatalytic degradation of dyes (Rhodamine
B and Remazol Brilliant Blue R) and of Naproxen under simulated solar light irradiation. Our
findings illustrate that the p-n heterojunction formed between CuO-Cu,0 and ZnO particles
not only enhances the catalysts response to visible light but also improves the separation of

photo-generated charge carriers.

2. Experimental section

2.1. Materials
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Zn(OAc),*2H,0 (Merck, >99%), Cu(NOz),*3H,0 (Merck, >99%), tert-butanol (t-BuOH, Merck,
>99%),  4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl  (TEMPOL, Merck, >98%),
ethylenediaminetetraacetic acid disodium salt (EDTA, Fisher, >99%), dimethylsulfoxyde
DMSO (Merck, >99.9%), sodium azide (Merck, >99%), Rhodamine B (RhB, Merck, analytical
standard), Remazol Brilliant Blue R (RBBR, Merck), (S)-(+)-2-(6-Methoxy-2-naphthyl)propionic

acid (Naproxen, Fisher, 99%) and absolute ethanol (VWR) were used as received.

2.2. Synthesis of ZnO NRs

ZnO NRs were prepared by a solvothermal process using Zn(OAc), as precursor [4]. Briefly,

Zn(OAc),;22H,0 (511 mg) was dissolved in absolute ethanol (35 mL) (Solution A) and NaOH
(466 mg) in ethanol (35 mL) (Solution B). Then, solution B was dropwise added to solution A
and the mixture stirred for 30 min at room temperature. The mixture was then transferred
into a Teflon autoclave, sealed and heated at 160°C for 24 h. After natural cooling, the white
ZnO powder obtained after centrifugation (4000 rpm for 15 min) was washed with water (4 x

20 mL), with ethanol (4 x 20 mL) and dried at 70°C for 15 h.

2.3. Synthesis of CuO-Cu,0/Zn0 heterostructured photocatalysts

The photodeposition of CuO-Cu,0 particles on the surface of ZnO NRs was conducted by
irradiating a dispersion of ZnO NRs and Cu(NOs), with a 150 W Xe lamp. Briefly, for the
preparation of the CuO-Cu,0(10%)/Zn0 nanohybrid, 150 mg of ZnO NRs and Cu(NOs), (53.1
mg, 2.19 mmol) were dispersed in 110 mL of a water/ethanol 10:1 (vol/vol) mixture and the
pH adjusted to 9.5 using 1 M aqueous NaOH and HCI. Next, the Xe lamp was turned on and
the mixture irradiated for a period of 6 h (irradiance of 30 mW/cm?) under stirring. The CuO-
Cu,0 (10%)/Zn0O nanohybrid was collected by centrifugation and washed with water (2 x 50
mL). The bright green CuO-Cu,0 (10%)/Zn0O nanhybrid was then dried in air at 100°C for 6 h.
Nanohybrids containing 5 and 20% CuO-Cu,0 were prepared via the same synthetic protocol

but using 26.5 and 106.2 mg of Cu(NOs), as precursor, respectively.

2.4. Characterizations
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The crystallinity and phase of the photocatalysts were characterized by X-ray diffraction
(XRD, Panalytical X'Pert pro MPD diffractometer with Cu Ka radiation = 0.15406 nm) and
high resolution transmission electron microscopy (HR-TEM, Philips CM200 equipment
operating at an acceleration voltage of 200 kV equipped with energy dispersive X-ray (EDX)
spectrometer). The morphology of the photocatalysts was determined by scanning electron
microscopy (SEM, JEOL JSM-6490 LV and JEOL JSM IT800 instruments) and TEM. The purity,
the surface composition and the chemical state of elements were inspected by X-ray
photoelectron spectroscopy (XPS) using a Gammadata Scienta SES 200-2 spectrometer. The
chemical functions present in the photocatalysts were investigated using Fourier transform-
infrared (FT-IR) spectroscopy (Brucker ALPHA Il FT-IR spectrometer) and Raman
spectroscopy (Horiba Xplora spectrometer) using a 532 nm Nd:YAG laser. The Zeta potential
of the photocatalysts was measured using a Malvern Zetasizer Nano ZS equipment.

The evolution of photocatalysis reactions was monitored by UV-visible absorption
spectroscopy in liquid phase (Thermo Scientific Evolution 220 spectrometer). The electronic
properties of the photocatalysts were analysed by UV-visible diffuse reflectance
spectroscopy (DRS, Shimadzu 2600-2700 spectrometer) and photoluminescence (PL, Horiba
Fluoromax) equipped with a Xenon lamp as the excitation source. The total organic carbon
(TOC) was used to determine the mineralization degree (Shimadzu TOC-V¢sy analyzer).
LC-UV-MS and MS2 analyses were performed using a Dionex Ultimate 3000 (Thermo Fisher
Scientific, France) and a linear ion trap mass spectrometer (LTQ Velos Pro, Thermo Fisher
Scientific, MA, USA). A C18 reverse-phase column (Accucore C18, 2.1 x 100 mm, 2.6 um,
Thermo Fisher Scientific, France) maintained at a constant temperature of 30°C was
employed. For each analysed sample, 20 pL was injected. LC system delivered continuously
0.250 mL.min" flow rate. Throughout the LC run, the column outlet flow was equally
divided, one stream for UV detection at 230 and 340 nm wavelengths, and the other for MS
measurement.

Initially, a mobile phase consisting of 5% acetonitrile and 95% water (buffered with 50 mM
of CH3COONH,) was held for 5 min, followed by a linear elution gradient for 25 min reaching
80% acetonitrile.

For MS measurement, the electrospray ionization source was used working at 4.7 kV (200°C

and N; as the nebulizer gas). Mass spectrometry scanned from 90 to 1000 m/z in positive ion
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detection mode. For chromatographic peak confirmation, MS2 was systematically performed
by collision induced dissociation at 20 eV or 30 eV on [M+H]" or [M+NH.]" ions.

Potentiostatic electrochemical impedance spectroscopy (EIS) was conducted from 500 kHz
to 10 mHz for low amplitudes of + 10 mV at open circuit potential (OCP) under dark
condition using a potentiostat BioLogic SP150 in a conventional three electrode cell with a Pt
coil as the counter electrode, a Ag/AgCl electrode in saturated KCl as reference electrode
and FTO glass uniformly coated with as-prepared photocatalysts as working electrode. The

electrolyte was a 0.1 M Na,SO,4 aqueous solution.

2.5. Photocatalytic activity

The performance of CuO-Cu,0/ZnO photocatalysts was evaluated for the degradation of
Rhodamine B (RhB), Remazol Brilliant Blue R (RBBR) and Naproxen used at a 10 mg/L
concentration. Photodegradations were conducted under simulated solar light irradiation
(irradiance of 30 mW/cm? at 365 nm) at room temperature. Briefly, the CuO-Cu,0/Zn0O
heterostructures (30 mg) were dispersed in 30 mL of the pollutant solution and the mixture
was stirred in the dark in order to achieve adsorption-desorption equilibrium. After 60 min,
the solution was illuminated. Aliquots (1 mL) were withdrawn from the solution at regular
time intervals, centrifuged (4000 rpm for 5 min) to remove the photocatalyst and the
concentration of pollutant in the supernatant was monitored by UV-visible absorption
spectroscopy at 553, 590 and 229 nm for RhB, RBBR and Naproxen, respectively.

To identify the species involved in the photocatalytic degradation, DMSO, t-BuOH, NaNs,
TEMPOL and EDTA were used to scavenge electrons, hydroxyl *OH radicals, singlet oxygen
'o,, superoxide 0,° radicals and holes, respectively. The experimental procedure is similar

to that described above,, except that scavengers were added at a 10 mM concentration.

3. Results and discussion

3.1. Photocatalyst synthesis and characterization

ZnO NRs were prepared by hydrolysis of Zn(OAc), under solvothermal conditions [4]. The

photodeposition of CuO-Cu,O at the surface of ZnO NRs was conducted under ambient

6
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conditions using Cu(NOs), as precursor in a water/ethanol (10:1) mixture and using a 150 W
Xe lamp as light source (Fig. 1). Control experiments conducted in the absence of ZnO NRs
show that pure CuO is produced in these experimental conditions as demonstrated by XRD
(Fig. S1), which indicates that ZnO is involved in the formation of Cu,0. The following
mechanism can be proposed for the photodeposition of CuO-Cu,0 particles at the surface of
ZnO NRs. At pH 9.5, OH  ions react with Cu(NOs); to form the Cu(OH),* complex unstable in
water (eq. 1) which further decomposes into CuO (eq. 2). As the redox potential of the
CuOQ/Cu,0 couple is of +0.6 V vs NHE [34], electrons photogenerated in the conduction band
of ZnO partially reduce CuO into Cu,0 (eq. 3). Since TEM images do not show the deposition
of separate CuO and Cu,0 particles on the ZnO surface (vide infra), the formation of core-

shell CuO-Cu,0 particles could be considered.

Photodeposition

Cu(NO;),
—l

H,O/EtOH
pH9.5

ZnO Nﬁs CuO-Cu,0/Zn0O NRs

Fig. 1. Schematic representation of CuO-Cu,0/Zn0O photocatalysts synthesis.

Cu** + 4 OH — Cu(OH),* (1)
Cu(OH)s* — CuO +2 OH + H,0 (2)
2 CuO +H,0+2e — Cu,0+20H (3)

XRD and Raman analyses were employed to characterize the phase structure and purity of
the CuO-Cu,0/Zn0O nanohybrids obtained. The XRD analysis of ZnO and CuO-Cu,0/Zn0O
particles indicates that all signals observed can be attributed to the wurtzite hexagonal
phase of ZnO (Fig. 2a) (JCPDS No 36-1451). XRD peaks are sharp and well defined, suggesting

the excellent crystalline quality of the samples. No diffraction peaks related to metallic Cu
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oxides can be detected, which suggests that CuO-Cu,0 particles are of small size and highly
dispersed on the surface of ZnO NRs. These results show that the coupling of ZnO with CuO-
Cu,0 does not affect the crystalline structure of ZnO.

In the Raman spectra analysis of both ZnO and CuO-Cu,0/Zn0 samples (Fig. 2b), the most
intense signal observed at 438 cm™ corresponds to the characteristic £2(high) Raman mode
of hexagonal ZnO. This signal can be attributed to the vibration of O atoms [35]. The weaker
signal observed at 380 cm™ can be attributed to the AZ1(TO) mode while the two signals at
204 and 329 cm™ originate from the second-order Raman scattering of zone-boundary
phonons (2-TA(M) and 2-E2(M), respectively) [36]. The presence of these last two signals is
indicative of an oxygen deficiency in ZnO NRs. The decrease in E2(high) signal intensity is
linked to the decline in the crystallinity of ZnO and the stress induced by the deposition of
CuO-Cu,0 on the ZnO NRs surface. Moreover, the marked shift observed in the peak
positions for all ZnO-related Raman signals likely originates from the introduction of defect

states in ZnO due to the formation of CuO-Cu,0/Zn0O nanohybrids.
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Fig. 2. (a) XRD patterns and (b) Raman spectra of ZnO NRs and CuO-Cu,0/Zn0O nanohybrids.

FT-IR was used to investigate the chemical functions present in the catalysts (Fig. 3). The
weak and broad signal at ca. 3500 cm™ corresponds to the O-H stretching of chemisorbed
water molecules. Two signals can be observed at 1416 and 1344 cm™ for both CuO-
Cu,0(10%)/Zn0 and Cu0-Cu,0(20%)/Zn0O nanohybrids. These peaks can be assigned to the
symmetric stretchings of bidentate and bridged carbonate species [37] and suggest that
CuO-Cu,0 particles favors the adsorption of CO, at the surface of ZnO as these signals are
not observed for ZnO and Cu0O-Cu,0(5%)/Zn0 catalysts. The strong signals observed at 508

and 418 cm™ can be attributed to Cu-O and Zn-O stretching vibrations.
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Fig. 3. FT-IR spectra of ZnO and CuO-Cu,0/Zn0 photocatalysts.

To gather additional insights into the surface composition and valence states of elements in
the CuO-Cu,0(10%)/ZnO nanohybrid, XPS measurements were performed. The survey
spectrum shows only the presence of Zn, Cu, O and C elements, which confirms that the
nanohybrid is pure (Fig. 4a). The C 1s peak likely originates from carbon adsorbed at the
surface of the photocatalyst. The O 1s signal can be deconvoluted into four subpeaks located
at 529.3, 530.3, 531.5 and 532.4 eV than can be assigned to Cu-O bonds, Zn-O bonds in the
ZnO lattice, O in oxygen deficient regions and to organic O like carbonates, respectively (Fig.
4b). The Zn 2p peaks located at 1043.74 and 1021.3 eV can be assigned to Zn 2p;/; and Zn
2ps3,;in the ZnO lattice, respectively. The binding energy difference of 22.44 eV confirms that
Zn is in the +2 oxidation state (Fig. 4c) [24]. The Cu 2p3/; peak can be deconvoluted into two
signals located at 933.7 and 932.1 eV that can be assigned to Cu(+2) and Cu(+1) linked to O
atoms, respectively (Fig. 4d) [38]. The presence of the three satellite peaks at 940.3, 941.7

and 943.4 eV confirms the presence of Cu in the +1 and +2 oxidation states [26].
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Fig. 4. (a) XPS overview spectrum and high resolution XPS spectra of (b) O 1s, (c) Zn 2p and
(d) Cu 2p of the CuO-Cu,0/Zn0 nanohybrid.

The morphology and the composition of CuO-Cu,0/Zn0O catalysts were first examined by
SEM and EDX. Fig. S2 shows that ZnO NRs and CuO-Cu,0/Zn0O catalysts self-assemble into
microparticles with an average size of ca. 5 um regardless of the amount of CuO/Cu,0
deposited on the surface of ZnO. The EDX spectrum of the CuO-Cu,0(10%)/ZnO sample
selected as representative shows the presence of Zn, Cu and O elements (Fig. S3).

The morphology and the particle size of ZnO NRs and CuO-Cu,0/Zn0 catalysts were further
evidenced by TEM and HR-TEM. The average length of ZnO NRs is of ca. 150 nm and their
diameter of 35 nm, which corresponds to an aspect ratio of 4.3 (Fig. 5a). The lattice planes
separation is of 0.29 nm, value corresponding to the (100) planes of wurtzite ZnO, which
agrees well with XRD results. The selected area electron diffraction (SAED) pattern further
confirms the hexagonal structure of ZnO (inset of Fig. 5b). At the surface of ZnO NRs, small
pseudo-spherical nanoparticles of CuO-Cu,0 with an average diameter of 2.4 + 1.3 nm could

be observed (Fig. 5b-d). The interplanar spacing is of 0.25 nm, which corresponds to the

11
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(002) planes of monoclinic CuO (JCPDS No 03-065-2309). The EDS mapping images confirm
that Zn, O and Cu elements are homogeneously distributed in the CuO-Cu,0/ZnO
nanohybrid (Fig. 5e-h). These results demonstrate the successful formation of a p-n
heterojunction between ZnO NRs and CuO-Cu,0 nanoparticles, which is beneficial for the

separation of photogenerated charge carriers.

(c)

0.29 nm

A& /Zno (100)

oo —1

25um

Fig. 5. (a-d) TEM and HR-TEM images of the CuO-Cu,0(10%)/Zn0O sample. The inset of b is
the SAED pattern. (e) SEM image and (f-h) Zn, O, and Cu elemental mapping images of the
Cu0-Cu,0(10%)/Zn0 nanohybrid.

UV-visible absorption spectra were used to study the optical absorption processes in ZnO
and CuO-Cu,0/Zn0 photocatalysts. The absorption onset of ZnO NRs is located at 392 nm
(Fig. 6a) and the bandgap absorbance at ca. 362 nm. The bandgap energy Eg was
determined using the Tauc plot (ahy)" = A (hy-Eg) where « is the absorption coefficient, h
the Planck constant, y the frequency of incident photon and A a constant. The value of n
depends on the nature of the optical transition and is equal to 1/2 for the CuO-Cu,0/ZnO
photocatalyst as ZnO, CuO and Cu,0 are direct bandgap semiconductors. (oth)l/2 was
plotted versus hv and the linear portion of the plot was extrapolated to the ordinate as
shown in Fig. 6b. The bandgap energy Eg of ZnO is estimated to be of 3.16 eV. After coupling

of ZnO with CuO-Cu,0, the visible and near infrared absorption markedly increases which is

12
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beneficial for producing more photogenerated charge carriers under solar light illumination.

For CuO-Cu,0/Zn0 sample, two absorption signals can be observed at 451 and 477 nm (Fig.

6a). Eg values derived from these signals are of 2.39 and 2.18 eV and could be associated to

Cu,0 and CuO, respectively, as CuO exhibits a weaker bandgap than Cu,0 (Fig. 6c) [39,40].

The bandgap energies determined for CuO and Cu,0 are larger than those of the bulk

materials (1.85 and 2.0-2.2 eV for CuO and Cu,0, respectively), which confirms the nanosize

of these particles and their quantum confinement. A decrease of the bandgap energy is

observed for CuO-Cu,0/Zn0 nanohybrids (3.12, 3.08 and 3.04 eV for ZnO associated to 5, 10

and 20% CuO-Cu,0, respectively), which is indicative of new bonds formed between ZnO and

CuO-Cu,0 and thus of the close interfacial contact and coupling between these

nanoparticles to form CuO-Cu,0/Zn0 heterojunctions [41,42].
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Fig. 6. (a) UV-visible absorption spectra, (b) the corresponding Tauc plots of ZnO and CuO-

Cu,0/Zn0O samples. (c) Magnification of 2.0-3.0 eV zone for the CuO-Cu,0(5%)/ZnO

photocatalyst used to determine the energy bandgap of CuO and Cu,0.
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To study the dynamics of the photogenerated charge carriers in ZnO and CuO-Cu,0/Zn0O
catalysts, PL emission and EIS measurements were conducted. The room temperature PL
emission spectra of ZnO NRs and CuO-Cu,0/ZnO nanohybrids are shown in Fig. 7a. All
samples exhibit a near-band-edge (NBE) PL emission located at 385 nm (3.22 eV) and a
weaker and broad PL emission in the visible region. The NBE emission originates from the
excitonic recombination while the visible emission is linked to various defect states including
oxygen and zinc vacancies and oxygen and zinc interstitials [43,44]. Upon deposition of 5 or
10% CuO-Cu,0 nanoparticles on ZnO NRs, both the NBE and the visible PL emissions
decrease, indicating that the recombination of photogenerated electrons in the conduction
band (CB) with the holes in the valence band (VB) is reduced. This improved separation of
charge carriers is favorable for the photocatalytic activity. A slight red-shift of the NBE
emission from 385 to 391 nm can also be observed, which agrees well with UV-visible
absorption spectra and the decrease of the bandgap energy observed for CuO-Cu,0/ZnO
nanohybrids. For the CuO-Cu,0(20%)/ZnO sample, a significant increase of the defect-
related emission is observed, suggesting that the charge carrier separation is decreased in
this nanohybrid.

The interface charge separation efficiency of photogenerated electrons and holes is a key
parameter affecting the photocatalytic activity and was investigated using EIS Nyquist plots
(Fig. 7b). As can be seen, the arc radius of the CuO-Cu,0(10%)/ZnO nanohybrid is the
smallest indicating a lower interface layer resistance and a faster interfacial charge transfer.
These results show that the heterojunction between ZnO and CuO-Cu,0 particles allows to
improve the separation and the transfer of charge carriers. The fitting results were obtained
using the equivalent circuit depicted in the inset of Fig. 7b and the charge transfer resistance
Rer was determined (Rs is the resistance of the electrolyte, CPE is the constant phase
element and W is the Warburg impedance). As seen in Table S1, the lowest value of R¢r was
observed for the CuO-Cu,0(10%)/ZnO nanohybrid, further confirming that CuO-Cu,O
nanoparticles photodeposited on ZnO NRs allow an improved charge separation and an

efficient charge transfer.
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Fig. 7. (a) PL emission spectra recorded after excitation at 290 nm and (b) EIS responses of

Zn0O and Cu0-Cu,0/Zn0 samples (the inset is the equivalent circuit used to fit EIS curves).

3.2. Photocatalytic activity: degradation of RhB, RBBR and Naproxen and influence of the pH

and of salts

The amount of pollutant adsorbed at the surface of the photocatalyst is a key parameter
influencing the photocatalyst performance. In this context, the point of zero charge (pzc) of
the photocatalyst is of great importance. Since the adsorption of the pollutant occurs on the

photocatalyst surface, the efficiency of the photocatalyst depends both on the pH and on
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the charge of the pollutant. The pzc of ZnO NRs is of 9.2. Upon deposition of 10% CuO-Cu,0
nanoparticles on the surface of ZnO NRs, a decrease of the pzc to 8.1 is observed (Fig. S4),
indicating that the surface of the CuO-Cu,0(10%)/Zn0 catalyst is negatively charged at pH
values higher than 8.1 and positively charged below 8.1.

The photocatalytic activity of ZnO NRs and of CuO-Cu,0/ZnO heterojunctions was first
evaluated under simulated solar light irradiation (light irradiance of 30 mW/cm?) for the
degradation of a cationic (Rhodamine B, RhB) and an anionic (Remazol Brilliant Blue R, RBBR)
dye used at a 10 mg/L concentration and at pH 7. Preliminary experiments showed that less
than 3% of these dyes are bleached under these illumination conditions in the absence of
photocatalyst. As can be seen from Fig. 8a, RhB weakly adsorbs on the surface of ZnO and
CuO-Cu,0/Zn0 photocatalysts (less than 5%) during the 60 min of stirring in the dark due to
the electrostatic repulsion between the positively-charged dye and the positively-charged
photocatalyst. As soon as light is turned on, a fast photodegradation of the dye is observed.
The highest photocatalytic activity is observed for the CuO-Cu,0(10%)/ZnO photocatalyst
(full degradation after ca. 50 min of illumination), which agrees well with PL and EIS results
and confirms that the charge carrier separation is the highest for this nanohybrid (see Fig.
S5a for UV-visible absorption spectra). The photodegradation of RhB follows a pseudo-first-
order reaction and the rate constant of the photodegradation was determined using the
equation In(Co/Ct) = kt where Cy and C are the initial concentration and the residual
concentration at time t of RhB, respectively, and k is the apparent first-order rate constant.
After linear regression, the slope of the plot of In(Co/C) vs time equals k. The k values
determined for ZnO and ZnO coupled to 5, 10 and 20% CuO-Cu,0 are 0.0653, 0.0806, 0.0846
and 0.0802 min™, respectively, which confirms that CuO-Cu,0(10%)/ZnO is the photocatalyst
exhibiting the highest activity (Fig. S6).

As expected, at pH 7, the negatively-charged RBBR dye strongly adsorbs on CuO-
Cu,0(10%)/Zn0 photocatalyst (ca. 70%) but less on ZnO, suggesting a strong association of
Cu0-Cu,0 nanoparticles with the dye (Fig. 8b and S5b). During the photodegradation of
RBBR, small amounts of photocatalyst was taken at different reaction times, dried and
analyzed by UV-visible absorption and FT-IR spectroscopy (Fig. S7). Results obtained show
that all RBBR adsorbed and in solution is photodecomposed in less than 90 min using the

Cu0-Cu,0(10%)/Zn0 photocatalyst.
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Fig. 8. Time course study of the (a) RhB and (b) RBBR photocatalytic degradation by ZnO and

Cu0-Cu,0/Zn0 nanohybrids under simulated solar light irradiation.

Naproxen is a non-steroidal anti-inflammatory drug belonging to the 2-arylpropionic class
and is widely used not only to cure injuries and pains but also as anticancer and
antimicrobial agent. Naproxen has been identified as an emerging contaminant and is
present at concentration up to 32 pg/L in groundwater, rivers and even tap water [45,46].
Thus, the development of efficient methods to degrade Naproxen from contaminated water
has gained high interest in recent years (Table S2). The photocatalytic activity of CuO-
Cu,0/Zn0O nanohybrids was evaluated for the degradation of Naproxen under simulated
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solar light irradiation. The intensity of the UV-visible absorption signal of Naproxen at 229
nm did not change when irradiating this compound in the absence of the photocatalyst,
indicating that the photolysis is negligible. The Cu0O-Cu,0(10%)/Zn0O catalyst is the more
efficient for the degradation of Naproxen and a quantitative decomposition is reached after
ca. 75 min irradiation (Fig. 9a). The k values determined for ZnO and 5, 10 and 20% CuO-
Cu,0 modified ZnO are 0.0167, 0.0219, 0.0363 and 0.0222 min™ (Fig. S8), further confirming
that the CuO-Cu,0(10%)/Zn0O heterostructured photocatalyst can markedly improve the
photodegradation of Naproxen. Monitoring of photodegradation by UV-visible spectroscopy
shows that new signals appear at 260 and 315 nm after 15 and 30 min irradiation, likely due
to the hydroxylation of the naphthalene moiety by the active species generated during the
photocatalytic treatment as previously observed using TiO, nanoparticles as photocatalyst
(Fig. 7b)[47]. As the mineralization of organic pollutants is crucial for wastewater treatment,
the total organic carbon (TOC) removal efficiency of Naproxen over the CuO-Cu,0(10%)/ZnO
catalyst reached 58% after 120 min irradiation, further confirming that the photocatalyst can
effectively mineralize Naproxen. The influence of pH during the photodegradation of
Naproxen was also investigated (Fig. 9c). Photodegradation is very effective at pH 6, 7 or 8
and is only slightly slowed down at pH 10. A marked slowdown of the photodegradation rate
is observed at pH 4 and pH 12. Table S2 describes the performance of various catalysts
developed in recent years for Naproxen photodegradation. Even if the irradiation conditions
or catalyst amounts are not identical to that used in this study, the results show that the
CuO-Cu,0(10%)/Zn0O catalyst is among the most effective for the photodegradation of
Naproxen.

The stability and the recyclability of a photocatalyst are key parameters for assessing its
practical applicability for real water decontamination. Fig. 9d shows that the performance of
the CuO-Cu,0(10%)/Zn0 catalyst for the degradation of Naproxen is not impaired after 9
recyclings. The stability of the photocatalyst was also evaluated for the degradation of RhB
and no decrease in activity was observed after five recycling (Fig. S9). These results
demonstrate that there is no blocking of the active sites by the intermediates or by
Naproxen or RhB. FT-IR and XRD analyses were performed to identify the changes in surface
chemistry and crystallinity that may have taken place after repeated use for the degradation
of Naproxen (Fig. S10a-b). The only changes observed on the FT-IR are the appearance of a

weak signals at ca. 2910 cm™ corresponding to C-H stretching and between 1200 and 1148

18



424  cm’ that may be assigned to C-O stretching (Fig. S10a). The crystallinity of the catalyst is not
425  affected by its multiple reuses (Fig. S10b). SEM images of the freshly prepared catalyst and

426  the reused catalyst also show that no particle agglomeration takes place (Fig. S10c-d).

1.0 —e—2zn0 (b)
. —e— Cu0-Cu,0(5%)iZnO | NAP (10 malL)
08l : —— Cu0-Cu,0(10%)/Zn0O 8 —— 30 min ads
L Light off I —v— Cu0-Cu,0(20%)/Zn0 c —— 60 min ads
=) : g F ——15 min irrad
Q 06r ) - —— 30 min irrad
o : Light on 2 —— 45 min irrad
| - —— 60 min irrad
0.4} , £ o
‘ < —— 75 min irrad
]
H e
02} T on
]
LSO
00 T |I T T 4 : 4 T u T I
0 30 60 . 90 12_0 150 180 210 200 250 300 350 400 450
Time (min) Wavelength (nm)
! —8—pH =4 I
1.0 Light on —e—pH =6 (d)
o=z |E 100
—y—pH=8 ~
0.8 ; —e+—pH=10 |E 80
I , ——pti=12 |E
o Light off [ "
Q 0.6 |- : : 60
(&) d ©
| 5
041 : & 40
' o
' £
02} : o 20
1 U L
1
0-0 T T T T T 0
0 20 40 60 ] 80 1-00 120 140 160 o\e' o\a ‘_}e.'b G\Gb- o\ef: 0\06 &@ O\g‘b c}ﬁ% \0\
Time (min) WV oV oY & oV oV oV oV oY F

427
428  Fig. 9. (a) Photocatalytic activity of ZnO and CuO-Cu,0/ZnO catalysts for the Naproxen

429  degradation, (b) UV-visible absorption spectra of Naproxen photodegradation using the CuO-
430  Cu,0(10%)/Zn0 photocatalyst, and (c) influence of pH for the photodegradation of Naproxen
431 using the CuO-Cu,0(10%)/ZnO catalyst. (d) Stability experiments for Naproxen
432  photodegradation by the Cu0-Cu,0(10%)/ZnO catalyst under simulated solar light
433 irradiation.

434

435  As natural water matrix may contain various kinds of ions in solution with the pollutant, the
436  photodegradation of Naproxen was evaluated in commercial mineral water containing
437  calcium (240 mg/L), magnesium (42 mg/L), sodium (5.2 mg/L), sulfate (400 mg/L),
438  hydrogenocarbonate (384 mg/L), nitrate (4.4 mg/L) and pH 7.6. Fig. 10a shows that the rate
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of Naproxen photodegradation is only slightly affected by the presence these ions. Naproxen
is decomposed by 97% after 60 min irradiation in ultrapure water and by 93% in mineral
water after the same period.

To further evaluate the influence of inorganic salts on the photocatalytic efficiency,
additional experiments were conducted using NaCl, NaH,PO,4, Na,HPO,4, Na,S0,4, CaCl, and
MgCl, used at a 5.10° M concentration (Fig. 10b). Except NaH,PO,4 which causes a pH drop
to 4, all other salts do not influence the pH which remains close to 7. No significant decrease
in the photocatalytic efficiency was observed in the presence of NaCl, Na,SO,4, CaCl, or
MgCl,, indicating that these salts have no scavenging effect towards the CuO-
Cu,0(10%)/Zn0 catalyst. A slight decrease of the photocatalytic efficiency is observed when
adding Na,HPO, (ca. 85% degradation after 60 min irradiation). The strongest inhibition of
the photodegradation of Naproxen (ca. 10% degradation after 60 min) is observed when
adding NaH,PO4. This decrease of the photocatalytic efficiency is probably related to the
decrease in pH but a competition between the adsorption of NaH,PO4 and Naproxen at the
surface of the photocatalyst or the scavenging effect of H,PO, ions towards reactive oxygen
species like hydroxyl *OH radicals or holes h* [48].

The photodegradation of a mixture of Naproxen and RhB, both used at a 10 mg/L
concentration in the absence of inorganic ions, was also investigated. Naproxen and RhB
show UV-visible absorption maxima at 229 and 553 nm, respectively, which were used to
determine the concentrations of these compounds in the mixture (Fig. 10c). Although
Naproxen has a higher affinity for the CuO-Cu,0(10%)/Zn0O catalyst surface due to its
negative charge, both Naproxen and RhB were efficiently decomposed, indicating non-
interference of pollutants adsorption at the surface of the photocatalysts followed by their
degradation. Naproxen and RhB are decomposed to 94 and 100% after 70 min irradiation
(Fig. 10d). Moreover, a synergistic enhancement in the photodegradation rate is observed.
The pseudo-first-order rate constants k when decomposing the mixture are 0.0480 and
0.0961 min™ for Naproxen and RhB, respectively (Fig. S11), while k values are 0.0363 and
0.0846 min™ for Naproxen and RhB, respectively, when the photodegradation is carried out
on each of the pollutants taken separately. We assume that this synergy may originate from
an electrostatic attraction between Naproxen and RhB and the synchronously consumption
of electron and holes (or the reactive oxygen species derived) which allows to decrease the

electron-hole recombination and thus enhance the photocatalytic activity [49].
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Fig. 10. (a) Photodegradation of Naproxen using the CuO-Cu,0(10%)/ZnO catalyst (a) in
ultrapure water and mineral water (b) in the presence of salts. (c) UV-visible absorption
spectra of Naproxen and RhB during their photocatalytic degradation using the CuO-
Cu,0(10%)/Zn0O catalyst, (d) Photocatalytic activity of the CuO-Cu,0(10%)/ZnO catalyst
during the simultaneous degradation of Naproxen and RhB. All experiments were conducted

under simulated solar light irradiation (irradiance of 30 mW/cmZ).

The photocatalytic degradation of Naproxen was investigated by LC UV/(+) MS2 and some of
the intermediates identified during the first-half-hour of the reaction are depicted in Fig. 11
(see Fig. S12 and Table S3 for HPLC-UV chromatograms and MS analyses). Upon irradiation in
the presence of the CuO-Cu,0(10%)/Zn0O catalyst, a dihydroxylation of Naproxen is quickly
observed and leads to compound 2 (262 Da). Intermediates that may correspond to (S)-2-
naphthalen-2-yl) propenoic acid 1 (200 Da) and to 1-(6-methoxynaphthalen-2-yl) ethanone 4
(200 Da) were observed but, on the basis of studies described in the literature [50-52], the

formation of the intermediate 4 resulting from the oxidation of the carbon-carbon double
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bond of 3 seems more likely. Compound 4 is further dihydroxylated to produce 5 (232 Da). 2-
Methoxy-6-vinylnaphthalene 3 (184 Da) originating from the decarboxylation of Naproxen
followed by the loss of a proton is also detected at the beginning of the reaction. Products 7
(234 Da) originating from the hydroxylation of the carbon-carbon double bond and the
dihydroxylation of the naphthalene moiety and dihydroxylated compound 6 were also
detected. Products 2, 5, 6 and 7 are further oxidized by the reactive species generated by the

irradiation of the CuO-Cu,0/Zn0O (10%) photocatalyst, which leads to the mineralization of

Naproxen.
HO HMe Me
WOH w COZ OO ’
> * MeO
MeO ’\ o MeO MeO 4
2 OH 230 Da Naproxen
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Fig. 11. Structure of Naproxen photodegradation products identified by LC-UV-MS and MS2.

3.3. Photocatalytic mechanism

To gain an insight into the photocatalytic mechanism, scavenging experiments were
conducted using TEMPOL, NaN3;, DMSO, t-BuOH and EDTA to capture 0,* radicals, singlet
oxygen '0,, electrons, *OH radicals and holes, respectively (Fig. 12a). As can be seen, 0,*
radicals, 'O, and especially holes are the main species involved in the degradation of
Naproxen (the photodegradations are reduced to 15, 27 and 5% after 75 min irradiation
when experiments are conducted in the presence of TEMPOL, NaN3 and EDTA, respectively,
while in the absence of a scavenger, the conversion is 97%). Electrons and *OH radicals are
also involved in the photodegradation but much weaker (the photodegradations remain of

66 and 78% when adding DMSO and t-BuOH, respectively).
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Assessing the band edge positions and the band alignment of CuO, Cu,0 and ZnO is of
paramount importance to understand both the charge transfers at the heterojunction as
well as the formation mechanisms of species involved in the photodegradation. The
positions of the valence band (VB) and of the conduction band (CB) of CuO, Cu,0 and ZnO
were determined using equations (1) and (2) :

Ews=y%—-E°+0.5Eg (1)

Ecg=Evwp—Eg (2)

where Eyg is the VB potential and Ecg the CB potential, x is the absolute electronegativity of
the semiconductor (5.33, 5.81 and 5.89 for Cu,0, CuO and ZnO, respectively), Eg is the
bandgap energy determined from UV-visible DRS (3.08 eV for the CuO-Cu,0/ZnO
nanohybrid), and E® is the energy of free electrons on the hydrogen scale (ca. 4.5 eV) [53].
Using these data, the following mechanism can be proposed (Fig. 12b). Under sunlight
irradiation, electrons located in the VBs of CuO, Cu,0 and ZnO are promoted to the CBs
leaving holes in the VBs. These holes can directly oxidize Naproxen into [Naproxen]® as holes
were demonstrated to play the major in the photodegradation mechanism. The holes in the
VB of ZnO may also oxidize water molecules adsorbed at the surface of the photocatalyst
into *OH radicals but these radicals play only a minor role in the decomposition of Naproxen.
Only electrons promoted in the CB of Cu,0 can reduced O, molecules on the catalyst surface
into 0,° radicals that have been identified as playing a major role in the photodegradation.
After contact, the Fermi level of Cu,0 and ZnO equilibrates due to the formation of the p-n
heterojunction, which modifies the band positions. Thus, due to the very small energy gap
between of CB potential of ZnO (-0.15 eV vs NHE) and the 0,/0,* couple (-0.33 eV vs NHE),
it is likely that photogenerated electrons in the CB of ZnO may also be involved in the
production of O,° radicals.

The electrons in the CB of ZnO can also migrate to the CB of CuO due to the p-n
heterojunction between ZnO and CuO. Next, the electrons accumulated in the CB of CuO can
scavenge holes in CuO via a Z-scheme mechanism. Holes in CuO and ZnO can also transfer to
the VB of Cu;0.

Holes in CuO, ZnO and Cu,0 may also be consumed by 0,* radicals (eq. (3)), thus allowing
the production of 'O, which is a key species involved in the photodegradation mechanism.

0, + h* = '0,+ 0, (3)
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540 All these charge transfer favor the charge separation and thus the photocatalytic activity.
541  Moreover, the fast consumption of holes by reaction with the pollutant or via charge
542  transfer allows to increase the stability of the CuO-Cu,0 (10%)/ZnO photocatalyst toward

543  photocorrosion.
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546  Fig. 12. (a) Photodegradation of Naproxen using the CuO-Cu,0 (10%)/Zn0O catalyst in the
547  presence of reactive species trapping compounds used at a 10 mM concentration and (b)
548  Schematic representation of the charge transfers in the CuO-Cu,O (10%)/ZnO
549  heterostructured photocatalyst under solar light illumination.
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In summary, p-n CuO-Cu,0/Zn0 heterostructured photocatalyts were prepared via a facile
and green photodeposition route and successfully used for the degradation of anionic and
cationic dyes (RhB, RBBR) and Naproxen under simulated solar light irradiation. The
structural characterizations show that the photodeposition route allows the association of
ca. 2.4 nm-sized CuO-Cu,0 particles of monoclinic structure with wurtzite ZnO nanorods.
The high photocatalytic performance of the CuO-Cu,0(10%)/ZnO photocatalyst originates
both from the p-n heterojunction which allows to expand the visible light absorption and
from the decreased recombination rate of photogenerated charge carriers. Its high
performance combined with its high stability make the CuO-Cu,0(10%)/Zn0O photocatalyst of

high potential for environmental remediation.
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