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Highlights

e The use of organic precursor (Zinc Acetate) can release pollutant in water.

¢ Impact of calcination temperature on structural and photocatalytic properties of ZnO

e Raman and EPR techniques used to determine the structural defects on ZnO semiconductors
e Impact of surface area and surface defects on photocatalysis must be separately considered
e Oxygen and/or zinc vacancies are harmful for photocatalytic properties

Abstract

Zn0O photocatalytic materials have been prepared using three precursors (Zinc Acetate, Zinc
Hydroxide, and Zinc Peroxide), and the effect of calcination temperature on structural and
photocatalytic properties of ZnO has been investigated. XRD, UV-Vis, BET, XPS, Time-Resolved
Microwave Conductivity (TRMC), Raman, and Electron Paramagnetic Resonance (EPR) have been
used to correlate the impact of the surface area, the introduction of oxygen and/or zinc vacancies,
and the charge carrier dynamics, with their photocatalytic properties. The main objective is to
provide a new approach to the impact of structural defects on ZnO semiconductors determined by

using Raman and EPR techniques, and by coupling with the important role of the surface area
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considered as one of the most relevant characteristics in photocatalysis in terms of performance. The
fewer surface defects, the more photoactive the catalyst is. The results are discussed for the model

degradation of formic acid and phenol under UV-irradiation.
Keywords:

Zinc Oxide, Photocatalysis, Surface area, Structural Defects, Electron Paramagnetic Resonance (EPR).

1. Introduction

Most studies on the photocatalytic degradation of water pollutants are carried out using a TiO,
catalyst since it proposes one of the most efficient photocatalytic activity, large scale availability
(commercial), and stability. It allows the formation of electron/hole pairs (e-/h+), generating highly
Reactive Oxygen Species (ROS); such as OH®, 0,°, and HOO" in presence of an irradiation source [1-
3]. At the same time, the research activity has focused on finding alternatives to TiO, aimed to
attend efficient activity toward aqueous contaminants [4]. Among available semiconductors, ZnO is
the most studied oxide after TiO, and has been proposed as a promising photocatalyst for water
treatment [5]. ZnO propose a wide direct bandgap (3.3 eV) allowing absorption of sunlight at higher
wavelengths than TiO, [6] and, its photocatalytic properties are sometimes more significant than
TiO, ones [7-9]. Another major difference between ZnO compared to TiO; is the possibility to detect
the H,0, formation during the photocatalytic process while it degrades rapidly on TiO, because of
the formation of the Ti-peroxo complex [10,11]. Generally, studies on ZnO focus on its preparation
procedure using various methods and precursors, that strongly affect its properties and influence its
photocatalytic activity [12-15]. The impact of some properties such as surface area, structural
defects, and other classical parameters such as crystallinity or morphology have been widely studied
in the literature [16—34]. Unfortunately, the impact of most parameters is still under debate due to
their interdependence. Whereas the crystallinity [16,24], and the absence of impurities [35], are
generally found essential to obtain a good photocatalytic activity; the impact of the morphology, the
surface area, and the presence of defects such as oxygen or zinc vacancies is still not completely
elucidated. In some cases, authors reported that the photocatalytic activity of ZnO increased with
the increase of surface area due to a decrease in the recombination of photo-generated
electron/hole pairs [25,26]. However, Wolski et al [24] considered that a moderate surface area is
the best compromise. On the other hand, some publications [16,19], mentioned that a smaller
surface area can be more efficient than an important one, highlighting the importance of other

parameters such as morphology [16] and the polar planes exposed in the crystal [19]. Concerning
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the impact of the morphology, no particular morphology emerges in the literature. Li et al [16]
found that needles aggregates present the highest efficiency, even if these latest have very small
surface area. While Thakur et al [17] consider that the nanospheres are more adequate for better
photocatalytic activity. On the other hand, Zhang et al [18] mentioned that the nanospheres, are
more efficient than rods or a butterfly-like ZnO and correlate their efficiency to the presence of
polar exposed facets. The importance of the orientation of the planes is in agreement with different
publications [18—23]. However, this phenomenon is also linked to different parameters, morphology
[18,20], surface area [20], and oxygen vacancies [23]. Another important parameter that is still
always under debate in the literature is the impact of oxygen and zinc vacancies. Nandi et al [27]
considered that surface defects are beneficial to improving the photocatalytic activity of ZnO.
However, whereas some publications consider that the Zn defects are important to improve the
photocatalytic activity of ZnO [24,29,30,36], the study of Danilenko et al [31] reported that zinc
vacancies are harmful to photocatalysis. They show that oxygen vacancies enhance the
photocatalytic activity of ZnO and promote charge separation, in agreement with several other
publications [32,33,37,38]. On the other hand, and contrary to the suggestions mentioned above,
several other works [28,34] reported an unfavorable impact of oxygen and zinc defects appearing in
ZnO on its photocatalytic activity. Consequently, there are still uncertainties in the literature
between various relevant parameters, and more experimentation is needed to overcome these

contradictions.

The main objective of this paper is to understand the photocatalytic properties of the ZnO-based
material about its structural features while evaluating the charge carrier dynamics and the
generation of several kinds of defects to associate the distinct physicochemical parameters, and
therefore, discuss the impact on photocatalytic efficiency. For this study, the photocatalysts were
prepared by using a precipitation method at low temperature, using three precursors with different
reactivity, and calcination at various temperatures to generate materials with different surface
areas and structural defects. The photocatalytic performance of photocatalysts will be evaluated in
presence of two model molecules: Formic acid (FA), an aliphatic compound, that allows direct
mineralization to CO, and H,0 without the formation of any intermediate species; and phenol,

suitable for investigating more complex aromatic water pollutants.
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2. Materials and methods

2.1. Materials

Zinc acetate dihydrate (Zn(CHsCO,), 2H,0, Merck); zinc Nitrate (Zn(NOs),4H,0, Aldrich), KOH from
Merck, and NaOH from Chimie Plus were used in the preparation of ZnO samples as described in
paragraph 2.2. Milli-Q water (18 MQ) and methanol (Semiconductor Grade, 99.9% pure) from Alfa
were used as solvents for all the syntheses and analyses. Hydrogen peroxide (H,0,), at 30% in water
from Sigma-Aldrich was used in our experiments. Formic acid (99% pure) and Phenol (99% pure)

provided by Across Organics were used as a model of pollutants for photocatalytic tests.

2.2. Catalysts
Three ZnO materials were prepared either from direct precipitation of Zn (CH;COO), or via a thermal

conversion approach from Zn(OH), or ZnO,.

2.2.1. Preparation from Zn (CHsCO,),

Zn (CH3COO0),. 2H20 (0.01 M) was precipitated with KOH (0.04 M) in methanol. The mixture was
continuously stirred and maintained under reflux at 60°C until a white gel was formed. After the
reaction time was achieved, the resulting precipitate was separated from the solution by
centrifugation (4500 rpm, t = 15 min), washed several times with distilled water, and dried at 60°C
overnight (sample, ZnA60). The obtained powder was then calcinated for 2h under air flux with a
heating rate of 5 °C-min-1 at 400°C, 500°C, and 600°C. The samples were respectively named ZnAxT,

with x: the temperature of calcination.
2.2.2. Preparation from Zn (OH),

For preparing Zn(OH),, the mixing (100mL/100mL) of the two aqueous solutions of Zn(NOs),.6H,0
(1M) and NaOH (2M) was stirred for 2h at room temperature. Then, the precipitate was centrifuged
(4500 rpm, t=15 min), washed several times with distilled water, and dried at 25°C for 24h. The
obtained hydroxide was annealed for 2h at 400°C, 500°C, or 600°C under the same conditions

mentioned above and the samples were labeled as ZnH4T, ZnH5T, and ZnH6T.
2.2.3. Preparation from ZnO,

A mixture (50mL/50mL) of an aqueous solution of Zn(OH), as prepared above, and H,0, (1M) was
kept under stirring at 70 ° C for 2h. The obtained precipitation was separated and washed several
times by centrifugation (4500 rpm, t = 15 min), then was heated at 60 ° C overnight. The resulting
Zn0, powder was also calcinated at the same range of temperature from 400°C to 600°C to obtain

finally ZnO mentioned, ZnP4T, ZnP5T, and ZnP6T, respectively.
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2.3. Catalysts Characterization

For the structural analyses, X-ray Diffraction (XRD) was performed using an A25 Bruker D8 Advance

diffractometer with Cu-Ka radiation. Crystallite size was calculated using Debye Scherer’s equation:
_ K
~ PBcose

Where D is the crystallite size, f is the full width at half-maximum, A is the wavelength of X-ray
radiation, O is the Bragg angle, and K is taken as 1. The catalysts’ structures were measured using a
Micromeritics ASAP 2020 analyzer. Nitrogen adsorption/desorption isotherm at -196°C was
performed and the Brunauer-Emmett-Teller (BET) method was used to determine the specific
surface areas. Transmission Electron Microscopy (TEM) was carried out to determine the morphology
of the samples using a JEOL 2010 (200 kV) microscope. The optical properties of ZnO samples were
carried out using an AvaSpec-2048 Fiber Optic UV-Vis Spectrometer with an asymmetrical Czerny-
Turner design. Spectra were recorded from 250 to 800 nm using a 2048 pixel CCD detector array.
Raman experiments were performed using Horiba Jobin Yvon LabRAM-HR equipment. A spectral
resolution of 4 /cm was achieved while a 514 nm from an Ar’ ion laser and a CCD detector cooled at
-75°C were used. X-ray photoelectron spectroscopy (XPS) studies were carried out using a KRATOS
Axis Ultra DLD spectrometer equipped with a hemispherical analyzer operating at fixed pass energy
of 40 eV. A 225 W monochromatic source (1486.6 €V) was used. Curve fitting was done using mixed
Gaussian and Lorentzian functions for line shaping after-treatment of the background using a Shirley-
type baseline (casaXPS software, version 2.3.23). EPR assays were all carried out at room
temperature using a Bruker E500 spectrometer operating at X-band (9.34 GHz), sensitive cavity, with
100 kHz modulation frequency. The instrument settings were as follows: microwave power; 22mW;
modulation amplitude; 1 G. The charge-carrier lifetimes were determined by microwave absorption
experiments using the TRMC method. The incident microwaves were generated by a Gunn diode of
the K, band at 30 GHz. The pulsed light source was an OPO laser (EKSPLA, NT342B) tunable from 225
to 2000 nm. It delivers 8 ns fwmh pulses with a frequency of 10 Hz. The light energy density received

by the sample was 0.9 mJ cm™ at 350 nm.
2.4. Photocatalytic experiments

Photocatalytic properties were assessed using a 50 mL Pyrex photoreactor with a side magnetic
stirring, containing formic acid and phenol as the reactant model molecules for photo-degradation.
30 mL of formic acid (50 ppm) or phenol (20 ppm) solution containing ZnO catalyst at a concentration
of 1g/L was stirred in the dark for 30 min before UV irradiation to reach adsorption equilibrium
conditions. Then, the suspensions were irradiated by a PL-L 18W lamp (Phillips) placed below the

photoreactor, with a power set at 6 mW/cm?2. 500 uL were sampled at different irradiation times and
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filtrated on MILLEX HVLP 0.45 um hydrophilic filter (Millipore) before HPLC analysis. Formic acid
analysis was performed by a VARIAN PROSTAR HPLC system with the automated sampler. A Coregel-
87H3 column (300 mm x 7.8 mm — Concise Separations) was used, thermostated at 30°C. An H,SO,
(5.10° mol/L) mobile phase was used at a flow rate of 0.7 mL/min. For detection, a Prostar325 UV-Vis
module was set at 210 nm. 1290 Infinity HPLC system (Agilent Technologies) was used for phenol
analysis using a Nucleosil 250 x 4.6 mm 5 um C18 column (Macherey-Nagel) thermostated at 40°C.
The mobile phase was composed of 20% methanol and 80% of aqueous H;PO, (1 mM, pH = 3). A PDA

detector was used at the 210 nm wavelength.

3. Results and discussion
3.1. Characterizations of ZnO samples

3.1.1. X-ray diffraction, BET, and TEM studies

The XRD patterns of the different ZnO samples elaborated are shown in Figurela, b, c. Typical
diffraction peaks at 26 = 31.58°, 34.34°, 36.31°, 47.35°, 56.62°, 62.73°, 67.87° attributed respectively
to (100), (002), (101), (102) (110), (103) and (112) planes, and corresponding to hexagonal Wurtzite
structure of ZnO (JCPDS 36-1451), are present whatever the precursor or treatment. In the case of
Zn(CH3CO,),, a UV pre-treatment was done on the ZnO sample only dried at 60°C in trying to
maintain a high surface area and eliminate the acetate not completely removed at this temperature.
Samples prepared from Zn(CH;CO,), and calcined at different temperatures or irradiated under UV-A
are presented in figurel.a. After UV treatment and in absence of calcination (ZnA60-UV), other
additional peaks marked by stars on the XRD pattern are detected, probably due to the formation of
organic compounds issued from the decomposition of Zn(CH;CO,), by photolysis or photocatalysis.
After calcination at 400°C (ZnA4T-UV), these impurities disappear, Without UV pre-treatment, and
with annealing at 400°C, 500°C, and 600°C, a clear sharpening of diffraction peaks are observed
attributed to the increase of crystallite size and the improvement of the crystallinity. Crystallite size
was calculated by the X-ray line broadening method using Scherer’s equation [39]. Table 1 presents
the crystallite size and BET surface areas of the samples. As shown, the average crystallite sizes of the
Zn0 nanoparticles prepared from Zn(CH;CO,), increased from 8 nm to 39 nm on heating from 60° C
to 600° C in good agreement with the decrease of BET surface area. The specific surface area of
88 m?/g obtained for the sample only dried at 60°C, decreased to 34 m?/g, then 17 m*/g and 10 m’/g

after respective calcinations at 400°C, 500°C, or 600°C.
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Fig. 1. XRD pattern of ZnO samples (a) from Zn(CH;CO,), precursor calcined at different temperatures
or UV treated, (b) using Zn(OH), as a precursor calcined at different temperatures, and, (c) by
thermal conversion of ZnO,.

A similar effect of the calcination temperature is also observed using Zn(OH), or ZnO, as a precursor
(Figure 1b and 1c). A complete conversion of Zn(OH), or ZnO, to a pure phase of Wurtzite structure is
obtained at 400°C and as previously observed for the precursor Zn(CHsCO,),, an increase of annealing

from 400°C to 600°C favors the growth of particle size and decrease the surface area.
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Tab. 1. Average crystallite size and BET surface area of ZnO samples.

ZInA ZnA ZnA ZnA ZInA ZnA ZnH ZnH ZnH ZnP ZnP ZnP
uv uv
T (°C) 60 400 500 600 60 400 400 500 600 400 500 600

Crystallite 8 19 27 39 7 14 23 27 32 14 20 31
size (nm)

BET (m2/g) 88 34 17 10 134 37 17 13 10 17 13 10

Besides the variation in crystallite sizes, according to the results from Transmission Electron
Microscopy (TEM) presented in Figure 2, the nature of the precursor by using these protocols does
not affect the morphology of the resulting ZnO. In all the cases, a spherical morphology is shown and
the average particle size is between ~14 nm and ~27 nm. However, the nature of the precursor and
the calcination temperature, play a role in the relative intensity of the XRD peaks, identifying
variation in the growth orientation of the crystallites [40]. In our conditions, except for ZnPxT, the
ratios between <100>/<101> peaks are equivalent whatever the calcination temperatures and for
the different precursors, the growth of the <002> plane decreases with the increase in calcination

temperature for both precursors. On the opposite, the growth of the <002> is favored under UV.

50 nm

© ZnA4T ZnPAT
;\:25 X2 §
: §

% 20 2 WA §:\\

5 30 35 40 45 50 55 20 25 30 35 40 45 50 55 0
Particle size (nm)

-
o
-
N
=
-
=)
-
©

Particle size (nm) Particle 5|ze (nm)

Fig.2. TEM images of ZnO samples prepared from Zinc Acetate (a), Zinc Hydroxide (b), and Zinc
Peroxide (c), calcined at 400°C. (The Particle Size distribution based on TEM data is presented in all

the cases).
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Tab. 2. The ratio between diffraction peaks 100, 002, and 101 for ZnO at different temperatures

ZnA ZnA ZnAUV ZnA ZnA ZnH ZnH ZnH ZnP ZnP 7ZnP

T (°C) 60 400 400 500 600 400 500 600 400 500 600
(100/101) 0,63 0,64 0.62 063 063 064 0,63 065 079 075 0.70

(002/100) 0,97 0,80 0.88 072 070 079 076 074 080 0.72 0.75

(002/101) 0,61 0,51 0.54 0,45 0,44 0,50 0,48 0,48 0.63 054 0.52

3.1.2. UV-Visible

The bandgap energies for the home-made ZnO samples were investigated by UV-visible diffuse
reflectance spectroscopy using the Kubelka-Munk method considering direct bandgap transition for
ZnO: (ahv)  versus (hv) where o is the absorption coefficient and hv is the photon energy [41,42].
The optical energy gap Eg for materials elaborated at different temperatures from Zn(CHsCO,),,
Zn(OH),, and Zn0,, are presented respectively in Fig. 3a, b, and c. Values of bandgap are reported in
Table 3. They are situated between 3.2 eV and ~3 eV for ZnA and ZnH in agreement with the values
reported in the literature [43-45]. However, in the case of ZnP, the values are lower (2.9 eV). With
Zn(CH;CO0,), precursor, a slight modification of the bandgap with the calcination temperature seems
to occur, which can be attributed to some morphological changes, such as the changes in particle size
of ZnO as mentioned in other studies or to defect states, appearing with calcination, and behaving
like electron collecting centers [27]. According to Fig. 3b, the ZnO samples prepared from Zn(OH),
and calcined at different temperatures exhibited the same behavior and their optical band gap
energy was situated at 3.15 eV for all ZnH samples independently of the calcination temperature. The
same behavior was observed with samples prepared from ZnO, (Figure 3. c) but with a more intense
yellow color and bandgap energy decreased to 2.9 eV, with the sample treated at 400°C then,
2.98 eV, and 3 eV, at 500°C and 600°C, respectively. In literature, this behavior has been attributed to
the existence of oxygen vacancies leading to the insertion of defect levels within the bandgap of ZnO

[46,47].
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Fig.3. The energy band gap of homemade ZnO prepared from (a) Zn(CH3CO,),, (b) Zn(OH,), and (c)

Zn0, at different calcination temperatures.

Tab. 3. Bang gap values of ZnO samples from different precursors.

Samples ZnA60 ZnA4T ZnAS5T ZnA6T ZnHAT ZnH5T ZnH6T ZnP4T ZnP5T ZnP6T

The bandgap (eV) 3.18 3.10 3.08 3.11 3.15 3.15 3.15 289 2.98 8

3.1.3. Raman spectroscopy

The Raman spectra of the prepared ZnO samples are shown in Figure 4. Fig.4a presents the spectrum
of samples prepared from Zn(CH3CO,), as a precursor. As shown, the un-calcined samples, with and
without UV treatment, exhibit additional bands not identified at 147 cm™, 734 cm™, and 930 cm™
which may be related to the presence of impurities. On the other hand, the samples elaborated with

Zn(CH;CO,), treated at 400°C (with or without UV treatment), exhibit an excessive fluorescence that

10
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masks the Raman signal. In this case, their spectra are not considered. For the samples calcined at
400°C prepared by using Zn(OH), and ZnO,, this phenomenon of excessive fluorescence was not
observed. Whatever the precursor or the treatment (Fig.4), we can identify two strong typical Raman
peaks appearing at 98 cm™, and 437 cm™ assigned to first-order modes characteristic of ZnO
Hexagonal Wurtzite structure [48,49], corresponding to E,*", and E,"®" modes, and generated by Zn-
Zn and O-O vibrations, respectively [50]. The band at 202 cm™ and 330 cm ™ are attributed to the
second-order mode of 2E,**" and E,"®" -E,"", respectively [51,52]. On the other hand, an additional
peak at around 580 cm™ is observed. This signal corresponds to Zn-O stretching vibration and is
recorded to (E;"°) mode showing oxygen vacancies appearing in the ZnO crystal [53,54]. From these

Hig" which is related to oxygen defects

Raman analyses, we determined the intensity ratio of E;"°/ E,
distribution versus the crystallinity of the samples [27] (Table 4). The difference in the contribution of
defects is observed between catalysts from different precursors at different calcination
temperatures. It can be noticed that oxygen defects decrease with increasing calcination
temperature in the case of ZnO,, more important than with Zn(CHsCO,), or Zn(OH),. The same
behaviour has been observed in the literature using ZnO; as a precursor and has been attributed to
the contribution of oxygen vacancies resulting from the decomposition of ZnO, [46]. The decrease of
oxygen defects by increasing calcination temperature agrees with the decrease of yellow colour and

the increase of bandgap highlighting the influence of oxygen vacancies on the formation of

intermediate levels in the bandgap of the materials.

Low
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11
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Fig.4. Normalized Raman spectra of prepared ZnO from (a) Zn(CH;CO,),, (b) Zn(OH), and (c) ZnO,,

calcined at different temperatures.

Tab. 4. The intensity of E;"° mode and the Intensity Ratio of (E,"°/ E,"®") modes of ZnO samples were

prepared from different precursors and, calcined at different temperatures.

ZnAST ZnA6T ZnHAT ZnH5T ZnHe6T ZnP4AT ZnP5T ZnP6T

1(E,") 0.06 0.05 0.06 0.06 0.05 0.31 0.23 0.10
1(E1°)/ 1 (E,"*") 0.07 0.06 0.07 0.07 0.06 0.38 0.28 0.12

3.1.4. X-ray photoelectron spectra

The High-resolution XPS spectra of the ZnO samples from different precursors are presented in
Figure 5. As shown, the 01s spectra of all the spectra are asymmetric and can be deconvolved into
two major species centered at the banding energy of 529.8 and 531.4 eV, respectively. The 01s peak
at ~530 eV is attributed to the Lattice oxygen ions in the Wurtzite ZnO structure. However, the peak
at ~ 531 eV originates from oxygen vacancies implying the presence of deficient regions on the

surface of ZnO [47]. The results presented confirm the presence of oxygen vacancies in all samples.
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Fig. 5. X-ray photoelectron spectra (XPS) of Oy, signals for ZnO samples from different precursors.
3.1.5. Electron Paramagnetic Resonance (EPR)

EPR was used to characterize defects present in the structure of ZnO nanoparticles. Figure 6 shows
the results obtained for ZnO samples prepared from different precursors and presenting the same
surface areas to obtain the same degree of defect density. The observed signals were recorded at
room temperature and were analyzed in air. The EPR spectra are compared for samples showing the
same surface area. In all the cases and for all the samples, there is a first-order EPR signal at g=1.96 in
good agreement with the value indicated previously in the literature [55,56]. As reported, this signal
is assigned to electrons in delocalized states in the conduction band of ZnO, and oxygen vacancies
are the origin centers [57,58]. An additional paramagnetic resonance is detected at g>2 and is
attributed to zinc vacancies centers [57,59,60]. A single line close to the g-factor of the free electron
(g~2.004) corresponding to the presence of non-distorted zinc vacancies is strong in the case of

acetate precursor and weak for the two others (Figure 6 (a)). These zinc vacancies decrease after
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thermal treatment (Figure 6 (b) and (c)), showing the correlation between the loss of zinc vacancies,
the increase in crystallinity and crystallite size, and decrease in surface area. Additive signals are
observed at higher g values, especially for the peroxide precursor. This center results in a more
distorted environment [61] and probably O-centred radical species as previously observed in the

literature [32].

We note that ZnO prepared from zinc peroxide (with a surface area of 17, 13, and, 10 m?/g), has the
most important number of defects, compared to the samples prepared from zinc acetate and zinc
hydroxide. Overall, ZnO issued from zinc hydroxide presents the minimum number of defects. These
results show that both kinds of defects strongly depend on the nature of precursors used to
elaborate ZnO nanoparticles, which has consequently an effect on the activity of electrons under UV
and their accessibility to the active sites related to defects. This gives an insight in the origin of

differences in respective photocatalytic activities.

—_— 2
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Fig. 6. Comparison of EPR spectra of ZnO prepared using different precursors and having a similar

surface area of 17 m%/g (a), 13 m?/g (b), and 10 m%*/g (c).
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3.1.6. Time-resolved microwave conductivity (TRMC)

Figure 7 presents the TRMC signals for the samples obtained from Zn(CH;CO,), irradiated under UV
or not and with or without calcination at 400°C. The main data provided by TRMC and given in table
5 are the maximum value of the signal (/,,.x), Which indicates the number of charge carriers created
by the pulse, including decay processes during the excitation by the laser (10 ns), and the decay (/(t))
due to the decrease of the excess electrons, either by recombination or by trapping processes.
Concerning the decay, i.e. the lifetime of charge carriers, a short and a long range is usually analysed.
The short-range decay, arbitrarily fixed up to 40 ns after the beginning of the pulse, represented by
the luons/Imex ratio, reflects fast processes, mainly recombination of charge carriers, a high value
indicating a low ratio of fast recombination processes. Figure 7 shows clearly the great influence of
thermal treatment on charge carriers. Both 4T (calcinated at 400°C) compounds ZnA4T and ZnA4T-
UV present an important TRMC signal while no signal is detected without calcination. A TRMC signal
is observed when enough mobile charge carriers are created by the illumination. Large well-
crystallized particles favour the generation of charge carriers [62]. On the opposite, small particles
are not favourable to strong signals because they contain a lot of impurities and amorphous zones.
The poor crystallinity can annihilate the TRMC signal because of high recombination during the laser
pulse. The high crystallinity of large particles of 4T compounds explains clearly their large TRMC
signals. The difference in crystallinity between calcinated and not calcinated compounds is evidenced
by the analysis of peak broadening in XRD measurements in Fig. 1. The influence of UV pre-treatment
is subtler. On Zn4T-UV, fewer charge carriers are created (lower |,..,) than on Zn4T. But at the same

time, fast recombination phenomena are reduced (higher lsons/lmax)-

ZnA60
ZnA4T
ZnA60-UV
ZnA4T-UV

0.4

0,3

1)

0,2 -

0,1

0,0 £ 00 D>

T T T T T T T T T
0 20 40 60 80 100 120 140 160 180
t (ns)

Fig. 7. TRMC signal of ZnO prepared from Zn(CH;CO,),before and after UV and thermal treatment at
400°C.
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Tab. 5. TRMC parameters of ZnO prepared from Zn(CH3CO,), at 365 nm.

Sample Imax (V) |40ns (V) |4Ons/|max
ZnA4T 0.40 0.16 0.39
ZnA4T-UV 0.07 0.07 1.00

3.2. Photocatalytic properties for degradation of formic acid and phenol

The impact of the calcination temperature of ZnO has been studied on the degradation of two model

pollutants, formic acid (FA) and phenol (Ph).

3.2.1. Impact of calcination temperature on ZnO prepared by using (Zn(CHsCOO),)

The impact of the calcination temperature on the disappearance of formic acid (FA) and Phenol (Ph)
in presence of ZnO prepared by using Zn (CH3;COOQ), is given in Fig.8. The disappearance rate of FA
and Ph obtained under different temperatures with or without UV-pre-treatment together with their

surface area are given in table 6.
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Fig. 8. Photocatalytic disappearance of formic acid (a) and phenol (b) in presence of ZnO prepared

from Zn(CH;COO0), and heated at different temperatures.

First of all, by using the precursor Zn(CH;COO),, it can be noted that calcination is not necessary to
obtain a photocatalytic activity in agreement with the results obtained by Akir et al [63] on the
photocatalytic degradation of a dye using the same preparation and only a drying at 60°C. However,
whereas the degradation of FA is important and not improved by calcination at 400°C, calcination at
400°C improves the rate of degradation of phenol by a factor of almost 2. Nevertheless, even after
just a drying at 60°C, its activity is not negligible due to its crystallization at low temperature as

observed by RX diffraction. The difference in behaviour observed between the rate of FA and Ph is
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explained considering the presence of acetate remaining in the solid, released in the solution as
acetic acid, and then degraded in competition with FA and Ph (Fig. 9). Indeed, it is observed that the
photocatalytic degradation of generated acetic acid under UV light differs from the photocatalytic
degradation of formic acid and phenol. Acetic acid released in the solution is simultaneously
degraded with Phenol, whereas its degradation occurs only after the degradation of FA. This
behavior underlined the importance of adsorption on the degradation when the organic precursor is
used and showed that the presence of some impurities in photocatalyst is harmful in agreement with

the work of Franco et al [35].
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Fig. 9. Disappearance of (a) formic acid, and (b) phenol, in presence of ZnA-60 (Full Square) and

disappearance of acetic acid release in the solution (Empty Square).

To verify that the presence of acetate, remaining in the materials, is at the origin of the different
behavior between FA and Ph, two ways were tested to remove acetate in the materials. Calcination
in the air at 400°C and UV treatment as already used for removing organic in the post-processing of
TiO, based composites [64]. This treatment is used to remove organic impurities while maintaining a
large surface area. As a result, the UV treatment although having allowed the elimination of all the
acetic acid and the increase of the surface from 88 m?/g to 134 m®/g, a new unidentified phase is
observed by XRD (Fig.1), explaining the decrease of FA and Ph disappearance. After calcination at
400°C, only the ZnO phase was detected but, whereas the calcination improves the disappearance
rate of Ph, an important decrease in FA disappearance was observed (Fig. 10). In the absence of UV
pre-treatment and after calcination in the air for 2h at 400°C, no acetic acid was detected and as
forecast, no impact on FA disappearance was observed whereas an improvement of Ph
disappearance occurs confirming our hypothesis. We noticed that the ZnO sample calcined at 400°C

without UV pre-treatment is more active than this one pre-treated in agreement with TRMC
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measurement. For non-adsorbing compounds such as phenol, TRMC signals can be related to the

photocatalytic activity of the ZnO samples. It can help to understand the mechanisms [65].

Both ZnA4T and ZnA4T-UV compounds are the fastest to degrade phenol (Fig. 8.b and Fig. 10.b). This
can be related to their high TRMC signals; it means their high crystalline quality allows enough long-
time charge carrier to lead the phenol degradation. Zn4T-UV is slightly less active than Zn4T (Fig.
10.b) because it creates less charge carrier during illumination even if it generates less fast

recombination.

On the opposite ZnA60 and ZnA60-UV are not very active because of their low amount of charge
carriers available. Such a relationship cannot be drawn with adsorbing compounds like formic acid. In
this case, during the photocatalytic mechanism, the surface reactions seem to take precedence over

the charge carrier dynamics.
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Fig. 10. The disappearance of FA (a), and Ph (b), after UV treatment and/or calcination at 400°C.

Tab. 6 Disappearance rate of FA and Ph, calcination temperature, and surface area of catalysts

prepared by using Zn(CH;COOQ),.

T°C S r(HCOOH) r(Phenol)
(m?/g) pmol-C/min umol-C/min
ZnA60 60 88 0,35 0,25
ZnAA4T 400 35 0,34 0,44
ZnA60-UV 60 after UV 134 0.20 0.26
ZnA4T-UV 400 after UV 37 0,13 0,36
ZnAST 500 17 0,18 0,32
ZnA6T 600 10 0,15 0,32
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Except for drying at 60°C where organic compounds are always present in the structure of the
catalyst, for both pollutants, the impact of calcination temperature from 400°C to 600° has a
negative impact on the disappearance rate (Tab.6, Fig.8). However, whereas an increase in the
temperature at 600°C, continues to decrease the disappearance rate of FA, no impact was observed
on the rate of Ph. The negative impact of calcination temperature should be related to the surface
area of ZnO, which is more important in the case of FA degradation compared to Ph due to its
chemical adsorption on oxide favoring the separation of charge by direct reaction with h* while Ph is

weakly adsorbed and reacts with OH° [66].

3.2.2 Impact of calcination temperature on ZnO prepared by using inorganic precursors (Zn

(OH),) and Zn0O,

Figure 11 represents the disappearance rate of FA and Ph as a function of the calcination
temperature using Zn(OH), and ZnO, as precursors. Table 7 gives the disappearance rates of the
compounds obtained as well as their specific surface areas. No impact of the calcination temperature
of Zn(OH), between 400°C to 600°C can be observed on the disappearance rate of FA and Ph,
whereas the surface area decreases from 17 to 10 m?/g (Tab.7). On the other hand, by using ZnO, as
a precursor, an increase in temperature from 400°C to 500°C has no impact on the disappearance
rate of HCOOH and a slightly positive impact on the disappearance rate of Ph which increases
significantly by increasing the calcination temperature at 600°C whereas the surface area decreases.
Consequently, and contrary to the results obtained with Zn(CH3CO,),, these results show that BET
surface area is not the only parameter to be considered to evaluate the photocatalytic activity of ZnO
when a pure inorganic precursor of zinc hydroxide Zn(OH), or peroxide ZnO, are used. Considering
the particularities of ZnO to create various defects in the crystal structure, previously confirmed with
XPS, Raman, and EPR characterizations, this may explain such behaviour, and provide a better
understanding of the various pathways responsible for the different photocatalytic activities

observed withZnO.
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Fig. 11. degradation of FA (a), and Ph (b) as a function of time in presence of ZnO obtained at

different calcination temperatures.

Tab. 7. Disappearance rate of FA and Ph, calcination temperature, and surface area of catalysts

prepared by using Zn(OH), and Zn0O,.

T°C S r(HCOOH) r(Phenol)
(m’/g) pmol-C/min pnmol-C/min
ZnHA4T 400 17 0.2 0.40
ZnH5T 500 13 0.2 0.40
ZnH6T 600 10 0.2 0.43
ZnPAT 400 17 0.08 0.16
ZnP5T 500 13 0.08 0.22
ZnP6T 600 10 0.14 0.38

3.2.3 Correlation between characterizations and photocatalytic activity: Surface area versus

structural defects

By using Zn(CHsCO,), as a precursor, the decrease of photocatalytic activity observed about
calcination temperature is in good agreement with the study reported recently on the degradation of
dyes using the same precursor [27]. In addition to the effect of surface area as already observed in
the literature [25,26], but always in debate, the authors suggest that the presence of defects induced
into the structure of ZnO could also be responsible for its photocatalytic efficiency indicating the
difficulty to discriminate between the impact of these two parameters. In our case, we confirm, from
EPR and XPS data, the presence of defects when using Zn(CH3CO,), as a precursor. However, the

surface area seems to be the dominant parameter that determines the efficiency and masks
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probably other factors (Fig. S2). On the other hand, in presence of inorganic precursors, the role of
oxygen vacancies may be highlighted by Raman spectroscopy considering the Intensity Ratio E1
(Lo)/E2 (High) (Fig. 12). With ZnO prepared from Zn(OH),, the surface decreases with an increase of
the calcination temperature from 400°C to 600°C, while the disappearance rate remains similar. This
is probably due to the presence of the same amount of oxygen vacancies which counterbalances the
negative effect of the surface area, suggesting a detrimental effect on the photocatalyst efficiency
due to the presence of defects in the ZnO structure. This phenomenon is clearly evident with the
precursor ZnO, (ZnPxT). Whereas the surface area decreases with an increase in the calcination
temperature the disappearance rate of FA and Ph increases strongly in agreement with the
formation of fewer oxygen vacancies. The harmful impact of the presence of oxygen vacancies agrees
with the work of [28,34] but disagrees with different publications [37,38]. The negative impact of the
presence of oxygen vacancies observed in our publication is explained by the possibility to
discriminate between the impact of surface area and the presence of oxygen vacancies which have in

our cases opposite effects.
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Fig. 12. Disappearance rate of phenol and HCOOH as a function of oxygen vacancies (Intensity Ratio

of E1 (Lo)/E2 (high)) for the different ZnP and ZnH.

As shown, the amount of oxygen-related defects decreased with increasing calcination temperature
from 400°C to 600°C in agreement with different works [31,46]. However, the authors conclude that
the highest photocatalytic activity should be attributed to ZnO as it has the highest level of oxygen
vacancies, without considering the surface area, which increases in parallel with an increase of

oxygen defects. In the same way, several other publications working with AgsP0,/ZnO [67], and
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CsN4/Zn0 [68], also conclude that higher oxygen vacancies favor the photocatalytic efficiency and
show that the greater the oxygen deficiencies, the greater the surface area. So, in these different
publications, it is not possible to discriminate between the impact of the surface area and oxygen
vacancies. The harmful impact of the presence of oxygen vacancies is also confirmed by considering
Zn0 having a similar surface area prepared from these two inorganic precursors (Fig.12). The worst
Zn0O photocatalyst is obtained by using ZnO,. Whereas its lower efficiency is attributed to the
presence of oxygen defects, the presence of a little more (002) face in this material can also impact
its efficiency. By using Zn(CH3CO,),, at a similar surface area, the use of this organic precursor seems
to give a slightly less active photocatalytic material whereas an equivalent oxygen vacancy is
determined by Raman analysis (Fig.S3). This behavior could be explained by the presence of more
zinc vacancies for ZnO prepared by Zn(CH3;CO,), as observed with the signal at g>2 observed by
electron paramagnetic resonance (EPR) (Fig. 6), in agreement with the study of Danilenko et al [31].
The negative impact of the presence of oxygen defects but also zinc defects can be explained
considering the formation of intermediate levels between bandgap which serves as recombination

centers [34].
Conclusion

A simple synthetic approach based on a thermal treatment and different zinc sources, Zn(CH;COO),;
Zn(OH),, and ZnO, have been employed to elaborate ZnO-based photocatalysts. Parameters such as
impurities, surface area, oxygen and zinc vacancies, charge recombination, and photocatalytic
activities for the degradation of phenol (Ph) and formic acid (FA) have been correlated for all these
Zn0 samples. A low temperature for the treatment of zinc acetate induces the release of organic
impurities in water, harmful to the environment and photocatalysis. For all ZnO samples, an increase
in the calcination temperature from 400°C to 600°C decreases the surface area. In the presence of
zinc acetate as a precursor, an increase in calcination temperature decreases the oxidation efficacy of
Ph and FA and seems to be correlated to the decrease of the surface area. Unfortunately, in this case,
it is not possible to completely remove the impact of structural defects. However, by using Zn(OH),
and ZnO, as precursors, a high surface area does not mean a more efficient photocatalyst.
interestingly, whereas the surface area decreases with increasing calcination temperature, an
increase of the FA and Ph oxidation occurs. This result is explained considering the decrease of
oxygen vacancies and emphasizes the harmful impact of these defects. The presence of zinc
vacancies, evidenced by EPR spectroscopy, seems also counterproductive for photocatalytic
properties, considering the disappearance rate of Ph and FA, for all ZnO owning the same surface

area and the same oxygen vacancies. This result shows that both kinds of defects decreased the
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photocatalytic activity of ZnO at similar surface areas, and favor the recombination rate of
electron/hole. Overall, surface area and structural defects are complementary to each other, directly
dependent on the choice of the precursor, and need to be considered in a strategy toward efficient

Zn0 photocatalyst.
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