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ABSTRACT

This work is focused on the photocatalytic activities of undoped ZnO, Co (1%) doped ZnO (CZO) and In (1%)
doped ZnO (IZO) thin films grown on flexible PEI (Polyetherimide) substrate by spray pyrolysis. The photo-
degradation of crystal violet dye was investigated under UV and sunlight irradiations. Doping and excitation
energy effects on photocatalytic efficiencies are discussed. All ZnO thin films show high photocatalytic efficiency
up to 80% under either UV or sunlight irradiations for 210 min. However, CZO has the higher photocatalytic
performance under UV irradiation. While, the photodegradation efficiency of IZO was enhanced under sunlight
irradiation due to the narrowing of its optical gap. These results are discussed based on structural, morphological
and optical investigations. The photocatalytic stability of ZnO films was studied as well. So, after three photo-
catalysis cycles, all ZnO thin films still effective. The obtained results are promising for the use of doped ZnO/PEIL
as talented photocatalysts for applications in large surfaces with various geometries for photodegradation of

hazardous pollutants.

1. Introduction

In recent decades, water purification becomes one of the popular
environmental challenges. Organic dyes are the major class of pollutants
in the wastewater coming from textile, paper printing, and plastic
manufacturing processes. Photocatalysis is a promising approach in re-
gard to the removal processes of these pollutants [1, 2, 3]. Notably, the
use of the semiconductors as photocatalysts is one of the wide interest
axes to resolve environmental pollution problems [4, 5]. A various
semiconductor such as TiO3, ZnO, and SnO;, [6, 7, 8, 9, 10] are presented
as promising photocatalysts. TiOy is the most applied one [11, 12].
However, ZnO has been proposed as an alternative photocatalyst to TiO5
since it has been found to be more economic [13] safe and biocompatible
for most environmental applications [6, 14]. In addition, it exhibits
higher absorption efficiency across a large fraction of the solar spectrum
when compared to TiO, [15]. Many researchers reported on the use of
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ZnO powder for the photocatalytic activity [16, 17, 18, 19, 20]. However,
more attention has been focused on the use of thin films [21, 22, 23] to
overcome several practical problems arising from the use of powder such
as the difficulty separating the insoluble catalyst from the suspension, as
well as recycling of the catalyst powders. The photocatalytic activities of
ZnO thin films deposited on a glass substrate and on flexible polymer
substrate have been reported [24, 25]. However, the photocatalytic
performance of ZnO thin films deposited on other substrates is somewhat
studied. In addition, Alessandro Di Mauro et al [26] reported that ZnO
thin films deposited on PMMA flexible substrate have a comparable
photocatalytic activity to the ZnO film deposited on Si substrate under
UV light irradiation. Thus, we are interested in the use of ZnO thin films,
grown on flexible PEI (Polyetherimide) substrate as photocatalysts [27,
28], since PEI has better mechanical properties compared to glasses. This
makes the elaborated photocatalysts suitable to be used in various
geometries.
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Furthermore, introduced impurity levels by doping with various el-
ements such as Cu [29], Fe [30], Ni [31], Co [32], C [33] and In [34]
generated lattice defects can have a significant influence on the photo-
catalytic performance of materials.

In previous work [35], it is found that doping ZnO thin films by Co, or
In changed its physical properties. Hence, in this work, our research ef-
forts are focused on the investigation of the effect of Cobalt and Indium
doping on the photocatalytic efficiency of ZnO films deposited on a
flexible substrate. The photocatalytic activities were tested for degrada-
tion of crystal violet under UV and sunlight irradiations in similar
experimental conditions. The photocatalytic stability of the studied films
is investigated as well. All obtained results are correlated and the
enhanced photocatalytic activity is interpreted based on structural,
morphological and optical investigations.

2. Experimental
2.1. Preparation of ZnO thin films and characterization techniques

ZnO, 1ZO (In (1%) doped ZnO) and CZO (Co (1%) doped ZnO) were
grown by the spray pyrolysis technique on PEI substrate at T = 250 °C.
We used zinc acetate dihydrate (Zn (CH3COO)s. 2H,0) dissolved in
distilled water and propanol mixture [36]. The doping sources are CoCl,
and InClsfor Co and In respectively with 1% doping percentage. More
details were reported in previous work [35].

The structural characterization is carried out by X-ray diffractometer
(Analytical X Pert PROMPT). Cuka radiation (A = 1.5406;\) was used as
an excitation source. The morphological properties are studied by AFM
spectroscopy. The optical parameters were determined using a Shimadzu
UV 3100 UV-Vis-NIR spectrophotometer in the wavelength range from
300 to 2000 nm. As well, PL. measurements are carried out at room
temperature using Perkin Elmer LS-55 Luminescence/Fluorescence
spectrophotometer with 325 nm as a wavelength excitation.

2.2. Photocatalysis test

The photocatalytic activity was checked in the process of Crystal vi-
olet (CV) photodegradation with an initial concentration of Cy = 12.5
mg/L. The irradiation was carried out using an UV-lamp (Black-Ray B
100WUV-lamp, V-100AP series) with a wavelength of 365 nm and sun-
light irradiation. Before illumination, the dispersion was magnetically
stirred for 60 min (in the dark), in order to ensure an adsorption equi-
librium between the sample surface and the organic dye [37]. The pho-
todegradation duration is chosen equal to 210 min. A detailed
description of the photocatalytic reactor was reported in earlier studies
[27, 38].

The concentration of CV was measured by a UV-Visible spectropho-
tometer (Shimadzu UV-vis spectrophotometer model 160A). Therefore,
the CV dye photodegradation efficiency () was calculated at the
maximal absorption wavelength of CV solution A ax = 578 nm as follows
[39]:

(%) = (1 - C£> % 100 &)

0

where C is the actual dye concentration of CV at time t of the reaction and
Cy is the initial dye concentration and C/Cy = A/Aj (A is the absorbance
of the CV dye solution).

3. Results and discussions
3.1. Physical investigations
Fig. 1 shows the XRD patterns of ZnO, IZO (In (1%) doped ZnO) and

CZO (Co (1%) doped ZnO) thin films, as well as PEI substrate. The
diffraction peaks matched well the hexagonal wurtzite structure of ZnO
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Fig. 1. XRD patterns of ZnO, IZO, CZO thin films and PEI substrate.

according to the (JCPDS 36-1451) with (101) preferred orientation.
Besides, XRD spectra revealed the presence of peaks corresponding to the
PEI substrate.

The lattice parameters a and c for ZnO/PEI thin films were calculated
from the XRD patterns by using the following equation:

%
4R+ hk+ K P\
Ay = §T+Z ()]

where h, k, and | are the Miller indices of the planes and dyy are the
interplanar spacing.

The lattice parameters, computed using Eq. (2), are shown in Table 1.
By comparing the obtained values with the standard lattice volume, we
can note that CZO film has the volume closer to that of bulk ZnO. Thus, it
seems the most relaxed lattice. This means an improvement in the crys-
talline quality of films, and indicates the substitution of Zn?* by Co*"
ions [40, 41, 42]. In fact, since the ionic radius of Co®" (0.072 nm) is
close to that of Zn?t (0.074 nm); it presents large solubility in the ZnO
matrix [43].

Furthermore, from XRD patterns, we can determine the microstruc-
tural parameters such as the crystallite size (D), the micro-strain ({) and
the dislocation density (8) using the following expressions (3-5) [44]:

0,91
b= pcos 0 @)
1
6= E (4)
_ b
=3 tan(6) )
Table 1

XRD parameters of undoped and doped ZnO thin films deposited on PEIL
substrate.

ZnO jv4e} czo
a(A) 3.247 3.249 3.257
cA) 5.200 5.201 5.214
V(A% 46.600 46.666 47.014
D (nm) 83.3 41.7 83.4

5 (10 *nm™?) 1.44 5.76 1.44
(107 13 27 13

s (m%g™1) 0.124 0.248 0.124
RMS (nm) 20,4 6.9 20.5

ap=bgy= 3.249 (A), co= 5.206 (A) and Vo= 47.63 (A%) From JCPDS 36-1451.
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Fig. 2. 2D and 3D topographic AFM images of ZnO films:(a)ZnO,(b) CZO and (c) IZO.

The obtained values show that the crystallite size (D) (Table 1) is not
affected by doping with Co. This is probably due to the substitution be-
tween Co' ions and Zn?" ions in ZnO lattice [45]. Moreover, for IZO
films the crystallite size decreases, this is can be explained by the
incorporation of In3" ions in the interstitial sites of the ZnO lattice [46].
This hypothesis can be supported by the high microstrain ({) value
(27.107%), calculated from (Eq. (5)).

Assuming that the particles have a spherical shape, we can estimate
the specific surface area from the crystallite size, using formula (6 and 7)
[47]:

6

S= Dp ©
nM

P=Nv 7)

where p is the density of the particles, M is the molar weight of substance
(M = 81.38 g/mol), n is the number of formula units in the unit cell (n =
2 for ZnO according to the JCPDS 36-1451 card), V is the volume of the
unit cell, and N is Avogadro's number.
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Fig. 3. Transmittance spectra of ZnO, CZO, 1ZO thin films.

The obtained specific surface area values are listed in Table 1. The
values show that the IZO has the larger specific surface area, which is
promising to high photocatalytic efficiency. This will be confirmed in the
following sections.

The presence of defects due to various elements doping will affect the
morphological and optical properties of ZnO thin films. In particular, the
change of crystallite size and lattice strain will have a profound impact on
the PL spectra of ZnO thin films, which will be discussed later.

The surface morphology of all deposited ZnO thin films was estimated
by AFM. This study gives information about the surface topography and
the average roughness (RMS) values. Notably, the photocatalytic activ-
ities of thin films depend on surface roughness.

Fig. 2 shows 3D and 2D topographic views of all films (2 x 2um).
From images especially 3D, it can be seen that all film surfaces are rough,
whereas IZO surface is the smoother one. CZO thin films have densely
packed grains dispirited on all surface with hollow zones showing rough
surface. The RMS values are found to range between 6.9 nm and 20.5 nm
(Table 1). As can be seen, the introduction of indium on the ZnO lattice
causes a decrease of surface roughness up to 6.9 nm. This is related to the
average crystallite size.

Using a UV-Vis-NIR spectrometry, we can study the optical proper-
ties of the ZnO films in the wavelength range from 300 to 1800 nm. The
transmittance spectra of ZnO, IZO and CZO thin films are shown in Fig. 3.
All films are absorbers in the UV region and they exhibit a high trans-
mission (T (%) > 85%) in visible and NIR regions (400-1800 nm). Such
transparency may be due to low scattering and absorption losses. The
elaborated ZnO thin films exhibit sharp absorption edges in the ultravi-
olet region (360-400 nm). From this region, we can determine the optical
band gap values using Tauc's relation (Eq. (8)) for allowed direct tran-
sitions [48]:

(ahv)’ = A(h — E) (8

The optical band gap energy was calculated by extrapolation of the
linear part of (ahv)? vs hv plot, as shown in Fig. 4. The obtained gap
energy values are 3.22, 3.33 and 3.18 eV for undoped ZnO, CZO and IZO
thin films respectively.

The photoluminescence spectroscopy was used to deduce the photo-
active centers in ZnO thin films. These photo-active centers are really
the defects whose affect the electron-hole recombination. So, Controlling
of intrinsic defects is of paramount importance in applications of ZnO.

The PL spectra of ZnO, IZO and CZO thin films, measured at room
temperature with an excitation wavelength of 325 nm, were shown in
Fig. 5. Firstly, we note a decrease of PL intensity after doping with Co
which indicates that CZO thin film has low electron-holes recombination
rate, thus it may exhibit better photocatalytic activity than ZnO and IZO
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Fig. 4. Optical band gap energy estimation of ZnO, IZO and CZO thin films.
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Fig. 5. PL spectra of all ZnO thin films and deconvolution of undoped ZnO
spectra as an example (inset).

ones.

As can be seen in all ZnO thin films, the emission is mainly catego-
rized as near band edge emission in the UV region and some emissions in
the visible range. Usually, ZnO has six kinds of defects, namely oxygen
vacancies (Vp), oxygen interstitials (O;), oxygen antisites (Zng), zinc
vacancies (Vz,), zinc interstitials (Zn;), and zinc antisites (Oz,) [49].
From the deconvolution using Gaussian analysis, shown in the inset of
Fig. 5, we can determine the different defects energy states. The photo-
luminescence (PL) spectra of all ZnO thin films, typically show emission
bands in the ultraviolet (UV) and visible (violet, blue, blue-green- and
green) regions. Firstly, the UV emission is usually considered as the

Table 2
Charachetreistics of photoluminescence peaks: positions and energy.
ZnO 1Z0 CZO
Peak 1 Position (nm) 383 385 366/390
uv Energy (eV) 3.239 3.222 3.39/3.18
Peak 2 Position (nm) 412 408 411
Violet Energy (eV) 3.011 3.04 3.018
Peak 3 Position (nm) 432/460 430/462 430/463
Blue Energy (eV) 2.871/ 2.885/ 2.885/
2.697 2.685 2.68
Peak 4 blue- Green  Position (nm) 495 504 -
Energy (eV) 2.51 2.461
Peak 5 Position (nm) - 564 526
Green Energy (eV) 2.22 2.358
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Fig. 6. Photocatalytic process of CV degradation using ZnO catalysts.

characteristic emission of ZnO [50] and attributed to the near band-edge
transition or excitonic recombination.

It is suggested that the origin of the violet emission at A ~410 nm
(3.02 eV) is due to the transitions from conduction band (CB) to the holes
localized at defect level associated with zinc vacancy (Vz,) [51]. The blue
luminescence bands situated in (430-480) nm (2.8-2.68 e€V) domain are
due to transitions from extended donor Zn; states and the holes in the
valence band [52]. The blue-green emissions [480-510 nm] may be due
to the transition from the oxygen inertial (O;) and zinc antisites (Oz,) to
the valence band [53]. The visible green emissions peaks located at A >
520 nm are observed only for CZO and IZO thin films (Table 2). This
emission has been widely reported as oxygen vacancies. Therefore, the
doping element causes a loss of oxygen and thus the formation of oxygen
vacancies (Vo). Furthermore, intrinsic oxygen non-stoichiometry leads to
the presence of a large number of oxygen defect sites in doped ZnO
surface which may serve as electron trapping sites making it suitable for
efficient photocatalytic applications [54, 55, 56].

3.2. Photocatalytic activities

The photocatalytic activities of all ZnO thin films are evaluated by the
Crystal violet (CV) photodegradation under UV and sunlight irradiations
for 210 min. The principle of photocatalysis is the irradiation of ZnO with

---@---sunlight only

100 ——1 @ UVonly
] |---m---ZnO UV
90 |--®-CZO UV
1 |-<4-1ZO UV
804 |---0--- ZnO sunlight

---0--- CZO sunlight]
--<t---1Z0 sunlight

70

Time (min)

Fig. 7. The photodegradation efficiency of undoped and (In, Co) doped ZnO
thin films under UV and sunlight irradiations.

energy equal to or higher than the energy band gap, which causes pro-
motion of an electron from the valence band (VB) to the conduction band
(CB). The combination of the positive hole (h™) with water and/or
hydrogen peroxide (Hy05) produces hydroxyl radicals (eOH). Simulta-
neously, oxygen molecules absorbed on the photocatalyst are reduced by
the electrons in the conduction band, and produce a superoxide radical
anion (0%7) [57, 58]. The generated ¢OH and O3 are all powerful
oxidant for the degradation of organic compounds. Incorporation of
doping ions into ZnO lattice will create more electrons and holes traps,
which fasten the charge carriers and thus suppress the recombination of
photoinduced electrons and holes, leading to the improvement of the
photocatalytic activity [59, 60]. The mechanism is more detailed in
Fig. 6.

The photodegradation efficiency, computed from Eq. (1), was plotted
versus the irradiation time, for ZnO thin films under UV and sunlight
irradiations (Fig. 7). Firstly, preliminary experiments were carried out
without photocatalysts, the CV solution was exposed to UV or sunlight
irradiation. The results show that the photodegradation efficiencies are
around (3%) and (2%) for UV and sunlight irradiation, respectively.
Insignificant degradation was observed. On the one hand, we note that
ZnO thin films under UV and sunlight have different photocatalytic ac-
tivities. Under UV irradiation after 210 min, the photodegradation effi-
ciency is 86%, 91.3% and 85% for ZnO, CZO and IZO, respectively.
However, after the same time under sunlight irradiation, the photo-
degradation efficiency is 78%, 85% and 88.5% for ZnO, CZO and IZO,
respectively.

In general, the photocatalytic activity was sensitive to the crystalline,
surface OH groups, specific surface area and the roughness of the pho-
tocatalyst surface. Hence, the CZO has the higher photocatalytic perfor-
mance under UV irradiation. This result can be attributed to the position
of dopants into the ZnO lattice. As demonstrated by DRX, the Co*"
substituted Zn?" whereas the In3' is localized on the interstitial site
which causes crystal defects. Many results [30,60] approve that the
dopants localized in interstitial sites would act as trapping or recombi-
nation centers for photo-excited electrons and holes [55]. Furthermore, it
causes a slight decrease in the photocatalytic activity as seen in IZO thin
films. Besides, some works of literature [61,62] have already reported
that smaller grain size has a higher-population of surface defects for the
enhanced defect emission relative to PL emission. Indeed, we have
noticed an obvious enhancement in PL emission in [ZO. Additionally, the
concentration of defects on the surface of the catalyst can also make a
difference in photocatalytic activity [63]. Moreover, CZO film has a good
crystallinity combined with a high surface roughness, which improves its
photocatalytic performance compared to ZnO and IZO ones [64]. This
enables sample absorption in the visible range of the solar spectrum [39].
In addition, IZO has the largest specific area. This result reveals that all
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Fig. 8. Plot of In <%:32 versus irradiation time for ZnO, CZO and IZO thin films,
under (a) UV and‘(b) sunlight irradiation.

ZnO thin films show promising photocatalytic activities under UV as well
as visible light comparable to ZnO thin films deposited on glass substrate.

On the other hand, Fig. 7 shows a difference in photodegradation
kinetics of CV degradation using undoped and (Co, In) doped ZnO thin
films. Furthermore, it is ordered to quantify the photodegradation ki-
netics of the CV; we used the formula of a pseudo first order process
studied by Langmuir and Hishelwood. It is reported [17] that the rate of
photocatalysis of CV dye by irradiated ZnO thin films was investigated
via pseudo-first-order kinetics (Fig. 8):

In (%) kg X 1 ©

where kjpp is the apparent rate constant of the first-order reaction
(min™h).

A plot of (Eq. (9)) is given in Fig. 8 it exhibits a straight line; the slope
equals the apparent first-order rate constant k,,,. Also, we determined
the half-life value (t; 2) of all films and the obtained values are listed in
Table 3.

Fig. 8 shows that the best photocatalytic activities were found using
CZO photocatalyst under UV light, with the rate constant (k,pp) and half-
time (t;,2) of 0.011min"! and 63 min respectively.

The kinetic study revealed that CZO thin film is a promising photo-
catalyst for the degradation of CV pollutant. Therefore, the
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Table 3
Kinetic analysis: kinetic constants and t; » of all ZnO thin films
Samples kapp(min’l) t1/2(min)
ZnO (UV) 0.009 77
CZO (UV) 0.011 63
1ZO (UV) 0.008 87
ZnO (sunlight) 0.007 99
CZO (sunlight) 0.008 86.6
1ZO (sunlight) 0.009 77

photocatalytic stability of all ZnO was investigated by repeating the
photodegradation measurements up to for three times. Fig. 9 shows the
photodegradation efficiency of all films under UV and sunlight irradia-
tions for 210 min after using them for three cycles. Indeed, under UV
irradiation after three cycles, the photodegradation efficiencies are 73%,
81% and 71% for ZnO, CZO, and IZO respectively. Furthermore, under
sunlight irradiation, the photodegradation efficiency achieved 68%; 79%
and 82% for ZnO, CZO, and IZO respectively. The measurements clearly
show that after three processes, the photo-degradation activity is slightly
reduced (11%). Thus the investigated samples exhibit a negligible drop
of their photocatalytic performances, suggesting that these films were
reusable and retain good photodegradation efficiency. Moreover, this
indicates a possibility for application of ZnO thin films as photocatalysts
in wastewater treatments, mainly IZO under sunlight irradiation.

100

(a) UV irradiation

80
60 -
40
20
0
1 2 3

cycle number

n %

Il ZnO
[ czo

100
(b) sunlight irradiation 120

80
60
X
=
40
20
0
1 2 3
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Fig. 9. The photodegradation efficiency through three consecutive photo-
catalysis versus cycle number: under (a) UV irradiation and (b) sunlight
irradiation.
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4. Conclusion

This work clearly shows a high photocatalytic performance of ZnO
thin films deposited on PEI flexible substrate under either UV or sunlight
irradiation. The effects of doping elements on photocatalytic activities of
ZnO thin films are discussed. CZO thin films have higher photocatalytic
activities under UV irradiation due to its good crystallinity combined
with its high surface roughness. However, IZO has higher photocatalytic
activities under sunlight irradiation due to its smaller band gap and its
large specific area. In addition, all ZnO thin films retained high photo-
degradation efficiency even after three photocatalytic cycles, which is
favorable for potential environmental and industrial applications.
Furthermore, the obtained results confirm that ZnO thin films deposited
on PEI flexible substrate are potential candidates as a photocatalyst for
UV and solar photodegradation process of persistent organic pollutants.
Besides, based on our investigations we can affirm that it is possible and
easy to synthesize ZnO thin films on PEI flexible substrate (ZnO/PEI) as
talented photocatalysts for applications in large surfaces with various
geometries for photodegradation of hazardous pollutants.
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