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The current study is focused on the development of zinc oxide-based ternary photo-catalysts that exhibit a good
photocatalytic activity in methylene blue (MB) dye degradation, under sunlight irradiation. Indeed, the com-
posites are prepared according to this proportion:(1-x) ZnO/xNbyOs, (x = 0; 0.01; 0.05; 0.1; 0.15; 0.2). In fact, X-
ray diffraction patterns demonstrate that, for x = 0.01, a binary composite ZnO/ZnNbyOg is formed. While
ternary composite ZnO/ZnNbyOg/Nb2Os is formed from x = 0.05. The linear and nonlinear optical properties are
studied. So, compared to the ZnO (3.24 eV), the prepared composites exhibit a gap energy red-shift (3.18-3.22
eV), probably due to the interactions between oxide phases. Furthermore, the composites exhibit a high optical
conductivity, which proves their high photo-responses. On the other hand, the increase of Nb,Os amount led to
an enhancement of nonlinear properties. Moreover, the photocatalytic tests demonstrate an excellent photo-
catalytic performance in MB degradation that reaches 100% after 120 min sun-light irradiation. Especially for
5% sample which exhibit also the best kinetic rate. These results allowed us to consider the ZnO/ZnNb3yOg/Nb20s

composites as promising materials for environmental applications.

1. Introduction

Currently, the filtration of polluted water through green photo-
catalysis technology received increasing research interest due to its
safe use, simple technology. And, more mainly its efficiency in the
environmental protection against the probably contamination caused by
industrial waste (textile, plastic, paper printing, leather applications ...)
[1,2]. The performance of photo-catalyst habitually depended on three
agents: the irradiation range, the separation and the transfer of
photo-generated charge carriers, and also of the mechanisms and the
kinetic of surface reactions [3]. In fact, the band structure of
photo-catalysts defined the adequate light irradiation. Where, most of
the stable photo-catalysts had a wide bandgap, indicating a constricted
light absorption range. Further, the photocatalytic process is given only
by the photo-generated electrons and holes, which are transferred to the
semiconductor surface. Whereas, most of them are immediately
recombined in the massif phase of the catalysts [4]. In addition, the
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adsorption reaction of the dye at the surface of semiconductor must be
established. For these reasons, we should be careful in the choice of
catalyst material in order to institute the appropriate environment for
photo-catalysis reaction. Consequently, elevated the dye degradation
efficiency.

Indeed, zinc oxide (ZnO) presented a typical photosensitivity due to
its appropriate characteristics such as wide band gap [5], high exciton
binding energy (60 meV) [6], high intrinsic electron mobility (300
em?/Vs) [7] and especially high photo-catalytic activity [8]. Though,
the photocatalytic efficiency can be limited by the fast electron-hole
pair recombination [9]. To overcome this problem, we doped ZnO by
other oxides such as the pentoxide niobium (NbyOs), owing to its
interesting properties serving to improve the photo-catalytic activity
[10,11]. Among them we cited a strong redox ability and unique Lewis
(LASs) and Brgnsted acid sites (BASs) [12-14]. Beside, a greater reaction
rate than those of others oxides [15]. Actually, the Nb,Os presented an
energy barrier, due to its large gap energy (3.3 eV), serving to reduce the
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Table 1
Description of the samples prepared by the solid-state technique.
x value Samples notation Composites
0 ZnO
0.01 ZnNb1% ZnO/ZnNbyO¢
0.05 ZnNb5% ZnO/ZnNb,0g/Nb,05
0.1 ZnNb10% 7n0/ZnNb,0g/Nb,Os
0.15 ZnNb15% ZnO/ZnNb,0g/Nb,05
0.2 ZnNb20% ZnO/ZnNby06/Nb2Os
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Fig. 1. XRD patterns of ZnO and ZnO/ZnNb,Og/Nb,Os composites.

Table 2

The specific surface area and structural parameter values for the composites.
Sample D¢ (nm)® V (A% p(gem?) SSA(g 'm?)
ZnNb1% 14.98(9) 47.56 (5) 5.68 (2) 70.49 (1)
ZnNb5% 15.15(3) 47.89 (9) 5.64 (3) 70.17(4)
ZnNb10% 26.80(0) 47.31 (7) 5.71 (2) 39.18 (9)
ZnNb15% 9.37(4) 47.49 (3) 5.69 (1) 112.51(4)
ZnNb20% 45.46(0) 47.23 (5) 5.72(2) 23.06(3)

? D, is calculated using Williamson-Hall model [20].

charge recombination. So, this oxide can be used as blocking layers
avoiding electron back-transfer [16]. This fact is very essential for the
photo-catalytic reaction success. The coupling between ZnO and Nb,Os
produced the formation of ZnNbyOg phase, which presented a high
photo-catalytic activity [17], due to its efficiency in the activation
process of oxygen molecule (O3) [18].

The challenge in this work is how to improve the catalyst’s perfor-
mance with the presence of three oxides in the same material: ZnO,
ZnNbyOg, and NbyOs. In this paper, we deploy the linear and the
nonlinear properties of the composites. Optical parameters such as the
band gap, the extinction coefficient, and the optical conductivity of the
composites are computed. Then, the photocatalytic activities of our
composites, for the degradation of the methylene blue dye, are
investigated.

2. Experimental details

In this paper, all used materials (ZnO and NbyOs) are supplied by
Sigma Aldrich. For the elaboration of composites, we are used the solid-
state method to mix together (1-x) ZnO/xNbyOs. The experimental de-
tails on the materials preparation are reported in our recent paper [19].
The description of the obtained powders is presented in Table 1.

The characterization of the prepared composites is carried out using
diverse techniques. In fact, the linear optical properties are studied using
the UV-visible PerkinElmer 365 spectrophotometry. Then, the
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nonlinear optical characterization is completed by measuring the second
and third generated harmonics of the light (SHG and THG respectively).
The photocatalytic activity of samples is studied via the degradation of
methylene blue (MB) dye. These two recent characterizations are
detailed in the following paragraphs.

2.1. Measurement of SHG and THG

To study the harmonics of the light (SHG or THG) generated by the
tested materials, we achieved the following procedure. Source of
fundamental radiation a 8 ns pulsed laser Nd:YAG with a wavelength at
1064 nm with frequency repetition 10 Hz is used. The power of the
incident fundamental laser wavelength at 1064 nm is tuned by Glan’s
polarizer with laser damage power density 4 GW/cm?. The laser beam
profile diameter is equal to about 8 mm. The maximum of the energy is
about 15,3 mJ for THG and 10,8 mJ for SHG. The value of fundamental
laser energy signal is evaluated by the germanium photodetector and its
second harmonic signal by a Hamamatsu photomultiplier with an
installed interferometer filter at 532 nm or 355 nm with spectral width
about 5 nm which transmits electromagnetic radiation with a wave-
length at 532 nm or 355 nm. After passing through the diaphragm, the
beam diameter is 2 mm. For the SHG study 50% signal amplification is
applied. The studied samples are placed on a rotating table in a special
cover. Levels of obtained fundamental and second harmonic signals are
measured using a Tektronix MSO 3054 oscilloscope with sampling of
2.5 GS. The oscilloscope and the rotary table digit signals are inputted to
the two channels of the oscilloscope connected with PC. The entire
measuring stand is placed under the box eliminating the influence of
external undesirable light scattering.

2.2. Photocatalytic test

The photocatalytic reaction is carried out in a photo-reactor using 50
ml of (MB) dye solution (10 mg/L) and 25 mg of catalysts. Firstly, the
mixture is magnetically stirred for 30 min in dark, in order to guarantee
the adsorption equilibrium between the couple catalyst/pollutant. Then,
the solution is illuminated with sunlight at room temperature under
continuous stirring. The total duration of photodegradation reaction is
chosen equal to 120 min. Therefore, successive sampling is tacked each
15 min and the absorbance is measured by Shimadzu UV-vis spectro-
photometer (model 1800UV-vis).

3. Results and discussions
3.1. Structural study

Structural investigation of the synthesized composites is carried out
using XRD patterns (Fig. 1) [20]. The obtained results prove the for-
mation of binary ZnO/ZnNbsOg composite for the lower percent (1%),
and the formation of ternary ZnO/ZnNby0Og/Nb2Os composite for the
highest percentages (5-20%) (Table 1). Furthermore, we notice that the
average crystallite size increases in the composites compared to ZnO
(Table 2). Besides, the specific surface area (SSA) can be estimated using
the following relation Eq. (1) [21]:

SSA = 6 1
DL‘r* p
nxM
h = 2
where p NV 2)

Where D, is the average crystallite size, p is the particle density [g m’3],
M is the molar mass of the substance M(ZnO) = 81.38 g mol~, n is the
number of formula units in ZnO unit cell (n = 2) according to the JCPDS
carte number: 96-210-7060, V is the unit cell volume, and N is Avoga-
dro’s number N = 6.02214.102% mol . SSA values for the composites
are gathered in Table 2, it shows that the higher specific surface area is
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Fig. 2. SEM images of ZnO and ZnO/ZnNb,Os/Nb,Os composites.
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Fig. 3. The average grain size variation versus Nb,Os content.
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registered for the samples ZnNb1%, ZnNb5% and ZnNb15%. This result
can predict that these samples may present the best photocatalytic ac-
tivity, as this parameter has a great importance in the degradation
process.

3.2. Morphological study

Fig. 2 shows the SEM images of all samples. In fact, the ZnO image
demonstrates a heterogeneous grain size and shapes repartitions. On the
other hand, composites images present more homogeneous grain
repartition. Indeed, the variation of average grain size (Fig. 3) proves the
increase of grain size with the increase of NbyOs content. It rises from
250 nm in ZnO to about 600 nm in composites with the highest per-
centage of NbyOs [20].

3.3. Linear optical study

Fig. 4 a displays the optical reflectance dispersion R(A) for ZnO and
composites, in the wavelength range 200-1100 nm. It is obvious that the
binary ZnO/ZnNbyO¢ composite (ZnNb1% sample) has the lowest
reflectance (of about 80%) in the visible-near infrared region. While the
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Fig. 4. a) Optical reflectance spectra of ZnO and composites, b) The tauc plots of ZnO and composites.
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Fig. 5. The variation of gap and Urbach energy of ZnO and the composites.
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Fig. 6. The variation of the extinction coefficient for ZnO and the composites.
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Fig. 7. Optical conductivity of ZnO and the composites.

reflectance reaches 90% in the ternary ZnO/ZnNbyOg/Nb2O5 compos-
ites. Moreover, the reflectance of composites increases in the UV-range
as the NbyOs percent increases. Furthermore, it is observed that the
reflectance edge shifts slightly towards the higher wavelength region
(red shift) as the NbyOs percent increases, which could be related to the
increase of grain size in the composites [22]. After that, we deduce the
gap energy E; values using Kubelka-Munk formula Eq. (3) [22,23], and
by the mean of Tauc relation Eq. (4) [24,25]:
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Fig. 8. The variation of the second generated harmonic as a function of energy
for the composites.
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Fig. 9. The variation of the third generated harmonic as a function of energy
for the composites.

FR)=——" (3)

ahd =A(h8 — E,)" 4

Where R is the sample’s reflectance, A is a constant, hv is the photon
energy and n is an exponent equal to 1/2 for a direct allowed transition,
and a = @, t: is the pellet thickness.

In fact, by extrapolating the linear part of (a hv)? vs. ho plot (Fig. 4b),
we determine the values of the optical band gap energy. For ZnO, we
found Eg = 3.24 eV, then in the composites Eg exhibits a redshift
(3.18-3.22 eV) (Fig. 5.). This red-shift is more important for the lower
values of x (0.01; 0.05; and 0.1), then it decreases in the composites with
higher content of NbyOs. In fact, the gap energy is related with a charge
transfer (electron) from the valence band (BV) to the conduction (BC),
corresponding to the band-to-band transition [25,26]. Thus, the
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Scheme. 1. Photo-catalysis process.

reduction in the band gap energy of the composites, compared to ZnO,
can be due to the enhancement of the charge transfer, between the two
oxides phases in the ZnO/ZnNb,O¢ composites, While the presence of
NbyOs phase in the other composites reduce the charge transfer [27,28].
Similar results are reported by R. A. Rani et al. [21,29]. This fact can be
due also to the increase in the concentration of defects in the material.
Indeed, with the presence of defects, the electronic transition is made
from the filled valence band to the energy levels of the defects instead to
reaching the empty conduction band. In fact, doping is at the origin of
the formation of localized states (band tail) leading to a reduction in the
optical band gap [30,31]. This phenomenon, which causes the decrease
in Eg, is usually in competition with another called Burstein-Moss effect,
which induces, in contrary, the increase in the band gap after doping
[32,33].

The incorporation of impurities in semiconductors induces often the
formation of a tail band in the forbidden band. In this case, the inter-
band optical transitions take place with an exponential dependence of
the absorption coefficient o as a function of photon energy (hv). Tape
tail energy or Urbach energy Ey, associated with localized states due to
defects, is calculated using Urbach’s empirical law Egs. (5) and (6) [34].

a(hd) =a, exp (2—8) %)
1 d(In(a))
B d(h9) ©®)

Fig. 5 shows that E, increases in the composites compared to ZnO.
This result confirms that the incorporation of NbyOs causes an increase
in disorder and increases the concentration of defects in the composites.
Then, with increasing NbyOs percent E,, decreases. It shows also an anti-
proportionality between the variation of gap energy and that of Urbach
one. This behavior proves that the optical gap of composites is basically
directed by the disorder.

Moreover, the extinction coefficient (K) is very essential parameter
to configure the optical applications. Where, the extinction coefficient is
due to the absorption and light scattering [35], due to the interactions
between electrons and photons in the material [36]. This parameter is
expressed as a function of the absorption coefficient a and the incident
wavelength A by the following equation Eq. (7) [37]:

al
k= @)

Fig. 6 shows that all the samples exhibit considerably low optical
losses mainly in the visible and near infrared domains. Even in UV range,
it has weak values, and decreases significantly with increasing NbyOs
percent. This result proves that the composites have enhanced optical
properties compared to ZnO, mainly in the UV.

Using the o and the refractive index (n) values we calculate the op-
tical conductivity defined as bellow Eq. (8) [38]:

anc

OCopt = E (8)

Where n is expressed by the following equation Eq. (9) [39]:

2
n_J(HR) (K2+1>+1+R ©

(1-R) 1-R

Fig. 7 shows that, in the ultraviolet region, the ZnO has the higher
optical conductivity values. Though even for the composites, the con-
ductivity still prominent, and the higher value is recorded for ZnNb1%.
After that, with NbyOs increasing, the conductivity decreases progres-
sively. Whereas, in visible region, the ZnNb1% sample has the higher
conductivity compared to ZnO and the other composites (inset of Fig. 7).
The high conductivity of the elaborated samples proves that these
composites have high photo-response nature, which suggests their
suitability for optoelectronic device applications [40].

3.4. Nonlinear optical study

Figs. 8 and 9 shows the variation of ZnO’s SHG and THG signals with
the incorporation of NbyOs. An increment in the signal intensity is
observed for both SHG and THG signals with increasing Nb;Os content.
In SHG studies, samples with 1%, 5%, and 10% of Nb,Os content shows
higher signal intensity than ZnO. Whereas 15% and 20% samples result
in the suppression of signal intensity. The observed enhancement in SHG
signal intensity can be correlated with the structural effects induced in
the composites. The XRD study shows that the addition of Nb,Os creates
defects in the materials [20]. The inclusion of defects in the compound
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Fig. 10. The variation of MB absorption for the composites: (a) ZnNb1%, (b) ZnNb5%, (c) ZnNb10%, (d) ZnNb15%, (e) ZnNb20%.

results in the additional energy levels which results in the enhancement
of SHG signal intensity [41]. A degradation of samples is observed for
ZnNb15% and ZnNb20% when probed with fundamental beam which is
a possible reason for the reduced signal intensity in these compounds.
The THG studies showed in Fig. 9 outcomes that all the composites
show an enhancement in the signal intensity upon Nb,Os incorporation.

The origin of THG effects is different from SHG. Generally, THG effects
raised in a material due to the change in the ground state dipole mo-
ments. In the present case, the observed enhancement in the THG in-
tensity can be attributed to multiple mechanisms which change the
dipole moment of the atoms [42]. The observed enhancement of THG
efficiency in the composites can also be attributed to the defect states,
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multiphoton process and occurrence of additional photo polarization
which eventually changes the ground state dipole moments of the atoms
[42]. Additionally, the laser stimulation further enhances THG signals
due to laser-induced birefringence mechanism.

3.5. Photocatalytic activity

As the material is irradiated with sunlight having energy equal or
higher than its band gap energy, an electron is promoted from the
valence band (VB) to conduction band (CB), generating an electron/hole
pair (e”; in CB, h'; in VB), Eq. (10). But this pair can be either recom-
bined immediately (less than 1 ns) [43], or diffused to the surface of the
semiconductor and perform redox reactions separately with other
adsorbed elements like dyes molecules (R), water (H30), hydroxyl ions
(OH™) and Oy. In fact, the holes oxidize adsorbs H,O or OH™ to produce
hydroxyl radicals OH and H™ Eq. (11). Simultaneously, reactions be-
tween electrons and adsorbed dioxygen gives O, Eq. (12). Then,
extremely active hydroxyl radicals (OH) are produced during successive
reactions Egs. (13-15). The (OH) radicals degrade organic dyes R Eq.
(16). In parallel, the reaction between holes and organic dyes can occur
Eq. (17) [43,44]. The corresponding reactions of photo-degradation
process are summarized in Scheme 1

Given the phase diversity in our composites (ZnO, NbyOs, ZnNb3Og),
this process is accelerated and then we obtain a suitable conditions for
photo-catalysis reaction such us the enhancement in the production of
OH' and O, radicals [45], and subsequently better degradation of the
pollutant.

Fig. 10a-e. shows the dye absorption as a function of reaction time for
the composites. It shows that the typical absorption peak of MB, posi-
tioned around 664 nm [46], is completely disappeared after 120 min of
sunlight irradiation. So, the total degradation of the pollutant is clearly
observed for all samples.
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Fig. 13. Theoretical fit of MB photodegradation kinetics using the Yoon-Nelson
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Table 4

The values of the kinetic rate constant k.
Samples kg (min~1) kyy (min~1)
ZnNb1% 0.03586 + 0.00132 -
ZnNb5% - 0.0637 + 0.0007
ZnNb10% 0.0371 + 0.00215 -
ZnNb15% 0.04662 + 0.00384 -
ZnNb20% 0.03056 + 0.00179 -

Table 3

Recapitulative table of literature results and a comparison with our results.
Catalyst Dye concentration (mgl ') Light source Catalyst amount Time(min) Degradation% Reference
Nb,05/Zn0O 20. phenol sunlight 1g/1 40 96 [22]
Zn0O/ZnNb,Og¢ 6.bromophenol uv 20 mg 120 >80 [48]
Fe-Nb>Os 10. RhB visible 100 mg 150 98 [49]
Zn0O/Eu,03/NiO 5. Methylene blue sunlight 30 mg 150 98 [50]
TiO2/Zn0/rGO 0.3. Methylene blue Xe300W 0.1g/1 120 92 [51]
Fe-ZnO 10. Methylene blue uv - 90 92 [52]
ZnO/NiFe,04 50 Methylene blue 10W LED lamps 20 mg 40 92 [53]
Zn0O/ZnNby0g/NboOs 10 Methylene blue sunlight 25 mg 90 100 this work
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For further details about the photodegradation activity of our ma-
terials, we calculate the degradation efficiency n by the following
equation Eq. (18) [47]:

C—C

(%) === 100 (18)

Where Cy is the initial concentration of MB solution and C is the con-
centration at a given t.

Fig. 11 demonstrates that all composites exhibit an enhanced pho-
todegradation efficiency and reaches 100% after 120 min. It is obviously
noted that ZnNb5% shows the highest photodegradation activity. In fact,
its MB photodegradation efficiency reaches 100% after only 90 min.
Hence, the ZnO/ZnNby0Og/NbyOs composites exhibit enhanced photo-
catalytic efficiency compared to results reported in literature, as shown
in Table 3.

Moreover, Fig. 11 shows that the MB photodegradation kinetic de-
pends on the composite samples. Furthermore, to quantify the photo-
degradation kinetics of the MB; we fitted the experimental data to the
Langmuir-Hinshelwood pseudo first order model [54]:

C
In (EU) =kt 19)

Where ki is the first-order kinetic rate constant.

Fig. 12 confirms that the photocatalytic reaction follows the first-
order kinetics according to the Langmuir-Hinshelwood model for all
composites, except the ZnNb5%. For the later a second-order kinetics
model, proposed by Yoon Nelson, is more suitable (Fig. 11) [55]:

Co

F:l-&-exp (—kYN(Zfl') (20)

Where kyy is the Yoon-Nelson rate constant, 7 is the necessary time to
reach 50% of pollutant degradation, t is the time.

Fig. 13 shows the best fit to the experimental data for the ZnNb5%
composite with the Yoon Nelson second-order kinetics model. The ki-
netic rate is found to be kyy = 0.0637 = 0.0007min .

Table 4 shows the values of the rate constants for all catalysts. The
high values of the kinetic constant prove the high degradation rate of all
composites. These results confirm that the optimal photocatalytic
degradation in ZnO/ZnNbyOg/NbyOs composites occurred when the
Nb,Os proportion is 5%. This fact proves that the presence of three
phases (ZnO, ZnNbyOg, Nb2Os) in the material is an important factor for
the success of photocatalytic process, as it expands the exchange surface
with the pollutant and enhances the generation of actives radicals. In
fact, the NbyOs phase serves as a blocking layer avoiding electron back-
transfer by reducing the rapidity of the charge recombination [16,56].
While, the ZnNb2Og phase activates the production process of oxygen
molecules (O3) [18]. Consequently, this leads to the enhancement of the
kinetic and the efficiency of degradation reaction.

4. Conclusion

In this work, zinc oxide based ternary photo-catalysts is successfully
prepared using solid state process. XRD analysis confirmed the forma-
tion of a ZnO/ZnNbyO¢ binary composite for x = 0.01, and ZnO/
ZnNbyOg/Nb2Os5 ternary composite for the higher adding proportion.
Optical investigation results showed that the composites exhibit a red-
shift of the gap energy (3.18-3.22 eV), compared to the ZnO (3.24
eV), due to the interactions between oxide phases. Furthermore, we
demonstrated that all composites exhibited an enhanced photo-
degradation efficiency of MB dye degradation under sun-light irradia-
tion, that reached 100% after 120 min. Obviously, ZnNb5% has the
highest MB photodegradation efficiency which reached 100% after only
90 min. This particular photocatalytic activity of this composite is
explained by the faster kinetic MB degradation reaction compared to the
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other composites. In fact, the photocatalytic reaction followed the L-H
first-order kinetics model for all composites, except the ZnNb5% for
which a Y-N second-order kinetics model is more suitable. These results
allowed us to consider the ZnO/ZnNby0e/Nb2Os composites as prom-
ising materials for environmental applications such as waste-water
remediation.
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