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Creation of a facile heterojunction
in Co/ZnO-TiO, for the photocatalytic
degradation of alizarin St
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Advanced oxidative process is an efficient method to photocatalytically degrade the effluent pollution
by organic dyes with a suitable catalyst. Photocatalysts with a heterojunction not only improve the
excitation efficiency of the catalyst in the presence of light by broadening the wavelength range of
absorption but also reduce the rate of recombination. ZnO and TiO, were successfully synthesized in
this study via solution combustion synthesis. Wurtzite ZnO was grown along with anatase TiO, to create
a heterojunction of ZnO-TiO,, and Co loading was carried out to improve the rate of electron transfer
between the heterojunction for enhanced photocatalytic activity. The photogenerated electrons are
injected from the conduction band of ZnO to TiO, via Co to create *O?~ and holes from TiO, to form
OH°*, which help to degrade alizarin S. The detailed photocatalytic experiment confirmed Co/ZnO-TiO,
as an extremely efficient catalyst, which shows the complete degradation of the dye alizarin S in just

rsc.li/njc

1. Introduction

Organic dyes released from various industries such as textile,
leather, plastic, food, drug and cosmetic industries have harm-
ful effects on the environment as well as humans and usually
tend to be carcinogenic and mutagenic due to their toxic nature
and high resistance to decomposition. Alizarin red S (1,2-
dihydroxy-9,10-anthraquinonesulfonic acid sodium salt; ARS;
mordant red 3) is such a water-soluble bright red-coloured
anthraquinone dye, which is extensively employed as a pH
indicator, biological stain in chemical analyses, and during
the dyeing process in textile industries."” The robust stability of
this particular dye is attributed to its intricate aromatic struc-
ture, which prevents its degradation over time. Moreover, the
non-biodegradable nature in aerobic and anaerobic environ-
ments makes its release detrimental for the aquatic ecosystem
and also poses a direct threat to human beings and animals.*””
Thus, the high chemical resistance of alizarin Red S makes it
highly challenging to be removed from water bodies.
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40 minutes under UV light illumination.

Various methods have been adopted for the removal of dyes.
One such process is advanced oxidative process (AOP),*° which
involves a strong oxidizing species such as OH® and *0*~
radicals that break down the dye molecule into smaller and
less harmful substances. The photocatalytic advanced oxidative
process generates active free radicals OH* and *O*” primarily
by the oxidation of water with the help of a suitable semi-
conductor catalyst.'®™* The photocatalytic oxidation involves
various fundamental processes including charge carrier for-
mation, separation, and transportation. One of the crucial steps
is the creation and recombination of the electron-hole pair.*?
Electron-hole pair formation occurs under UV light illumina-
tion corresponding to the semiconductor photocatalytic mate-
rial’s band gap. When exposed to light, electrons (e”) from the
valence band (VB) of the semiconductor are excited to the
conduction band (CB), leading to the generation of positive
holes (h") in the VB. The resulting e -h" pairs, through a series
of redox reactions with the solvent water or gaseous oxygen,
yield active oxygen species such as hydroxyl radicals *OH and
superoxide radical anions O,°", contributing to the mineraliza-
tion of dyes.'*™*®

Among the photocatalysts studied, TiO, and ZnO are the
most widely researched materials for dye degradation.'®'?™*
Both TiO, and ZnO as photocatalysts can give rise to photo-
induced electron/hole (e /h*) pairs and commence a chain of
chemical reactions, thus decomposing the pollutants. What
distinguishes these two materials is their stability, non-toxicity,
cost-effectiveness, and high reactivity.>> However, currently, the
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semiconductor photocatalysis field faces a significant chal-
lenge-the low efficiency of photocatalysis. This issue arises
from the swift recombination of e ~h" pairs generated during
the process and the inherent difficulty in achieving a balance
between broad light absorption and ample redox ability. It is
widely acknowledged that in a one-step excitation system
utilizing a single photocatalyst and satisfying multiple perfor-
mance criteria simultaneously is nearly impossible. Consequently,
the concept of composite photocatalysts has emerged, combining
the strengths of different materials. TiO,-ZnO mixed oxides are
one of the popular choices of heterojunction photocatalysts due to
the separation efficiency of electrons and holes.>*>® The for-
mation of a heterojunction can enhance the photogeneration
process and cause electron transfer from the ZnO CB to the
TiO, CB and thus hole transfer from the TiO, VB to the ZnO
VB, giving rise to higher electron-hole transfer separation and
lifetime, as has been reported by many studies.”*”° In composite
photocatalytic systems, the rational design of heterojunctions
stands out as a core strategy. Among different type of heterojunc-
tions, the popular types are semiconductor-semiconductor het-
erojunction and semiconductor-metal heterojunction. However,
most often, both the types are limited by visible light responses.

For broadening the wavelength range of absorption by
photocatalysis, a multicomponent heterojunction can be
invoked, where the two semiconductor bands create hetero-
junctions with metallic bands.”" Herein, we studied the photo-
catalytic degradation of alizarin S dye utilizing the nano-
composite heterojunction of TiO, and Co/ZnO. The primary
objective for the particular design of a heterojunction is to
improve the excitation efficiency of the catalyst in the presence
of light by broadening the wavelength range of absorption.
Electrons from the CB of ZnO will easily flow into the Co due to
a higher CB (or Fermi level) compared to Co, facilitating rapid
electron transfer. This process will be faster than electron-hole
recombination between the VB and CB of ZnO, allowing ample
electrons to be stored in the metal. Likewise, holes from the VB
of TiO, will readily flow into Co, outpacing electron-hole
recombination.

2. Materials and methods
2.1 Synthesis

TiO, and ZnO were prepared by a single-step solution combus-
tion method that includes oxidisers (metal precursors) and
organic fuel glycine.>**>* For the preparation of ZnO, stoi-
chiometric amounts of Zn(NO3),-6H,0O (S D Fine-Chem Ltd, LR)
and glycine (Sigma Aldrich) were homogeneously mixed in
50 mL DI water. The solution was then placed in a muffle
furnace preheated at 450 °C. After the complete evaporation of
water, the fuel ignited with a sudden increase in temperature of
about 1000 °C and a puffy, voluminous solid product was
obtained, which was ground to a fine powder and collected.**"
TiO, was also prepared following the same procedure of solu-
tion combustion synthesis. Initially, titanium isopropoxide
(99%, Sigma Aldrich) was completely hydrolysed with water
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and dissolved in concentrated HNO; to prepare the titanyl
nitrate precursor. Stochiometric amounts of titanyl nitrate
and glycine were introduced in a preheated muffle furnace.
The resulting voluminous TiO, powder was ground finely using
a mortar and pestle.>*”

The heterojunction oxide of ZnO-TiO, in 1: 1 stoichiometric
ratio was prepared by the reflux method. A desired amount of
combustion-synthesized TiO, was dispersed in 62.5 mL of
0.01 M Zn(CH;3COO),/methanol solution. The mixture was
vigorously stirred and subjected to 30 minutes of ultrasonica-
tion in order to prepare a homogenous mixture. Then, 32.5 mL
of 0.03 M NaOH was added dropwise into the mixture while
stirring. Subsequently, the mixture was subjected to reflux at
80 °C and 600 rpm for a duration of 6 hours. The resulting
ZnO-TiO, was filtered and dried overnight in an oven at
70 °C.*®

The synthesis of Co-supported ZnO-TiO, heterojunction
oxide involved loading 3, 5 and 7 wt% Co onto ZnO using the
incipient wet-impregnation method. Initially, a precise amount
of Co(NO;),-6H,0 was added to ZnO synthesized via combus-
tion and stirred to achieve a uniform mixture. Subsequently, a
minute quantity of 0.1 M NaBH, was gradually added until the
solution turned greyish in colour. The mixture was then filtered
and dried in an oven for 24 hours. Approximately 90 mg of the
prepared Co/ZnO was dispersed in methanol and adjusted to
100 mL in a volumetric flask. Similarly, 90 mg of combustion-
synthesized TiO, was dispersed in 62.5 mL of the aforemen-
tioned solution and thoroughly stirred. This mixture under-
went ultrasonication for 30 minutes, followed by the addition of
32.5 mL of 0.03 M NaOH dropwise while stirring. The resulting
solution was refluxed for 6 hours at 80 °C and 600 rpm. The
resulting Co/ZnO-TiO, was filtered, dried, and ground.*

2.2 Characterisation

The structural characterization of the synthesized ZnO, TiO,,
ZnO-TiO, and Co/ZnO-TiO, was carried out with a Rigaku
Ultima IV X-ray diffractometer (XRD) with Cu K, radiation
(/. = 1.5418 A) at a scan rate of 1° min~*' with a step size of
0.01°. The average nanocrystal diameters (D) were estimated
using Scherrer’s formula: D = 0.94/B cos 0, where B is the full-
width at half-maximum, A is the wavelength of the radiation,
and 0 is the corresponding angle. Energy-dispersive X-ray
fluorescence (ED-XRF) was used to study the actual atomic
ratio of the synthesized heterojunction and Co-doped hetero-
junction with the help of an Epsilon 1 PANanalytical instru-
ment. A Microtrac BEL Corp mini-II surface area analyser was
used to study the surface area of the synthesized materials. The
samples were degassed in vacuum at 200 °C for 2 h prior to the
N, sorption measurements at 77 K. The BET equation was used
to estimate the specific surface area. The surface morphology of
the synthesized materials was studied using a high-resolution
field emission scanning electron microscope (FE-SEM, FEI-
ApreoS) at 30 kV acceleration. The surface composition, elemental
oxidation state and bonding were explicitly studied by X-ray
photoelectron spectra (XPS) recorded on a Thermo Scientific
K-Alpha surface-analysis spectrometer housing Al K,, as the X-ray
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source (1486.6 eV). The instrument was operated at 72 W.
The base pressure in the analysing chamber was maintained at
5 x 10~ mbar. The data profiles were subjected to a nonlinear
least-squares curve fitting program with a Gaussian-Lorentzian
production function and processed with Avantage software. The
binding energy (B.E.) of all XPS data was calibrated versus the
standard C 1s peak at 284.85 eV. The electronic properties and
band gap of the synthesized materials were studied using solid
state UV by a JASCO V-670 UV-visible spectrophotometer, and
photoluminescence (PL) spectra were obtained using a JASCO FP-
6300 on the synthesized material to determine the recombination
rate. The concentration of the key reaction species, surface HO®,
was measured by converting coumarin to umbelliferone under
photocatalytic conditions. 15 mg of all the four samples were
dispersed in an aqueous solution of coumarin (0.1 mM) in a
quartz cuvette and was exposed to UV light irradiation for 120
min. Further, 0.5 g of KCl was added into the light-irradiated
suspension and then the suspension was kept in the dark for
12 hours. After the sedimentation of the catalysts, the fluores-
cence of the clear solution was measured using an excitation
wavelength of umbelliferone at 332 nm.

2.3 Photocatalytic degradation of alizarin S

Photodegradation studies were carried out using a cylindrical
annular batch photoreactor fitted with a medium pressure
mercury vapor lamp of 125 W, which consisted of a double-
walled borosilicate immersion well for water circulation around
the lamp to maintain the reaction at room temperature.
All degradations were performed in an open system to provide
enough oxygen for the oxidative degradation of the dye. For
a particular batch reaction, the catalyst loading was 25 mg for
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100 mL of 10 ppm alizarin Red S. During irradiation, 2 mL of
the suspension was collected at regular time intervals, and the
progress of photodegradation was monitored by observing the
disappearance of the absorption peak of alizarin Red S at
425 nm in the UV-visible absorption spectra recorded using a
JASCO V-650 UV-visible spectrophotometer. The photocatalytic
degradation studies were repeated three times to provide the
error bars.

3. Results and discussion
3.1 Bulk, surface and electronic characterisation

The crystallinity and structural information of the synthesised
TiO,, ZnO, ZnO-TiO,, and 5% Co/ZnO-TiO, obtained from the
XRD patterns are shown in Fig. 1a. The XRD patterns of the rest
of the materials (3%Co0/ZnO-TiO, and 7%Co/ZnO-TiO,) are
plotted in Fig. Sla (ESIf). The ZnO synthesized by the
solution-combustion method crystallised in a phase-pure wur-
zite structure with space group P6zmc (JCPDS card No. 75-0576).
The dominant diffraction peaks at 20 = 32.8°, 35.3°, and 37.3°
corresponding to (100), (002) and (101), respectively, matched
well with the literature.*® The XRD pattern of TiO, is in good
agreement with standard anatase TiO, (JCPDS card No.
21-1272), and there was no impurity corresponding to the rutile
or brookite phases.'®*"**> The anatase TiO, crystallised in a
tetragonal crystal system with space group I4,/amd. In case of
the heterojunction of ZnO-TiO,, the presence of both wurzite
ZnO and anatase TiO, were confirmed with a predominant
phase of TiO,. However, in the case of 5% Co/ZnO-TiO,, it
has been observed that the peaks of ZnO were predominant
than TiO, and the characteristic peaks of crystalline Co were

5% Col/ZnO-TiO,
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(a) XRD patterns and (b) BET adsorption isotherms of ZnO, TiO,, ZnO-TiO,, 5% Co/ZnO-TiO,.
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obscured. A similar phenomenon was also observed for 3%
Co/ZnO-TiO, and 7% Co/ZnO-TiO,. The actual concentration
of all the elements including Co was confirmed using XRF and
is tabulated in ESI{ Table S1.

The specific surface area of the synthesized materials was
studied using N, adsorption-desorption isotherms, as shown
in Fig. 1b and Fig. S1b (ESIt). ZnO exhibited a type II isotherm
with a surface area of 12.24 m? ¢~ ', while TiO,, ZnO-TiO,, and
5%Co/ZnO-TiO, exhibited type IV isotherm with a surface
area of 101.7, 104.6 and 100.5 m* g~ ', respectively, indicating
their mesoporous nature. The total pore volume was 0.129,
0.156, 0.190, and 0.201 cm?® g~ * for ZnO, TiO,, ZnO-TiO, and
5%Co0/ZnO-TiO,, respectively. 3% and 7% Co/ZnO-TiO, also
exhibited type IV isotherm with a surface area of 145.0 and
137.1 m* g, respectively. Their corresponding pore volume
was 0.266 and 0.262 cm® g~ !, respectively. Further, the surface
morphology was investigated by FE-SEM at different magnifica-
tions and is shown in Fig. 2. TiO, exhibited a diffused structure
with pores on its surface, whereas ZnO had an agglomerated
sphere-like morphology. Heterojunction ZnO-TiO, also exhib-
ited agglomerated spherical ZnO particles deposited on the
surface of diffused TiO,. 5% Co/ZnO-TiO, showed the presence
of Co on the diffused ZnO-TiO, surface. The EDAX mapping in
Fig. S2 and S3 (ESIt) confirmed the high distribution of Co, Zn
and Ti in the matrix. The HR-TEM images of 5% Co/ZnO-TiO,
shown in Fig. 3a also confirmed the diffused structure of
ZnO-TiO, with Co on its surface. The interplanar distances
of 0.23 and 0.24 nm calculated from the fringes shown in
Fig. 3(b) and (c) correspond to the (004) plane of anatase TiO,
and the (101) plane of wurtzite ZnO, respectively. The selected
area electron diffraction (SAED) pattern in Fig. 3d also corro-
borates the same.

Further, XPS measurements were used to investigate the
surface composition and the chemical state of the synthesised
of ZnO, TiO,, ZnO-TiO, and Co/ZnO-TiO,. Fig. S4a (ESIt)
shows the XPS survey spectra containing all the individual
elements of Ti, Zn, O, and Co in the synthesized composites.
The high-resolution Zn 2p spectra plotted in Fig. 4a exhibit two
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characteristic peaks from Zn 2p3,, and Zn 2p,,, at 1021.5 and
1044.6 €V, respectively, indicating the presence of Zn>" in the
synthesized materials.***> The Ti 2p XPS spectra in Fig. 4b also
display two peaks at 458.5 and 468.1 eV corresponding to Ti
2psj2 and Ti 2py,, from Ti'" in the synthesized oxides.*® The
Co 2p spectra of 3% Co/ZnO-TiO,, 5% Co/ZnO-TiO, and 7%
Co/ZnO-TiO, in Fig. S4b (ESIt) exhibit two main peaks corres-
ponding to the spin orbit coupling of Co 2p;/, and 2p;/,. The
deconvoluted spectra of the as-prepared materials exhibited
primarily metallic Co (at 778.4 and 794.8 eV) with a minor
occurrence of Co>" (at 780.9 and 798.3 eV). The distribution of
metallic to ionic Co is shown in Fig. S4b (ESIt). Three satellite
peaks at 784.6, 788.3 and 802.1 eV were also observed in the Co
2p spectra.*®?” Fig. 4c shows the high-resolution O 1s core level
spectra of the oxide samples. The spectra consist of three
deconvoluted peaks. The primary peak at 529.9 eV (designated
as Op) corresponds to the lattice oxygen in the synthesized
oxides.*®*® The peaks at higher binding energy at 531.3 and
532.6 eV correspond to the surface oxygen (Og) and hydroxyl
species attached to the oxygen vacancy sites (Og_y). It was
interesting to see that the peaks corresponding to the surface
oxygen species as well as the oxygen vacancy sites are signifi-
cantly prominent in ZnO-TiO, and 5% Co/ZnO-TiO, compared
to ZnO and TiO,.

While TiO, is an indirect semiconductor, ZnO is a direct
semiconductor oxide. To explore the optical properties of the
synthesized pristine and heterojunction nanomaterials, room
temperature UV-visible absorption spectrum was obtained in
the wavelength range of 200-800 nm. As shown in Fig. 5a, ZnO
exhibits maximum absorbance at 361 nm, while TiO, shows the
maxima at 341 nm. In case of heterojunction ZnO-TiO, and 5%
Co/ZnO-TiO,, the maximum absorbance was observed at
350 nm. This can effectively extend the photoresponses of the
system, leading to an improvement of solar light utilization.
Further, the band gap of all the synthesized nanomaterials was
calculated via the Kubelka-Munk method using the equation
(1- R}

F(R) = IR

, where R represents the % reflectance and F(R)

Fig. 2 FE-SEM images of (a) and (b) TiO, (c) and (d) ZnO (e) and (f) ZnO-TiO,, (g) and (h) 5% Co/ZnO-TiO,.
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Fig. 3 (a—c) HR-TEM images and (d) SAED patterns of 5% Co/ZnO-TiO,.
a
( ) 5% Col ZnO-TiO, (b) 5% Col ZnO-TiO,
— —_ Zno- Tio, ;
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2 2 2
7] [7) g
c c €
[] ) -
c c TiO,
- Zn 2py, = T2z
Zn0  zn2p,,
Ti 2p,p,
: : : _ i ' ' 525 530 535
1016 1024 1032 1040 1048 452 456 460 464 468 Binding Energy (ev)
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Fig. 4 (a) Zn 2p, (b) Ti 2p, and (c) O 1s core level spectra of ZnO, TiO,, ZnO-TiO,, and 5% Co/ZnO-TiO,.

is the molar extinction coefficient. The plot of (F(R) x hv)* vs.
energy in eV in Fig. 5b was adopted for ZnO as it is a direct
semiconductor, whereas the plot of (F(R) x hv)"? vs. energy in
Fig. 5¢ was adopted for indirect semiconductor TiO,. ZnO and
TiO, exhibited a band gap of 3.19 and 3.16 eV, respectively.
Heterojunction oxide ZnO-TiO, is regarded as a type II semi-
conductor with indirect band gap.*>® Accordingly, the band
gap was calculated and the composite ZnO-TiO, exhibited a

10556 | New J. Chem., 2024, 48,10552-10562

reduced band gap of 2.99 eV, whereas 5% Co/ZnO-TiO, showed
the lowest band gap of 1.4 eV among the four materials.
Evidently, the heterojunction indeed reduced the optical band
gap of the materials, and the presence of Co helped in the
further reduction of the band gap.>"®> The absorbance of
incident irradiation over TiO, occurs due to the electronic
transition from O 2p to Ti 3d, whereas for ZnO, the absorbance
corresponds to the electronic transition between the O 2p

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 5 (a) UV-visible spectra and band gap elucidation of (b) ZnO, (c) TiO,, ZNO-TiO, and 5% Co/ZnO-TiO,.

valence band and the Zn 4s conduction band.>*** The reduct-
ion in the band gap for the heterojunction can be attributed to
the settling of the TiO, particles over the ZnO structure, which
is known to scatter the incident light.***> The lowering of band
gap can also be attributed to the microstates originated from
the oxygen vacancies formed in the heterojunction oxide, as
evident from the XPS studies.*®>*

The photocatalytic activity of a catalyst is also largely deter-
mined by the efficiency of the photogenerated electron-hole
separation. Since photoluminescence originates from the
recombination of charge carriers, the PL spectra are highly
informative to study the recombination or trapping of charge
carriers. Fig. 6a shows the PL spectra for the pristine ZnO, TiO,,
and the nanocomposite of ZnO-TiO, and 5% Co/ZnO-TiO,
exhibiting emission in the range of 350-600 nm. As observed
from the PL spectra, the highest intensity corresponds to TiO,,
followed by ZnO. As compared to pristine TiO, and ZnO, the
nano-composites exhibited a fairly low PL intensity. The lower
PL intensity vis-a-vis the lower recombination rate of the
photogenerated charge carriers indicated a longer separated
carrier lifetime, which in turn promotes the photocatalytic
activity of the nanocomposite heterojunction material. The
enhanced life-time of the exciton over 5% Co/ZnO-TiO, is
primarily due to the formed heterojunction, which promotes
efficient charge transfer, thereby increasing the quantum effi-
ciency of the photocatalytic reaction.’®>’

Thus, the lower recombination rate of excitons might have
helped the long-lived h* to produce more OH®, which is the key
for the degradation mechanism. Therefore, we carried out an
experiment to detect the photogenerated OH* species under UV
light irradiation over the synthesized materials with the help of
coumarin as a fluorescent probe. Coumarin reacts with photo-
generated OH* to produce 7-OH coumarin (umbelliferone), which
is fluorescent in nature and can be probed with PL against the
time of irradiation. All the four materials of 15 mg weight were
added to 3.5 mL of 0.1 mM coumarin solution in a quartz cuvette,
and UV light was irradiated for 120 min. After irradiation, 0.5 g of
KCl was added into the suspension and kept in the dark for
12 hours to get a clear solution. The formed umbelliferone was
measured using PL spectroscopy. The generation of umbelliferone
against time over the synthesized materials is plotted in Fig. 6b,
and it is evident from the data that the concentration of 7-OH
coumarin is the highest over 5% Co/ZnO-TiO,. Therefore, it can
be inferred that 5% Co/ZnO-TiO, showed the least rate of
electron-hole recombination, which could be beneficial for the
heterojunction nanocomposite material for catalytic performances.

3.2 Photocatalytic degradation of alizarin S

The photocatalytic activity of the synthesized materials was deter-
mined by conducting experiments for the degradation of alizarin
S dye under UV light illumination, and the concentration of the
degraded dye was measured from the standard graph derived

350 300 .
% —ZnoT02 =—Ti0, (b)
300 - (a) T 5% ColZn0-Ti2 250 20
£ 7 “}+—2zno-Tio,
S 2501 g s L+ 5% Co/znO-Tio,
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e H @ 200 4 00 HO o._0
; 200 = 18 g C[j +  20H - m + HO
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Fig. 6
presence of ZnO, TiO,, ZnO-TiO,, and 5% Co/ZnO-TiO,.
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(a) PL spectra of ZnO, TiO,, ZnO-TiO, and 5% Co/ZnO-TiO,. (b) Concentration of umbelliferone with respect to light irradiation time in the
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from the UV-Vis absorption spectrum of the dye (Fig. S5, ESIT).
It should be noted that the UV-Vis spectrum of alizarin S contains
multiple peaks involving the excitation from n or = to n*, and the
transitions being associated with a significant charge-transfer
phenomenon rationalizes the intense colour of alizarin S.
Adsorption plays a significant role in the catalytic reaction
mechanism irrespective of the photocatalysis. Efficient adsorp-
tion provides higher retention time and better interaction
between the reactants and the catalyst. At first, the dark
adsorption of alizarin S at room temperature was performed
for an hour, and the corresponding UV-visible spectra are
shown in Fig. S6 (ESIt). The relative concentration C/C, derived
from the UV-visible spectra in the dark for 60 min is plotted in
Fig. 7a and Fig. S8a (ESIY). Interestingly, ZnO adsorbed alizarin
S better than the synthesized TiO,. Among the synthesized
materials, 5% Co/ZnO-TiO, exhibited the best adsorption
behaviour. However, the effective adsorption equilibrium was
reached by ~30 min over all the four materials in the dark.
Therefore, the optimized time of 30 minutes for effective
adsorption equilibrium was considered for the photocatalytic
degradation of alizarin S over ZnO, TiO,, ZnO-TiO,, and
Co/ZnO-TiO, catalysts. The corresponding UV-visible spectra
in the wavelength range of 200-700 nm is shown in Fig. S7
(ESIf), and the relative concentration C/C, derived from the
UV-visible spectra under the exposure of light is plotted in

View Article Online
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Fig. 7b. Evidently, in the absence of any catalyst, the degrada-
tion was only 20% after 2 hours of irradiation. On irradiating
the dye in the presence of TiO, and ZnO, the percentage of
degradation increased to 60 and 80%, respectively. It must be
noted that the higher adsorption capability of ZnO coupled
with the lower optical band gap and reduced electron-hole
recombination facilitated ZnO to outperform TiO,. The
presence of heterojunction ZnO-TiO, exhibited a further
increase in the photodegradation of alizarin S to 90%. The
enhanced photocatalytic activity of the ZnO-TiO, heterojunc-
tion compared to the single oxides can be explained via the
established mechanism of type II heterojunction between ZnO
and Ti0,.”® The photocatalytic performance of Co/ZnO-TiO,
catalysts with varying Co concentrations is illustrated in Fig.
S8b (ESIt). Notably, 5% Co/ZnO-TiO, exhibited the highest
catalytic efficiency, achieving the complete degradation of
alizarin S within just 30 minutes of irradiation. In contrast,
3% Co/ZnO-TiO, and 7% Co/ZnO-TiO, required over 90 min-
utes for complete degradation. These findings indicate that
optimal 5 wt% of Co doping in ZnO-TiO, enhances the photo-
catalytic activity by improving the efficiency of the electron-
hole pair separation. Further, 5% Co-ZnO and P25 TiO, were
also compared with 5% Co/ZnO-TiO, (Fig. 7c). While P25 TiO,
and 5% Co-ZnO achieved only 49.9% and 71.5% photocatalytic
degradation of alizarin S within 120 minutes, respectively,

—@—5% Co/ZnO-TiO,
1.0 (a) —@— 5% Co/ZnO-TiO, 124 (b) —O—Zno-:ior: l
—@—2n0-Tio, —o—Tio,
—o-Tio, 1.01 —0-zn0
—@—2Zn0 —@— No Catalyst
0.9 4 0.8
o (e}
S Q 0.6
(&) o Y°1
0.8 4 0.4
0.2
0.7 . . — ot
0 20 40 60 20 0 20 40 60 80 100 120 140
Time(min) Time(min)
( ) 3.0
1.0 4 c @ 5% Co/ZnO-TiO. (d)
- _ons Tio, 254 o zno-Tio, ’
—a— 5% Co/ZnO o TiO,
0.8 204 @ zno
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8 \ S 151
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Fig. 7
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(a) Adsorption of alizarin S over ZnO, TiO,, ZNO-TiO,, and 5% Co/ZnO-TiO, in dark. (b) alizarin S photodegradation over ZnO, TiO,, ZnO-TiO,,

5% Co/ZnO-TiO, and also in the absence of any catalyst. (c) Photocatalytic degradation of alizarin S over P25 TiO, and 5% Co/ZnO. (d) Degradation

kinetics of alizarin S following the pseudo first-order reaction kinetics.
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5% Co/ZnO-TiO, achieved complete degradation within just 30
minutes of irradiation, confirming the superiority of
the composite catalyst. The wider band gap of P25 TiO,, less
adsorption capacity and low OH* species on the catalyst surface
might have diminished its photocatalytic performance towards
alizarin S. Additionally, the quantum yield (QY) efficiency of the
optimized 5% Co-ZnO/TiO, catalyst was calculated using the
following equation

2nAzNAhC

1009
PS;nt % %

QY =
where n,; (mol) is the amount of alizarin S degraded over
the time of the incident light exposure (determined from
optical absorption spectra), Ny (mol ") is Avogadro’s constant,
P (W m?) is the power density of the incident monochromatic
light, § (m?) is the irradiation area, t (s) is the duration of the
incident light exposure, and 4;, (m) is the wavelength of the
incident monochromatic light. The QY was found to be 24.4%
for 5% Co-ZnO/TiO,, similar to the values reported in the
literature (Table S2, ESIt). In order to determine the kinetics
of photodegradation, the relationship between InCy/C and
irradiation time (£) was also plotted in Fig. 7d. Here, C, is the initial

O OH

‘g *‘ ‘ :503Na

C14H7N307s
341.98

|
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concentration of the dye and C is the concentration of the dye at
time (). The linear relationship between In(C,/C) and ¢ demon-
strated that the photocatalytic degradation of alizarin S followed
pseudo first-order kinetics, and the slope (k) is the reaction
rate constant (min ). The rate constant was calculated to be
0.020 min~ %, 0.013 min™*, 0.004 min~*, and 0.007 min"* for 5%
Co/ZnO-TiO,, ZnO-TiO,, TiO, and ZnO, respectively.

The degradation of the dye alizarin S over the optimized 5%
Co/ZnO-TiO, was further assessed by identifying the intermedi-
ates formed during the reaction. Samples were analysed using
the HR-MS technique, and the spectra are presented in Fig. S9
(ESIY), while a plausible degradation pathway of alizarin red S is
depicted in Fig. 8. The mass spectra of alizarin red S, taken after
5 minutes of degradation, revealed major peaks at m/z = 338.34,
corresponding to the radical formation of alizarin S (labelled
as “a” in Fig. 8). After 10 minutes of degradation, peaks with
m/z = 288.2 and 261.1, corresponding to intermediates “b” and
“d,” respectively, were observed. At the 15th minute, a peak
with m/z value = 165.0, corresponding to intermediate ‘“‘c,” was
detected. Further degradation was observed after 30 minutes,
with the peaks at m/z = 141.9 and 182.9 corresponding to
intermediates “e” and “f,” respectively.

OH o o o o
: O,
O‘ SO;Na SO;Na
OH o) o} )
C10H1202 C44H;Na0,s* CyoH;3Na0;S,
164.08 338.96 289. 9b5
c a
(o} OH
C8H6083
261.98
d
Possible OH o l -
co, mineralized OH HO
product OH i
|
C;HgO (o]
120?053 CgHgOs5 C8H5O4
f 182.02 165.02
Possible
e . .
mineralized
product
co,

Fig. 8 The intermediates observed in HR-MS during the photocatalytic degradation of alizarin S using 5% Co/ZnO-TiO, catalyst.
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To verify the catalyst’s reproducibility, we conducted three
cycles of degradation studies with the exhausted 5% Co/ZnO-
TiO, catalyst (Fig. 9a). The first cycle achieved approximately
90.9% degradation of alizarin S, followed by 84.1% and 71.0%
in subsequent cycles. The decline in the degradation can
be attributed to active site blockage from dye intermediate
adsorption and loss of catalyst particles during collection and
rinsing.”® After completing the three cycles of photocatalytic
degradation, the exhausted catalyst was dried and the powder
XRD data was collected to assess the structural stability
(Fig. 9b). XRD patterns indicate no structural difference in
the exhausted 5%Co/ZnO-TiO, compared to the as-prepared
material, except for the reduced crystallinity.

To understand the catalytic reactivity in terms of the band
structure, we evaluated the position of the VB maxima from the
onset of the VB XPS spectra, as shown in Fig. S10 (ESIt). The BE
of the on-set edge divulges the energy gap between the VB
maxima and the Fermi level, and for all practical purposes, the
valence band spectra obtained from XPS coincides with the
density of states. The VB maxima position of TiO, and ZnO in
vacuum with respect to the eV scale was found to be 2.48 eV and
2.30 eV, respectively. Therefore, the CB minima levels were
calculated using the equation Ecg = Eyg + E; and were found to
be —0.65 and —0.89 eV, respectively, over TiO, and Co/ZnO. The
enhanced photocatalytic activity of the Co/ZnO-TiO, hetero-
junction compared to the single oxides can be explained via the
established mechanism of type II heterojunction between Co/
ZnO and TiO,. Fig. 10 illustrates the scheme of the photode-
gradation mechanism of alizarin S. On light illumination, the
electrons in the CB of TiO, easily flow into Co (electron transfer
I) through the Schottky barrier because the CB (or the Fermi
level) of TiO, is higher than that of the Co. This process of
electron transfer I is faster than the electron-hole recombina-
tion between the VB and the CB of TiO,, as we have evidenced
from the PL studies. Consequently, holes with a strong oxida-
tion power in the VB of TiO, can form OH®, which helps in
oxidizing alizarin S. Conversely, as the energy level of Co is
above the VB of ZnO, the holes in the VB of ZnO also flow easily
into the metal (electron transfer II), which is faster than the
electron-hole recombination between the VB and CB of ZnO.
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Fig. 10 Schematic illustration of the mechanism of photodegradation of
alizarin S using the multicomponent 5% Co/ZnO-TiO, catalyst.

The electrons accumulated in the CB of ZnO can react with
oxygen molecules, which are absorbed on the surface and
produce the superoxide radical (O, °). Hence, simultaneous
electron transfers I and II (illustrated as vectorial electron
transfer from TiO, — Co — ZnO in Fig. 10) can take place
upon light irradiation. In these processes, Co within multi-
component heterojunction systems serves as a storage or
recombination center for electrons in the CB of TiO, and holes
in the VB of ZnO, thereby enhancing the interfacial charge
transfer and facilitating the complete separation of holes in the
VB of TiO, and electrons in the CB of ZnO. As a result,
the multicomponent heterojunction systems greatly enhance
the photocatalytic activity compared with a single semiconductor
or semiconductor heterojunctions. The superior behaviour of 5%
Co/ZnO-TiO, can be rationalized by the following features:
(i) lowest optical band gap of the nano-composite to increase
the photo-efficacy, as observed in the DRS studies, (ii) lowest
recombination rate of the exciton pair due to the heterojunction,
as evident from the PL spectra, and (iii) the highest concentration
of photogenerated OH®, as observed from the reaction with
coumarin. The existence of Co acted as a medium for faster and
more efficient transfer of electrons (and holes) between the
semiconductors.>”* The combinatorial effect of superior charge
transition between the multicomponent heterojunction due to Co
and the long-lived key species 0, * and OH® formed due to h"

100
90.9% 00
0
84.1% (a) 600 (b)
— 80 - —_
S S 500
S )
©
= < 400
60 -
§ >
g . 2>
';'; g 200
(a] - i
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Fig. 9
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(a) Cycle study of 5% Co/ZnO-TiO,. (b) XRD pattern of the exhausted catalyst.
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Fig. 11 Photocatalytic degradation of 5% Co/ZnO-TiO, in the presence

of holes and electron scavengers.

made 5% Co/ZnO-TiO, an exceptional photocatalyst for the
degradation of a dye like alizarin S.

To corroborate the photodegradation mechanism of alizarin
S over the multicomponent heterojunction catalyst, we further
studied the photocatalysis using hole scavengers such as
methanol and electron scavenger such as H,0,, as depicted
in Fig. 11. Methanol, acting as a hole scavenger, can intercept
photogenerated holes before they react with water, forming
oxidized products instead of OH®. Apparently, the results
demonstrated a significant reduction in the degradation effi-
cacy in the presence of the hole scavenger methanol. In the
presence of methanol, *OH radicals react with it, abstracting a
hydrogen atom to form formaldehyde (HCHO) in the presence
of oxygen, as shown in the equation below. Consequently, the
availability of *OH radicals for reacting with adsorbed mole-
cules decreases, leading to a reduction in the degradation
percentage.®’ This outcome confirms the indispensable role
of *OH in the photocatalytic degradation of alizarin S.

*OH + CH;0H — °*CH,OH + H,0
*CH,OH + 0, —» HCHO + HO,"

It has been reported that the utilization of inorganic oxidants,
such as H,0,, enhances the quantum efficiencies by either
hindering electron-hole pair recombination through scavenging
conduction band electrons at the semiconductor surface or by
providing an additional oxygen atom as an electron acceptor to
generate the superoxide radical ion.®® In the case of the electron
scavenger H,0,, its addition has been found to increase the
degradation of alizarin S. When H,0, is introduced into the
system, it can trap electrons, thereby preventing their recombina-
tion with holes, consequently promoting the formation of *OH on
the photocatalyst’s surface.®'%>%*

O, *+H,0, - *OH + OH + O,

e+ H,0, —» *OH + OH™

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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4. Conclusion

ZnO and TiO, were synthesized successfully by the solution-
combustion method, whereas a simple reflux method was
adopted for the synthesis of the nano-composites. Among the
materials, 5% Co/ZnO-TiO, exhibited an appreciable photo-
catalytic degradation of alizarin S. Upon light illumination, the
electrons in the conduction band and h* in the VB through a
series of redox reactions with the solvent water result in active
oxygen species like hydroxyl radicals OH® that help in miner-
alizing alizarin S. The (i) optimum band gap, (ii) the higher flux
of holes in the valence band, (iii) the lower recombination rate
of excitons, and (iv) the high rate of formation of OH® species
on the catalyst surface were found to be the crucial factors for
the high photocatalytic efficacy of the material.
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