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Semiconductor nanomaterials with proper band edge alignments forming “heterostructure” assem-
blies have significant importance in water splitting, dye degradation, and other electrochemical studies.
The formed heterojunction between material phases facilitates fast charge carrier transport and, thereby,
improves electrochemical performance in associated processes. Herein, we report a type-1l heterostruc-
ture combining TiO, and ZnO nanomaterials for electrochemical crystal violet dye degradation studies.
The rationale in choosing the above materials (TiOz, ZnO) in the present study includes stability, lack of
toxicity, and high oxidation power, but they also facilitate fast charge carrier movements due to proper
band edge alignments, forming a type-Il heterostructure assembly. Cyclic voltammetry, combined with
ultraviolet-visible analysis, was used to identify the cathodic and anodic peak currents and trace the exact
mechanism of dye degradation. The electro-catalytic performance of TiO2/ZnO heterostructured materials
fabricated on titania (Ti) substrate show higher performance, in comparison to all individual material in-
terfaces, due to synergistic interaction and synchronized charge transport.
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TiO2/ZnO: XETPOCTPYKTYPHU OJ] TUIIOT-11 3A MNPOYUYYBAIE HA EJIEKTPOXEMUCKO
JAET'PAIUPAIBE HA KPUCTAJIHO BUOJIETOBA BOJA

[NomycnpoBoAIMBUTE MaTepHjajii CO COOIBETHO HM3paMHYyBame Ha pabOBUTE Ha JICHTHUTE LITO
o0pa3yBaar ,,XeTepOCTPYKTYPEH" CKJION MMaaT 3HayajHa Ba)KHOCT BO PA3JIOKyBame HA BOAATa, HA OOHTe
U BO JIPYTH €IEeKTPOXEMHCKHU Mpoy4dyBama. OOpa3yBaHaTa XeTepoBpcka Mely (a3ure Ha MaTepHjasioT r'o
0JIeCHYBa Op3MOT MPEHOC Ha MOJHEXKOT M COOABETHO T'M MOA00pYBa eNEKTPOXEMHUCKUTE KapaKTePUCTHKU
Ha TpUApPYXKHHATE TporuecH. Bo oBoj Tpyn ja obajByBame XeTpocTpykTypara on THIoT-II moGmena co
komOuHanmja Ha HaHoMatepujanu o TiO, u ZnO 32 UCIHTYBamke HA €IEKTPOXEMHUCKO Pa3IOKyBame Ha
KpHUCTATHO BHOJeToBaTa 0oja. MoTHBOT 3a m300por Ha HaBeaeHute matepujanu (TiOz, ZnO) Bo oBaa
CTyauja ce CTabMIIHOCTa, OTCYTBOTO HA TOKCUYHOCT M BUCOKAaTa OKCHIAIIMOHA CIIOCOOHOCT, HO UCTO TaKa
U TOA LITO THE TO OJIECHYBaaT OP3MOT MPEHOC Ha MONHEX, LITO ¢ JOJDKU Ha MPABHIIHOTO paMHYBambe Ha
paboBuUTE Ha JIEHTHTE IITO TO 00pa3yBaaT XeTePOCTPYKTYPHHUOT ckion ox Turot-11. Mnerrndukarmjara
Ha KaTOIHHTE U aHOJHWUTE IIMKOBH Ha CTpyjaTa M CIIEACHETO Ha TOYHHOT MEXaHH3aM Ha PasJioKyBameTo
Ha OojaTa Oerre M3BPIIEHO CO MPUMEHATa HA HUKIMYIHA BOITAMETpHja KOMOMHHUpaHa CO YITPaBHOIETOBA
BU/UIMBA aHaiM3a. EJEKTPOKATAINTHYKOTO OIHECYBake HAa XETePOCTPYKTYPHHOT MaTepHjayl Ha
TiO2/ZnO HaHeceH Ha CyOCTpaT O THUTaH TIOKaXyBa MOAO0OpH MeppopMaHCH BO cropemda CO CHTE
WHIMBUIYaTHH WHTep(EepeHINr Ha MaTepujajnTe, IITO ce IOJDKH HA CHHEpreTcKaTa HWHTepakuuja u
CHHXPOHU3HPAHHOT MPEHOC Ha MOJHEX.

Knyunu 360poBu: TiOy; ZnO; tun-1I xeTepocTpyKTypa; eleKTPOXEMICKH; PasiioKyBame Ha 6on
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1. INTRODUCTION

Synthetic dyes are widely used in numerous
fields, such as the textile industry [1, 2], the leather
industry [3], food technology [4], light harvesting
arrays [5] and photo-electrochemical cells [6]. Re-
lease of these synthetic dyes without prior treatment
in water bodies affects aquatic life by blocking sun-
light, as well as reducing the re-oxygenating nature
of water. Therefore, treating streams containing
dyes before they let into water bodies is imperative.
Several dye degradation routes, such as physical,
chemical, and biological, persist and are effective in
treating dye effluents. However, each method has its
limitations. For example, in the case of chemical
methods, chemical coagulation creates waste dump-
ing problems, addition of new chemicals, and low
concentration ranges [7], whereas reverse 0osmosis
and ultra-filtration are quite expensive. Similarly,
formation of sludge and regeneration of the absor-
bents are two main obstacles in physical methods.
Lastly, the high molecular mass of dyes makes bio-
logical methods ineffective [8]. Recently, processes,
such as ozonation [9] and photo-oxidation [10, 11],
have been proposed as alternative methods, but they
are limited by the high cost. Therefore, developing
cost-effective alternatives to conventional ap-
proaches is essential.

In contemporary research, electrochemical
techniques were found to be better alternative
methods in treating dye effluents in a more envi-
ronmentally friendly and economic way. These
methods are effective in removing dyes from water
with the aid of anode materials (electro-catalysts)
having good electrochemical stability in strong
destructive media. These methods have special
properties, such as simple equipment, easy opera-
tion, lower operating temperature, low-volume ap-
plication, environmental compatibility, and a wide
potential window, compared with other technigues
[12-14]. Further, the process requires significantly
less area, equipment and flexibility to operate un-
der a wide variety of conditions, i.e. current densi-
ty, different electrodes, different pH and different
dye concentrations than the conventional treatment
processes [15, 16].

Semiconductors/metal oxides as potential
anode materials play an important role in mineral-
izing dyes and provide a percolation path for
charge carrier movements inside the crystalline
lattice. Several semiconductor nanomaterials, such
as TiO, ZnO, Fe,03 CeO,, CdO, etc., were re-
ported for photoelectrochemical/electrochemical
dye degradation studies [17-21]. However, using a
combination of semiconductor materials in the
form of composite assemblies or "heterostructures™

is advantageous, as they utilize synergistic interac-
tion between material phases and extract better
electric flux at the interface junctions than individ-
ual material assemblies. Further, proper band edge
alignments facilitate charge carrier movements at a
faster rate and improve the electrochemical per-
formance of the process under consideration [22,
23]. Herein, we report a type-1l heterostructure
assembly combining TiO, and ZnO for crystal vio-
let dye degradation studies. The rationale in choos-
ing the above materials (TiO2, ZnO) in the present
study includes stability, lack of toxicity, and high
oxidation power, but they also facilitate fast charge
carrier movements due to proper band edge align-
ments. Heterostructure formation is expected to
improve the charge carrier transport path as well as
catalytic performance by increasing electrochemi-
cal active surface area (ECSA) [24]. The fabricated
electrodes were characterized using X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDS), and
Fourier transfer infrared spectroscopy (FTIR).

In the present study, cyclic voltammetry (CV)
and ultraviolet-visible (UV-Vis) spectrometry was
performed to examine the degradation efficiency of
the crystal violet dye. The synthesized TiO,, ZnO,
and TiO2/ZnO nanoparticle assemblies were fabri-
cated as electrodes on titanium (Ti) and indium tin
oxide (ITO) substrates and used as an anode in elec-
trochemical analysis. The TiO2/ZnO heterostructure
assembly fabricated on Ti substrate (TiO/ZnO@Ti)
showed complete decolorization within 6 h of elec-
trochemical treatment compared to all other fabri-
cated electrodes (composite, as well as individual
materials). The degradation time to reach 80 % de-
colorization for bare Ti, Ti/ZnO, Ti/TiO, and
Ti/TiOz/ZnO was 12, 10.5, 9 and 6.5 h, respectively.
The enhanced performance of the composite hetero-
structure assembly was ascribed to synchronized
charge transport and synergistic interaction between
the material interfaces. The results of this study not
only help to understand the molecular degradation
mechanism of complex dye molecules but also
paves path towards design low cost materials for
improved electrochemical performance.

2. MATERIALS AND METHODS

Zinc acetate di-hydrate [Zn(O,CCHj3)2.(H20):],
ethanol (C;HsOH), triethanolamine (CeH1sNOs3), Tii-
so-propoxide [Ti{OCH(CHs)2}4], ammonia (NHs),
sodium sulfate (Na;SO.), and isopropyl alcohol
(CsHgO) were purchased from Sigma Aldrich
Chemicals (India) Ltd. Nafion (10 %) liquid solu-
tion was purchased from Dupont Chemicals, USA.
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Crystal violet dye was purchased from Sigma-
Aldrich. All the reagents were analytically pure
and used as received without further purification.
Deionized water was used in the experiments.

2.1. Synthesis of TiO, nanoparticles

Ethanol (150 ml) and deionized water (3.75
ml) were added and stirred for half an hour, until

-
Titanium isopropoxide in
isopropanol: water (1:1)

\.

the formation of a homogenous solution. Nine ml
of Titanium(lV)-Iso Propoxide (TTIP) was added,
dropwise, into the homogeneous mixture. The re-
action mixture was kept under agitation for 4 h at
85 °C under magnetic stirring. After that, the sam-
ple was dried at 60 °C for 30 min and calcined in a
muffle furnace for 3 h at 400 °C to yield the ana-
tase TiO; phase (Fig. 1) [24].
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Fig. 1. Schematic representation of the synthesis and fabrication of nanoparticles on Ti substrate

2.2. Synthesis of ZnO nanoparticles

ZnO nanoparticles were prepared by a
chemical reduction method. Thirty ml of triethano-
lamine (TEA) and 20ml of deionized water were
mixed. Then, 2 ml of ethanol was added dropwise
and stirred for 2 h. Then, 5.39 g of zinc acetate di-
hydrate was taken in a 50 ml of deionized water
and stirred for 20 min. Next, 0.5 ml ethanol was
added to the zinc acetate solution and stirred for %2
h. The particles were centrifuged, followed by dry-
ing at 95 °C in a hot air oven for 8 h, and finally,
the sample was calcined for 3 h at 500 °C, as
shown in Figure 1 [25].

2.3. Synthesis of TiO2/ZnO nanocomposites

TiO2/ZnO nanocomposites were synthesized
via the sol-gel method. TTIP was taken in a 1:1
ratio of isopropanol and water. Zinc acetate was
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added in the ratio of 1:5 Ti/Zn, along with 0.5N
acetic acid. The sample was stirred overnight. The
solvent was removed by centrifugation, and then,
the sample was calcined at 400 °C for 4 h, yielding
TiO2/ZnO nanocomposites, as shown in Fig. 1
[26].

2.4. Fabrication of electrode

Forty mg of nanoparticles (TiOz ZnO,
TiO2/Zn0O) were mixed with 2 ml of isopropanol
and 20 ul of Nafion. Then, the mixture was soni-
cated for 1 h; the slurry was applied on a Ti plate
(effective electrode surface ~1 cm?) and dried at 60
°C on a hot plate.

2.5. Electrochemical analysis

CV experiments were carried out at room
temperature using a potentiostat (K-lyte 1.0). The
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cell used for voltammetric experiments was a
three-electrode type with an Ag/AgCl reference
electrode, Pt mesh counter electrode (Fig. S1, Sup-
plementary Information), and Ti/TiO2, Ti/ZnO, or
Ti/TiO/ZnO as working electrodes with 0.1 M
Na,SO; solution as the supporting electrolyte.
Voltammetric studies were performed at fixed
voltages of 0.6, 1.2, 1.3 and 1.0 V for bare Ti,
Ti/TiOy, Ti/ZnO and Ti/TiO2/ZnO, respectively, at
a scan rate of 0.05 V/s. These are the potentials
where the oxidation peak hump begins. A dye con-
centration of 55 mg/I with 1M Na,SO4 was used as
supporting electrolyte solution for all electrochem-
ical experiments.

A UV-Vis spectrophotometer was used to
measure the decolorization efficiency at different
time intervals and was calculated by the following
formula [1]:

% decolorization = (Ao — A) / Ag x 100, (1)

where Aq and A are the absorbance (at the maxi-
mum wavelength, Amax) Of dye solution be-
fore/initial (at t = 0) and after electrochemical
treatment (at t > 0).

3. RESULTS AND DISCUSSION
3.1. XRD analysis

To identify the crystalline structure of syn-
thesized materials, XRD spectra/patterns were rec-
orded (Fig. 2). The diffractogram patterns were
indexed properly for all crystalline peaks and com-
pared with the JCPDS data files. The major peaks
at 26 values of 25.5°, 40.0°, 48.0°, 54.2° and 62.4°,
shown in Fig. 2a, correspond to the atomic planes
(101), (004), (102), (110), and (211) of tetragonal
anatase TiO, (JCPDS Card No. 21-1272), respec-
tively [24]. The average crystallite size of the TiO-
nanoparticles was estimated to be 15.93nm from
the Debye-Scherer formula. The peaks at (100),
(002), (101), (102), (110), (103), and (112) corre-
sponded to standard hexagonal wurtzite ZnO
(JCPDS card no. 36-1451), as shown in Figure 2b
[14]. The average crystallite size of these ZnO na-
noparticles was estimated to be 19.84 nm. Further,
the composite showed crystalline phase peaks of
both TiO, and ZnO, which confirmed the presence
of both phases in the composite/heterostructure
assembly (Fig. 2c) [27].
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Fig. 2. XRD patterns of TiOz, ZnO and TiO2/ZnO nanocomposites

3.2. Field emission scanning electron microscopy
(FE-SEM) analysis

The morphological characteristics of synthe-
sized samples were obtained from SEM. All the

catalyst samples, i.e. individual and composite as-
semblies (TiO2, ZnO, TiO,/Zn0O), were made into a
fine powder before taking SEM images. Figure 3a
clearly shows the hexagonal shape of ZnO nano-
particles with less aggregation, whereas Fig. 3b
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shows spherically shaped TiO, nanoparticles with
little aggregation. Both the catalysts show good
morphological structure due to prominent nucleation
and crystal growth during synthesis, which was as-
certained from sharp peaks observed from XRD
analysis. However, the composite assembly,

TiO»/ZnO (Fig. 3c), shows aggregated particle as-
semblies consisting of both TiO2 and ZnO nanoparti-
cles with variations in size [27]. Further, the EDAX
spectra taken for TiO2 and ZnO samples confirm the
presence of Ti, O and Zn in the electrode assemblies
(Fig. S2, Supplementary Information).

Fig. 3. Representative FE-SEM images of (a) ZnO, (b) TiOz and (c) TiO2/ZnO nanocomposite

3.3. FTIR analysis

FTIR analysis was performed to identify
functional groups on the surface (Fig. 4). The
broad peak observed at 3456 cm ‘corresponds OH
bending vibrations, whereas the peak at 612.49
cm ! indicates Zn-O stretching. The peaks at 1071,
1339, and 1557.95 cm™* were attributed to O-C-O
asymmetric stretching vibrations [28]. The broad
band observed at 3421 cm™ was assigned to the
asymmetrical and symmetrical stretching vibra-
tions of a hydroxyl group (—OH) of TiO.. The band
at 1636.35 cm™ corresponded to deformative vi-
brations of Ti-OH stretching modes, and the band
at 827.05 cm™ corresponded to the Ti-O bending
mode of TiO.. Further, the presence of functional
groups of both TiO, and ZnO moieties in compo-
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site assembly confirmed heterostructure formation,
as shown in Fig. 4.
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Fig. 4. FTIR spectra of ZnO, TiOz,
and TiO2/ZnO nanocomposites
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3.4. UV-Vis analysis

UV-Vis analysis (200—800 nm) was used to
study the electrochemical degradation at various
treatment times. The intense violet color of crystal
violet shows an absorption band at Amax = 576 nm
in the UV-Vis spectrum. The intensity of the peak
at 576 nm decreased with an increase in treatment
time (Fig. 5). The absorption at 576 nm became
almost zero, as calculated from Eq. (1), with in-
creasing treatment time with all electrodes, indicat-
ing the absence of auxochrome groups, —N(CHzs),
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responsible for the color of the crystal violet dye
[29, 30]. Electrochemical degradation before and
during treatment (at various treatment times) was
studied using UV-Vis analysis. Decolorization
curves for bare Ti, Ti/TiO; Ti/ZnO and
Ti/TiO2/ZnO nanocomposites are shown in Figure
5 (a—d). The degradation times required to reach
80% decolorization for bare Ti, Ti/ZnO, Ti/TiO,,
and Ti/TiO2/ZnO were 12, 10.5, 9 and 6.5 h, re-
spectively, as shown in Table S1 (Supplementary
information).
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Fig. 5. Decolorization (%) vs. wavelength (nm) for (a) bare Ti, (b) Ti/TiOz, (c) Ti/ZnO and (d) Ti/TiO2/Zn0O electrodes

3.5. CV studies

The amount of dye degradation was moni-
tored with CV before and after electrochemical
treatment (Fig. 6). Crystal violet degradation de-
pends on electrolyte, as well as pH, as it is a bulky
molecule of organic moieties, which can be
cleaved upon supplement of electrical energy
equivalent to dissociation energy [31]. During the
forward CV scans, anodic peaks were observed at
positive currents. Similarly, cathodic peaks were
observed at negative currents during reverse CV
scans. Decrease in anodic and cathodic peak cur-

rents were ascribed to the oxidation of reactive
groups of crystal violet dye [31-33]. Before degra-
dation, higher peak currents were due to the pres-
ence of more reactive groups in the dye, leading to
higher oxidation of these groups. Then, after elec-
trochemical treatment, the dye was completely de-
colorized, and hence, peak currents were decreased
due to the absence of reactive groups (Fig.6a—d).
The best electrochemical performance was shown
by the Ti/TiOx/ZnO nanocomposite assembly
compared to the other fabricated electrodes (bare
Ti, TiO2, ZnO).

Maced. J. Chem. Chem. Eng. 39 (2), 217-226 (2020)
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Fig. 6. CV plots of crystal violet for dye degradation using (a) bare Ti, (b) Ti/TiOz2, (c) Ti/ZnO, and (d) Ti/TiO2/Zn0O, performed
in 0.5M Na2SOs (three electrode measurements). AD and BD represent after degradation and before degradation, respectively.

3.6. Electrochemical dye degradation

The % decolorization vs. time plots for vari-
ous electrode assemblies fabricated on Ti substrate
are shown in Figure 7. Bare Ti substrate takes al-
most 12 h to reach nearly 80 % decolorization,
whereas TiO; and ZnO assemblies fabricated on Ti
substrate show more than 80 % decolorization in
10 and 12 h, respectively. The heterostructure as-
sembly, TiO2/ZnO, shows better performance of
nearly 85 % decolorization in 6.5 h.
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Fig. 7. Decolorization (%) vs. time for all fabricated
electrode samples

This faster decolorization rate of the TiO2/ZnO
nanocomposite electrode assembly is due to type-II

Maced. J. Chem. Chem. Eng. 39 (2), 217-226 (2020)

heterojunction formation with proper band edge
alignments of TiO, and ZnO materials, which facili-
tates a fast charge carrier path across the interfaces.

3.7. Overall discussion

The increase in electrochemical performance
of the composite electrode assembly compared
with individual electrodes is likely due to the syn-
ergistic interaction, along with synchronized
charge transport, helping to increase electrochemi-
cal activity (EC) [24]. Further, the formation of
band edge alignments, through the type-Il hetero-
structure of TiO2/ZnO nanocomposite, contributes
a free path to electrons, enhancing the electronic
conductivity and leading to quick oxygen evolu-
tion, as shown in Figure 8 [31]. Moreover, the
large surface area of the nanocomposite assemblies
accommodate more dye molecules to interact with
oxidants, as shown in Fig. 8. Therefore, the TiO;
and ZnO metal oxide heterostructure assembly
achieves faster degradation compared to the indi-
vidual metal oxides, and this behavior exemplifies
the importance of heterostructure assemblies in dye
degradation studies. Further, the detailed mecha-
nism of crystal violet dye degradation and the deg-
radation pathways were explained in our previous
work [34, 35].
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Fig. 8. TOC Graphic: Schematic representing the charge carrier path in electrochemical degradation

4. CONCLUSIONS

The present study describes the importance
of the type-Il heterostructure assembly (TiO2/ZnQO)
fabricated on Ti substrate for electrochemical crys-
tal violet dye degradation studies. Sol-gel synthesis
was adopted for both pristine (TiO,, ZnO) and
composite assemblies (TiO2/Zn0O). The synthe-
sized electrode assemblies were characterized us-
ing XRD, SEM, UV-Vis, and FTIR analysis. The
fabricated electrode assemblies on Ti substrate
were tested for electrochemical analysis, and UV-
Vis analysis was performed to understand crystal
violet dye degradation. The heterostructured elec-
tro-catalyst assembly (Ti/TiO2/ZnO) showed en-
hanced performance over individual electro-
catalytic assemblies, indicating faster electron
transfer through the type-Il heterostructure assem-
bly due to synergistic interaction and synchronized
charge transport across the material interfaces. Fur-
ther, heterostructured electrode assemblies ac-
commodate more oxidants and dye molecules, and
hence, the rate of degradation was faster compared
to individual electrode assemblies. The outcomes
of the present study will not only help to design
low-cost catalysts and associated heterostructure
assemblies but also paves the path towards under-
standing the molecular mechanism of complex dye
degradation studies.
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