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Abstract

Herein, we report multi-element doped Type-II heterostructure assembly consists of N, S doped TiO,
and ZnO for electrochemical crystal violet dye degradation studies. Electrochemical measurements were
performed on these synthesized N-S codoped TiO,/ZnO compositeheterostructured assemblies which are
fabricated on Titanium (Ti) substrate. It was observed that a composite electrode (N, S-TiO,/ZnO@T1i)
assembly has shown better efficiency metrics in comparison to all individual electrodes (bare Ti, TiO@Ti,
ZnO@Ti) highlighting the importance of heterostructures. The findings of this article will help to design
economic materials for complex dye molecule degradation studies as well as paves path towards better
understanding of molecular mechanisms of dye degradation.
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INTRODUCTION

Energy and environment are the two main
important buzz words in today’s research world
as both are prerequisites to economic and
sustainable development of the country. In
contemporary research, wastewater treatment
has been given considerable importance due to
the immense presence of dyes in various industry
outlets creating not only a serious threat to human
life but also effecting the global environment.
These dyes containing water bodies not only
create non-aesthetic pollution but also lead to
dangerous by products via different reactions
schemes such as oxidation, hydrolysis etc. [1, 2].
Further, some of these dyes are carcinogenic in
nature and can cause serious damage to human
life [3]. Therefore, it is essential to treat or remove
the dyes from wastewater streams to minimize
the impact of dyes in polluting the environment
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[4]. Numerous wastewater treatment methods
such as conventional physical, chemical, and
biological technologies are widely employed
till date [5, 6]. However, they are not only
consistent in terms of purity of separation but
also expensive. In recent years, electrochemical
oxidation processes emerged as best alternative
methods for the treatment of wastewater, due to
its ease of operation, fast reaction rate and being
environmental friendly [7-13]. Further, there are
no byproducts formed during this treatment and
hence there is no requirement of sludge disposal
techniques.

Semiconductors play an important role in
electrochemical oxidation techniques and have
been widely used for various applications such as
water splitting, solar cell and pollutant degradation
[14-16]. Among the various semiconductors, TiO,
and ZnO have received much attention due to
their low cost, chemical stability, and impressive
photocatalytic performance [17, 18]. However,
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both TiO, and ZnO suffer from relatively large band
gap which impedes thier applications. Therefore,
it is essential to overcome this limitation for
these materials for effective usage in various
applications. However, the absorption coefficient
of TiO, material will be improved by doping with
non metals like nitrogen (N) and sulfur (S) which
are iso-electronic species equivalent with TiO,
and hence can be easily occupied into TiO, matrix
[19-21]. Additionally, the addition of dopants to
TiO, will not increase the the BET surface area by
restraining the crystalline growth of TiO, but also
increase the percentage of anatase phase [22-23].
Further, doping will fetch to form interstitial sites/
oxygen vacancy sites of TiO, lattice and is shown
to promote other interesting effects with regard
to the electro-catalytic activity of the TiO,, such
as decreasing the electron-hole recombination
rate and changingthe kinetics of electron (e)
or hole (h*) transfer [24, 25]. It is known that
forming composite/heterostructure with suitable
band edge material like ZnO will improve the
performance due to synergistic interaction as
well as synchronized charge transport [26, 27].
Therefore, a composite assembly of TiO, and ZnO
will improve the performance by forming a Type-II
heterostructure [28, 29].

Herein, we propose  electrochemical
degradation of crystal violet dye using N-S co-
doped TiO,/ZnO composite heterostructured
assemblies fabricated on titania (Ti) substrate.
Titania substrate is chosen as good support due
to its stability, and better conductivity. Since the
conduction band (CB) edge of TiO, is -4.15eV
and that of ZnO is -4.21eV w.rt. Absolute
Vacuum Scale [30], there is a net movement of
charge carriers from TiO, to ZnO, which break
the dye molecule at a faster rate. The fabricated
electrodes were characterized using varous
surface characterization techniques. Further,
to monitor electrochemical activity, analytical
techniques such as cyclic voltammetry and UV-Vis
spectroscopy measurements were used. The faster
rate of decolourization is achieved with N, S-TiOz/
ZnO electrode (~9hrs) in comparison to individual
electrodes. This signifies the importance of iso-
electronic non- metal (N, S) doped metal oxide
Type-ll Heterostructure in facilitating the fast
charge carrier movements and thereby enhancing
the electrochemical performance. The outcomes
of the current article will not only give direction
in understanding the molecular mechanism of
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dye degradation but also paves path towards
exploration of low-cost catalytic heterostructure
assemblies for different catalytic/electro-catalytic
applications.

EXPERIMENTAL SECTION
Materials and Methods

Titanium tetraiso-propoxide (TTIP)
[Ti{OCH(CH,).},], zinc nitrate (Zn(NO,),.6H,0),
potassium hydroxide(KOH), ethanol (C,H.OH),
ammonia(NH,), thiourea ((NH,).,CS), sodium
sulphate (Na,SO,), and isopropyl alcohol (C,H,0)
purchased from Sigma Aldrich Chemicals (India)
Ltd. Nafion (10%) liquid solution is purchased
DuPont Chemicals, USA. Crystal violet dye
purchased from Sigma-Aldrich is used as a model
pollutant in the present study. All the reagents
were systematically graded and used as received
without further purification. All solutions were
prepared with distilled water.

Synthesis of doped/un-doped and co-doped
nanoparticles

Proportionate amount fo ethanol (150 ml)
and de-ionized water (3.75 ml) of were taken
and stirred for half an hour to get a homogenous
mixture. Controlled amount (~ 9 ml) of TTIP
(titanium tetra iso-propoxide) was added drop by
drop to this solution while stirring. Further, the
stirring is continued for 4 hrs at 85 2C. The obtained
solution centrifuged at 2000 rpm for 30 min
followed by drying and calcination at 400 °C for 3
hours in a muffle furnace to get TiO,nanoparticles.
Ammonia, thiourea or both were added during the
synthesis of TiO, to yield the formation of N-TiO,,
S-TiO, and N, S-TiO, nanoparticles respectively as
shown in Fig.1 [24].

Synthesis of ZnOnanoparticles

Zinc Oxide (ZnO) nanoparticles were
synthesized via direct precipitation method
using zinc nitrate hexa hydrate (Zn (NO,),.6H,0)
and potassium hydroxide (KOH) as precursors
as shown in Fig.1[31]. An aqueous solution of
0.2 M zinc nitrate hexa hydrate and 0.4 M of
potassiumhydroxide solutions were prepared
separately. The addition of KOH solution to zinc
nitrate solution at room temperature results in
the white suspension. Finally, the white product
was centrifuged at 5000 rpm for 20 minutes and
washed several times times with distilled water
and absolute ethanol. The final product was
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Fig. 1. Schematic representation of synthesis of N, S doped TiO,, and N, S doped TiO,/ZnO nanocomposites.

calcined at 500 2C in an air atmosphere for 3 hours
in a muffle furnace to get ZnO nanoparticles.

Synthesis of N, S -TiO /ZnOnanocomposite

The synthesis of N, S-TiOz/ZnOnanocomposite
is shown in Fig.1. Approximately 10 mg of nitrogen,
sulphur co-doped titanium dioxide (N, S-TiO,), is
added to 0.2 M of zinc nitrate hexa hydrate (Zn
(NO,),.6H,0) and 0.4M KOH. To the zinc nitrateand
N, S-TiO, solutions, KOH solution was slowly added
drop wise at room temperature under vigorous
stirring and white suspension will be formed
which was centrifuged at 5000 rpm for 20 min. The
formed product was dried and calcined at 500 2C
for 3 hours to get N, S-TiOz/ZnO nanocomposites.

Electrode Fabrication

Approximately 40 mg of synthesized TiO,,
N-TiO,, S-TiO,, N, S-TiO,, N, S-TiOz/ZnO nanoparti-
cles were mixed with 2 ml of isopropanol and 20 pl
of Nafion solution. The mixture was and sonicated
for 1 hour and the obtained slurry was pasted on
the titania (Ti) plate. Later it is dried at 60 2C on a
hot plate to form a uniform surface on Ti substrate
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(effective electrode surface ~1cm?). The electrode
fabrication is shown in Fig.1* (supplementary in-
formation).

Electrochemical Measurements

Cyclic voltammetric(CV) studies were per-
formed by using a potentiostat (K-Lyte 1.0) to
monitor crystal violet dye degradation before and
after performing electrochemical analysis. Three
electrode system measurements were done us-
ing silver/slver chloride as reference electrode,
platinum mesh as counter and fabricated catalyst
assembly as working electrode. Further, crystal vi-
olet dye (55 mg/L) with 1M of Na,SO, was used as
supporting electrolyte solution for electrochemi-
cal measurements.

RESULTS and DISCUSSION
Characterization of Nanoparticles
X-Ray Diffraction Analysis

Crystallography characteristic of synthesized
TiO, and ZnO was analyzed using X- ray
diffractometer (XRD) with Cu K_ radiation (A
1.5406 A). Obtained diffraction spectrum is then
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Fig. 2. a) XRD and b) FTIR analysis of pristine and composite samples.

indexed and interpreted by JCPDS data (TiO,:21-
1272, ZnO: 36-1451) [25, 32]. XRD spectra of
TiO,, N-TiO,, S-TiO, N, S-TiO,, ZnO, and N, S-Tio,/
ZnOnanoparticles were shown in Fig. 2a and Fig 2*
(supplementary information). The intense peaks
at 20 values of TiO,, N-TiO,, S-Tioz‘ N,S-TiO, were
observed at 25.48°, 38.72°, 48.26°, 55.43°, 63.22°
which corresponds to (101), (004), (200), (211),
(024) atomic planes respectively confirm the
formation of tetragonal Anatase phase matching
withJCPDS 21-1272 [24, 25]. The average crystallite
size of TiO, and ZnO estimated from the Debye-
Scherrer formula are 4 and 12 nm respectively.
The widening and reduction in internsites of TiO,
diffraction peaks were observed for doped (N, S)
material matrices and implying that reduction in
the crystal size and the degree of crystallinity for
N-TiO,, S-TiO,, N, S-TiO, samples as shown in Fig.
2a. Similarly, ZnO exhibits peaks at 31.79¢, 34.44¢9,
36.272,47.699,57.422,63.1192, 68.222 corresponds
t0100,002,101,012,110,013,112 indices confirm
hexagonal wurtzite structure. Additionally, the
composite shows crystalline phase peaks of both
N, S-TiO,andZnO, which confirms the formation
of composite (N, S-TiO,/ZnO). Overall diffraction
patterns from XRD patterns indicate the highly
crystalline nature of Anatase phase TiO,, ZnO and
N, S-TiO,/ZnOsamples.

FTIR analysis

The surface functional groups present in the
sample can be known from Fourier Transform
Infrared Spectroscopy (FTIR). The vibration mode
observed at 3483.44 cm™ is attributed to hydroxyl
groups (-OH) on the surface of the sample. Further,
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the transmission band observed at 2029.01 cm™*
can be ascribed to the stretching vibration mode
surface hydroxyl groups bonded to titanium atoms
(Ti-OH). The fundamental crystal lattice vibrations
of TiO, appear at 665.87 cm™ ascribed to the
stretching vibrations of Ti-O bonds as depicted
in Fig. 2(b) [33]. The vibrations at 3418.96 cm™
were assigned to N-H stretching, 1854.81 cm™
corresponds to N-H bending which come from
N-TiO, as depicted in Fig. 2. (black colour) [34].
Similarly, broadband peaks observed at 2782.05
cm™ corresponds to

N=C=S stretching and the peak at 1256.18
cmare assigned to the asymmetric stretching
frequency of S=0 bonds of S-TiO, [35]. For N,
S-TiO,both N-TiO,, S-TiO, and TiO, peaks were
obtained (red colour).A peak around 3534.65 cm™
is assigned to the stretching vibration and bending
vibration of surface hydroxyl groups on ZnO. The
peak at 1568.07 cmwas attributed to the O-C-O
stretching vibrations. The peak observed at
1418.84 cm™ is known to be from adsorbed water
(bending vibrations). Lastly, the peak at 660.89
cm?is assigned to ZnO stretching vibrations [31].

SEM, TEM and EDX analysis

Field Emission Scanning Electron Microscopy
(FESEM) and Energy Dispersive X-ray Spectroscopy
(EDS) were used to determine surface morphology
and elemental composition of nanoparticles. From
Fig. 3, itis apparent that the surface morphology of
the TiO, changes with doping of N, S. Basically TiO,
surface morphology was more or less spherical as
depicted in the inset image of Fig. 3(a). Similarly,
Zinc Oxide (ZnO) nanoparticles are rod like
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Fig. 3. SEM image of a) TiO,, b) N, S-TiO,, c) N, S-TiO,/ZnO composite, (d) TEM image of N, S-Ti0,/ZnO composite (inset image in 3a
shows EDX pattern).

structure at many places with uneven distribution
as shown in Fig 3*b(supplementary information).
Further, the addition of dopants (N and S) to the
crystalline matrix will rupture the surface of TiO,
and lead to crystal distortion as shown in Fig 3*c,
3*d, and 3*e (supplementary information). The
doped samples show the variation of shape that
resultsfrom the agglomeration particles of TiO,
with N, S dopants as shown in Fig. 3(b). EDX usually
used to measure the chemical composition of the
synthesized nanoparticles. The EDX spectrum of
TiO, confirms the presence of Tiand O (inset image
of Fig 3a). Further, elemental mapping confirms
the presence of all elements including dopants
(N, S) in all the samples from EDAX spectrum as
shown in Fig 4* (supplementary information).
Though EDX confirms the elemental mapping
as well as the presence of composite sample
elements but the surface material distribution is
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not uniform after doping. It may be probably due
to surface segregation of the added dopants, and
the lattice was completely distorted which was
confirmed from the SEM image (Fig. 3c and Fig 3*f
supplementary information). Further, to confirm
the formation of composite or Heterostructure
of materials, TEM images were taken. Fig 3(d)
shows the TEM image of a composite sample
with N, S doped TiO, and ZnO. It is to be noted
that TiO,nanoparticles are sandwiched between
ZnOnanoparticles at many places and the adjacent
location of these two nanoparticlesconfirms the
formation of nanocomposite/Heterostructure as
evident from inset image of Fig 3d.

Cyclic Voltammetry (CV) studies

A potential range of -1.5Vto +1.5 Vwasselected
and controlled current density of 0.1 mA/cm? was
maintained for all electrochemical measurements.
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Fig. 4. Cyclic voltammetry(CV) studies for dye degradation at a) Ti/TiO,, b) N, S- TiO,/ZnO composite assembly (BDand AD represents
Before and after degradation).

- Indicates Voltage where Oxidation Peak Rises

Cyclic voltammograms exhibit oxidation peak
during forward scan and reduction peak during
the reverse scan of the electrolysis process. The
oxidation peak potential varies for catalyst surface
and different samples exhibit different oxidation
potentials as shown in Fig 5* (supplementary
information).The oxidation of reactive azo
groups can be observed by keenly observing
the change in currents produced from oxidation
and reduction reactions during electrolysis [33].
Further, the absence of peak or reduction in peak
will be observed after electrolysis or completion
of dye degradation due to complete reduction of
chromophoric groups. The electrolyzed solution at
this moment was analyzed with HPLC to identify
any functional groups present. It is observed
that no amino group and no intermediate were
detected which indicates the the reactive azo
groups were reduced to amines. Fig 4a shows the
CV of TiO, catalyst fabricated on Ti substrate shows
oxidation and reduction peaks at potential of
+1.05V and -0.4V respectively. It is understood that
if more number of reactive groups are there in dye
molecule then it leads to produce more current
in CV. Similarly, the decrease in peak current after
complete degradation indicates the reduction
of reactive groups. The shift in oxidation peak to
0.8V in case of composite assembly N, S-TiOz/ZnO
indicates decolourization of dye and less or non-
availability of azo groups in electrolyte solution
as shown in Fig 4b. An oxidation peak at 0.8 V is
observed for N, S—TiOZ/ZnO samples fabricated on
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- Indicates a Decrease in Peak Current

Ti substrate as shown from the voltammogram
curve (Fig 4b). Further, the reduction in anodic
peaks in CV were observed during electrolysis
which indicates the exisiting azo groups were
reduced to amines. Additionally, the presence
of Na_sO, will favor oxidation of dye by forming
persulfate ions. The progress of degradation can
be monitored by performing chronoamperometry
at a fixed voltage at different time intervals.
Chrono-amperometric studies were performed at
a fixed voltage (i.e. voltage where oxidation peak
rises in CV) 1.2V vs. Ag/AgCl for N, S-TiO,/ZnO@Ti
at a scan rate of 0.05V/s.

Ultra Violet-Visible Spectra analysis

Ultra Violet-Visible Spectra analysis were
perfomed to identify the extent of crystal violet dye
absorption at different time intervals. The crystal
violet dye spectra show an absorbance at 576 nm
wavelength. The absorbance in the visible region is
attributed to the presence of chromophores (azo)
groups. During electrochemical degradation, the
aromatic rings as well as -N=N-bonds will break
down into small molecules, which results in the
decrease of absorbance. The absorption becomes
zero at A =576 nm indicates the reduction
of auxochrome groups. Different electrode
assemblies such as Ti/TiO,, Ti/N-TiO,, Ti/S-TiO,, Ti/
ZnO, and Ti/N, S-TiO,/ZnO composite assemblies
were used to degrade the crystal violet dye and the
decolourization vs. time plots were shown in Fig
6* (supplementary information).The absorbance
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Table 1. Time in attaining max % decolorization for various electrode assemblies.

Name of the electrode

Time in attaining max % decolorization,

S.No assembly hrs
1 TiO2 14
2 N-TiO2 11
3 S-TiO, 11
4 ZnO 10
5 N, S-TiO; 10
6 N, S-Ti02/Zn0O 8

vs wavelength plots for TiO, and N, S-TiOz/ZnO
samples were shown in Fig 5a and 5b respectively.
A decrease in absorbance with time is observed
for both samples and a faster rate of decrease is
observed for the composite sample than pristine
TiO,. Further, the decolourization efficiency is
calculated by using the following formula.

AO_A*

% decolourization =—~——*100 (1)
4,

Where the absorption of dye solution before
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and after electrochemical treatment were
indicated with at Aj and A at A__ as shown
in Fig. 5c. Complete decolourization ( > 90%
decolourization) is achieved for all samples at
different times by electrochemical treatment. The
degradation time is about 14 hr. and 8 hr. for Ti/
Ti0,, and Ti/N, S-TiO,/ZnO0 respectively as shown in
Fig. 5c.The time in attaining max % decolourization
for various electrode assemblies was shown in
Table 1 for information. The degradation rate
varies with varying of electrode assembliesdue
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to the change in an electrochemical active
surface area (ECSA), which is responsible for
adsorption of more dye molecules that interact
with oxidizing agents easily [24]. It is observed
that Ti/N, S-TiO,/ZnOnanocomposite showed a
faster rate of decolourization compared to Ti/TiO,
electrode assembly due to the charge carrier flow
path available at the interface of semiconductor
materials having suitable band edge positions
in forming Type-ll Heterostructuresas shown in
Fig. 5d. [24, 36]. Therefore, doped metal oxides
Heterostructureachieve faster degradation
compared to individual metal oxides and exemplify
the importance of heterostructure assemblies
in dye degradation studies. The degradation of
crystal violet dye occurs through N- dealkylation
process [37] and degradation pathways were well
explained in our previously published articles [11,
12].

CONCLUSIONS

Present work aims to understand multi-
element doped metal oxide Heterostructures
(N, S—TiOZ/ZnO) for electrochemical degradation
of crystal violet dye. The synthesized/fabricated
electrode assemblies were confirmed using
different characterization techniques such as XRD,
SEM, TEM, EDS, UV-vis, and FTIR. Experimental
results depict that doped heterostructure
assembly (N, S-TiO,/ZnO) degrade crystal violet
dye much faster (8 hrs.) than pristine TiO, (14
hrs.). Electrochemical measurements show that
Ti/N, S-TiO,/ZnO heterostructured electrode
shows better performance of dye degradation
(%) in comparison to the all individual electrode
assemblies.This can be ascribed may be due to 1)
increase in electrochemical active surface area
which accommodates more oxidants to interact
with dye molecules; 2) increase in electronic
conductivity due to appropriate band edges. The
results of the current study will help to design low-
cost catalytic assemblies in degrading complex
dyes of industrial importance.
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