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Abstract 
Heterometal oxide nanoparticles of ZnO-WO3 (ZWO) were synthesized using a facile dual step hybrid electrochemi-
cal–thermal technique. The role of surfactant additives during synthesis was investigated by introducing three different 
surfactants:Cetyltrimethyl ammonium bromide (Cetrimide), sodium dodecyl sulphate (SDS), and polyethylene glycol (PEG) 
into the electrolytic bath. X-ray diffraction and surface morphology studies indicate that the nanoparticles are cubic with an 
average crystallite size of 30–40 nm. Photocatalytic behaviour of these nanomaterials was tested using Methylene Blue (MB) 
and Eriochrome Black-T (EBT) as sample pollutants. The best results were observed for the photocatalyst generated in the 
presence of SDS as an additive and calcined at 650 οC. High degree of decolourisation of both dyes resulting in complete 
mineralisation is due to the photocatalytic activity of ZWO which is greater than that of commercially obtained  TiO2-P25 
photocatalysts. This proves that the electrochemical synthetic route with its low cost and high efficiency is an excellent tech-
nique for the bulk synthesis of heterometal oxide photocatalysts which could effectively be used in effluent water treatment.
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1 Introduction

Over the years semiconductor metal oxides have established 
themselves as very attractive photocatalysts especially for 
the photodegradation of organic waste and particularly dyes 
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in effluent water. They possess the advantage of bringing 
about complete mineralisation of these compounds [1, 2]. 
Photocatalytic degradation of organic dye effluents using 
nanostructured semiconductors is alluring and beneficial 
bearing in mind the affordability, ease of production, spec-
ificity and selectivity [3, 4]. They also possess relatively 
large turn-over capacity, retrievability and recyclability [5]. 
Semiconductor oxides of ZnO,  WO3,  TiO2,  SnO2,  V2O5 and 
 ZrO2 have been found to be appealing photocatalysts as they 
possess good catalytic efficiency in degrading environmental 
pollutants like detergents, pesticides and dyes into simple 
molecules like carbon dioxide and water under UV light [6].

Zinc oxide is an important wide bandgap (3.34 eV) semi-
conducting transition metal oxide with promising features 
even at ambient temperature. It has good electron portabil-
ity and luminescence coupled with large exciton binding 
energy (60 MeV) [7]. Furthermore, it is economical, has 
greater transparency and possesses more interstitial spaces 
and oxygen vacancies due to its wurtzite (hexagonal struc-
ture) and thus possesses oxygen binding and trapping ability 
[8]. Similarly, surface defects produce oxidative and cata-
lytic properties and they become active sites for binding to 
polar substrates. In the presence of ultraviolet light, reactive 
oxygen species are generated on the surface which inhibit 
bacterial growth as well as degrade most of the persistent 
organic pollutants such as dyes [9, 10], pesticides and vola-
tile organic compounds [11]. It has been favoured due to 
its ability to simultaneously bind to atomic oxygen and 
substrates for effective and dependable catalytic behaviour. 
Doping of ZnO NPs with other metal oxides might distort 
its crystal structure further, thereby improving its oxygen-
retaining vacancies along with its substrate-binding ability. 
Such structural change may additionally improve the cata-
lytic properties [12].

Tungsten is an important semiconductor which has 
gained increasing attention for its structural diversity and 
useful chemical and physical properties [10, 13], How-
ever, a serious limitation of pure tungsten metal oxide is its 
low quantum efficiency due to its high degree of e2 and hz 
recombination and also large band gap energy. Its quantum 
efficiency may be boosted by decreasing the probability of 
e2/hz recombination and decreasing the band gap energy 
[14]. These problems can be resolved when the pure metal 
oxide is replaced by composite materials especially with 
ZnO which shifts the absorption spectrum to the longer 
wavelength. This enables the possibility of using hetero-
metal oxide nanoparticles of ZnO with oxides of another 
transition metal such as Tungsten.

Most of the methods adopted to synthesize metal oxide 
nanoparticles suffer from the requirements of expensive 
substrates, tedious procedures, sophisticated experiments, 
lengthier experimental duration and thorough experimen-
tal conditions [15]. This paper attempts to overcome those 

disadvantages by putting forward a unique facile electro-
chemical–thermal synthetic approach. The technique ena-
bles scalable production of photocatalytic mixed metal oxide 
nanoparticles of ZnO-WO3 under ambient conditions. It is 
highly advantageous as it eliminates the need for using harsh 
chemicals making it a greener approach to satisfy the grow-
ing industrial demand for nanomaterials which can success-
fully degrade organic pollutants.

2  Materials and methods

Pure zinc metal plates (99.99%) were used for synthesis of 
nanoparticles. Sodium bicarbonate (AR grade: 99.5%) and 
Sodium tungstate (AR grade: 98.5%) were purchased from 
Sisco Research laboratories, Mumbai and Methylene Blue 
(MB) and Eriochrome Black-T (EBT) were purchased from 
S.D. Fine Chemicals Ltd, India. For the final preparation 
of the electrolyte solution, millipore water (specific resist-
ance, 15 mΩ cm at 25 °C. Millipore Elix 3 water purification 
system, France) was used. A constant voltage of 12 V was 
supplied during electrolysis by a DC power supply (Model 
PS 618 potentiostat–galvanostat 302/2 A). Lastly, Whatman 
filter paper No. 41 was used during filtration process.

2.1  Synthesis of nanocomposites

A standard electrochemical technique was employed for the 
synthesis of the mixed metal oxide nanoparticles. Pure Zn 
plates were activated before electrolysis by dipping them 
in 0.1 M HCl for 30 s and rinsed with millipore water. 400 
mL of a 0.02 M sodium salt solution of tungstate containing 
0.01 moles of  NaHCO3 (added to increase the conductance) 
was taken in a pyrex vessel. The pH was maintained at 10 
using  NH4OH/NH4Cl buffer. Electrolysis was carried out 
in a rectangular undivided cell where pure Zn plates were 
used both as cathode and sacrificial anode. The electrolysis 
was carried out for about one hour under potentiostatic con-
ditions at a potential of 12 V with constant stirring at 500 
rpm. The white precipitate obtained was filtered, isolated 
from the solution and calcined in air at 2 different tempera-
tures of 450 °C and 600 °C for an hour [16]. The synthesis 
was also repeated in the presence of 3 different surfactants: 
Cetrimide, SDS and PEG at concentrations of 3.88 × 10− 3 
M, 8.2 × 10− 3 M and 8.04 × 10− 5 M respectively which were 
added to the electrolytic bath in quantities just above their 
critical micellar concentration.

2.2  Assessment of photocatalytic activity of ZWO

Photocatalytic experiments were carried out in a 150 × 75 
mm batch reactor. In order to evaluate the photocatalytic 
activity of the samples, photodegradation of MB and EBT 
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dye under UV light irradiation was carried out in the pres-
ence of ZWO nanoparticles at room temperature. The pho-
tochemical reactor used in this study was made of a Pyrex 
glass jacketed quartz tube. A high-pressure mercury vapor 
lamp (HPML) of 125 W (Philips, India) was placed inside 
the jacketed quartz tube at 30 ± 2 °C. A supply ballast and 
capacitor were connected in series with the lamp, in order 
to avoid fluctuations in the input light intensity. Water was 
circulated through the annulus of the quartz tube to evade 
heating of the solution. Reaction suspension was prepared 
by adding a catalytic load of 0.1 g of NPs in 100 mL of the 
dye solution (5, 10 and 25 ppm). Prior to illumination, the 
suspension was magnetically stirred for 2 h in dark to estab-
lish absorption–desorption equilibrium of the dye and also to 
ensure uniformity in the catalytic suspension. Subsequently, 
the dispersion containing dye and photocatalyst (ZWO) was 
irradiated under UV light. The lamp radiated predominantly 
at flux of 5.8 × 10− 6 mol of photons  s− 1. The dye-NP solu-
tion mixture was repeatedly illuminated for 10 min at 2 min 
intervals. During the 2 min interval, 3.0 mL of aliquots were 
taken from the test mixture. Because of progressive degrada-
tion of the dye with consecutive flashes, the intensity of the 
colour of the solution mixture decreased considerably. The 
change in colour of the dye solution as a function of time 
was monitored by using UV–Vis spectroscopy. The absorb-
ance value of MB and EBT was taken at 660 nm and 568 
nm, respectively. After each measurement, the aliquot along 
with the catalyst was transferred back to the reaction slurry 
to avoid volume and concentration change of both the dye 
and catalyst. The catalytic experiments were repeated thrice 
and the relative error was found to be less than ± 3.0%. The 
optimized photocatalyst was compared with the standard 
photocatalyst Degussa  TiO2-P25.

2.3  Catalyst characterization

Change in phase structure, crystallite size, surface morphol-
ogy and chemical composition of the nanoparticles were 
evaluated using powder X-ray diffraction (XRD), transmis-
sion electron microscopy (TEM) and scanning electron 
microscopy (SEM). XRD data was recorded on Rigaku 
Miniflex 600 X-ray diffractometer with graphite monochro-
matized Cu-Ka (1.5406 Å) radiation, between the 2θ range 
from  10ο to  90ο at a scanning rate of  1ο  min− 1. The average 
crystallite sizes were estimated using Scherrer equation. 
The Fourier transform infrared spectrum (FTIR) of the 
sample was collected using Bruker Alpha-P spectrometer. 
The absorption spectrum of the sample was measured on 
a Shimadzu UV-1800 UV–Vis spectrophotometer. Surface 
morphology was observed by using SEM (EVO 18, Carl 
Zeiss, Germany). The composition of the coatings was 
studied by the energy dispersive X-ray (EDX) technique, 
interfaced with an SEM instrument. Structural analyses of 

the XRD patterns were conducted using computer software 
PANalytical X’Pert Highscore Plus. TEM images of the 
selected samples were recorded (Model: JEOL 2000 FX-II) 
with an acceleration voltage of 200 kV. 2 µL of ZnO-ethanol 
solution was dropped on a Cu grid with a carbon-reinforced 
plastic film.

3  Results and discussion

3.1  Compositional analysis of ZWO heterometal 
oxide nanostructures

XRD patterns of synthesized ZWO mixed metal oxide 
nanocomposites synthesized using SDS as an additive are 
represented in Fig. 1. The characteristic diffraction patterns 
of  ZnWO4,  WO3 and ZnO correspond to the monoclinic 
crystal phase and hexagonal wurtzite phase, respectively. 
The obtained diffraction peaks of  ZnWO4,  WO3 and ZnO 
match well with the JCPDS file no. 015-0774, 01-72-0677 
and 01-089-0510, respectively [17]. No impurity peaks were 
observed. The result depicts the physical content homogeni-
zation which is further confirmed through SEM.

EDX is a well-established technique that enables precise 
determination of relative atomic concentration of different 
elements present in the nanocomposite [17]. EDX analy-
sis of ZWO reveals the relative atomic abundance of zinc, 
tungsten and oxygen present in ZWO and other impurities 
were not observed. Semiquantitative analysis of the atomic 
concentration (atom %) is listed in Table 1.

EDX data as seen in Fig. 2 reveals that the ZWO Nano-
particles are composed of three elements which are Zn 

Fig. 1  XRD pattern of ZWO nanoparticles synthesized using SDS as 
additive
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(46.36%), Tungsten (7.21%) and O (46.42%). These results 
confirm the high purity of ZWO NPs.

3.2  Surface morphology studies

FESEM images show the role of the surfactant in chang-
ing the morphology of the NPs from nanoflakes-like less 
regular structures into more defined structures which act as 
better photocatalysts. Figure 3a shows the soft agglomera-
tion of nanoparticles which reveals the cuboid morphology. 
The bundled agglomeration is a typical cluster of almost 

cuboidal structures which came together during calcination. 
The micrographs reveal that the morphology is replete pos-
sessing voids and pores. This may be attributed to the escape 
of gases during calcination. The crystallites are interlinked 
to each other forming a large network having irregular pore 
sizes.

TEM Analysis was carried out to understand the crys-
talline nature of ZWO nanoparticles. The images confirm 
that particles are almost spherical possessing non-uniform 
thickness.

It confirms the interactive mixing of ZnO and  WO3 par-
ticles which is essential for photocatalytic efficiency. Also, 
the particles are found to be embedded and attached to one 
another well, as seen from Fig. 4. This embedded system is 
a favourable accomplishment to achieve high degree of pho-
tochemical reaction. The average size of a primary particle 
is found to be 40 nm.

3.3  FTIR spectra

Figure 5 reveals the FTIR spectra of the ZWO NPs, collected 
from 400 to 4000  cm− 1. The bands observed in the range 
of 400 to 500  cm− 1 typically correspond to the stretching 
vibration band for ZnO [18]. The absorption bands detected 
at 420, 444 and 477  cm− 1 may be attributed to Zn-O bond 
stretching vibrations [19]. As observed in the Fig. 5b, ZnO 
absorption bands broadening is due to overlapping between 
the bands characteristic of  WO3 and ZnO [17]. An intense 
broad band observed at 3442  cm− 1 is owing to W–OH 
stretching vibration and can be ascribed to intercalation of 
 H2O. A peak located at 1640  cm− 1 is assigned to the W–OH 
bending vibration mode of the adsorbed molecules of water. 
The peak at 1402  cm− 1 corresponds to W–O stretching 

Table 1  Elemental composition 
of ZnO-WO3 Nanoparticles 
synthesized under optimum 
conditions

Element Weight% Atomic%

Zn 62.672 46.36
W 27.605 7.21
O 15.448 46.42

Fig. 2  EDX spectra of ZnO-WO3 Nanoparticles synthesized under 
optimum conditions

Fig. 3  SEM image of the electrochemically synthesized ZWO nanoparticles calcined at 650 οC a in the presence of SDS as additive b in the 
absence of surfactants
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vibration mode. Peaks are observed at 880 and 820  cm− 1 
which may be ascribed to the O–W–O stretching mode [20, 
21].

3.4  UV–Vis diffuse reflectance spectra

Light absorption ability of ZWO semiconductor is stud-
ied by the band gap studies as depicted by the tauc plot in 
Fig. 6. Absorption bands showing broad tails were obtained 
between 380 to 500 nm for the particles. The bandgap for 
the nanocomposite is closer to ZnO giving a value of 2.84 
eV. This is probably due to the formation of defect energy 
levels within the forbidden band.

3.5  Thermal stability assessment

Thermogravimetric analysis (TGA) reveals that the parti-
cles are highly stable to temperature (Fig. 7). Weight loss of 
4.102% is observed at 900 °C which confirms the ability of 
the nanoparticles to withstand heat. Micro voids in the sam-
ples could be the reason to allow weight loss over 900 οC. 
Weight loss may also be due to thermal desorption of water 
and  O2 from the surface of ZWO particles. This indicates 
that nanopowders are pure and porous.

Fig. 4  TEM image of ZWO calcined at 650 °C synthesized using 
SDS as additive

Fig. 5  FTIR spectra of ZWO a Synthesized using SDS as additive at 650 οC b Spectrum enlarged to reveal specific peaks between 400 and 500 
 cm− 1

Fig. 6  Tauc Plot for band gap of ZWO calcined at 650 οC synthesized 
using SDS as additive
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3.6  Evaluation of photocatalytic activity

During photocatalysis, the dye solutions of MB and EBT 
along with the ZWO particles were kept in the dark with 
continuous stirring for 1 h in order to establish an adsorp-
tion equilibrium after which photocatalysis under UV light 
was carried on. Figure 8a and b respectively portray the 
relationship between photocatalytic ability of ZWO and 
irradiation time for different samples. For comparison sake, 
the commercially used very active Degussa P25  TiO2 NPs 
were investigated under similar conditions. Blank degrada-
tion (in the absence of NPs) was carried out for background 
check which showed no significant degradation even after 
1 h. When NPs were added to the solution in the presence 
of UV light, degradation took place and ZWO NPs dis-
played superior catalytic activity compared to P25 Degussa. 
It may be worth noting that ZWO NPs synthesized in the 
presence of SDS as surfactant and calcined at 650 οC 

Fig. 7  TGA of ZWO nanoparticles synthesized at 650 οC using SDS 
as additive

Fig. 8  Photocatalytic degradation of a MB and b EBT

Fig. 9  Photocatalytic degradation of a MB and b EBT at different temperatures
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showed peak performance in degrading MBT and EBT to 
95.6% and 93.7% within 100 min. This is significantly bet-
ter than that of 92% which is reported for pure ZnO synthe-
sized using a similar electrochemical method by Chan-
drappa et al. [22] and 90% reported for  WO3 thin films [23]. 
The enhancement of catalytic ability may be accredited to 
the development of defect energy levels inside the forbid-
den energy band of ZWO which decreases the band gap 
[24, 25] as discussed later. The percentage of degradation 
of the dye can be determined using the following formula 
% of degradation = ci−cf

ci

× 100 ,where Ci and Cf are the 
initial and final dye concentrations respectively.

3.7  Effect of calcination temperature

The ZWO particles were synthesized using an electrochemi-
cal–thermal method and the effect of temperature of cal-
cination on the nanocomposites synthesized is studied by 
assessing their photocatalytic ability. Particles synthesized 
at 30, 200, 400, 650 and 800 °C were used to degrade MB 
and EBT as represented in Fig. 9a and b respectively. In both 
cases it was observed that the photocatalytic property of the 
particles increased with increasing temperature of calcina-
tion till 650 °C after which the temperature did not play a 

major role in increasing the photocatalytic behaviour. Hence, 
650 °C was taken as the optimum temperature for synthesis.

3.8  Effect of dye concentration

Degradation pattern for MB and EBT with three different 
concentrations of the dye 5 ppm, 10 ppm and 25 ppm are 
shown in Fig. 10a and b respectively. The nanoparticles 
showed most effective degradation for 10 ppm of the dye 
solution giving 95.6% and 93.7% degradation, respectively, 
for MB and EBT at 100 minutes of degradation time. For 
25 ppm solutions of MB and EBT, 71.98% and 71.47% dye 
were degraded at the 100th minute, respectively. Hence, 
maximum efficiency was seen at 10 ppm concentration of 
the dye.

3.9  Kinetics of dye degradation

The photocatalytic action of the synthesized ZWO mixed 
oxide nanocomposites can be estimated using the kinetics 
of degradation of MB and EBT respectively. Photocatalysis 
is governed by the formula −lnC/C0 = kt where C is the con-
centration of the dye at time t, C0 is the initial concentration 
and k is the rate constant in  min− 1 [26].

Fig. 10  Photocatalytic degradation using varying concentration of a MB b EBT

Table 2  Kinetics parameters for 
the degradation of MB and EBT 
using different photocatalysts

Photocatalyst MB EBT

% Degradation k × 10− 2  min− 1 % Degradation k × 10− 2  min− 1

ZWO + no additive 90.8637 1.3621 88.9325 1.1906
ZWO + SDS 95.6003 1.7499 93.7010 1.4842
ZWO + PEG 92.4472 1.4798 89.9508 1.3409
ZWO + Cetrimide 90.4214 1.3694 89.7834 1.0978
Degussa P25  TiO2 93.7328 1.3975 92.3616 1.3316
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Fig. 11  Kinetic studies of the degradation of a MB and b EBT with different photocatalysts

Fig. 12  Rate constant chart for the degradation of a MB and b EBT with different photocatalysts

Fig. 13  Degradation profile of a MB and b EBT with the photocatalyst ZWO reused for three cycles



509Journal of Applied Electrochemistry (2020) 50:501–511 

1 3

The obtained rate constants have been tabulated in 
Table 2. For comparison, P25  TiO2 is used as a control under 
similar conditions. The table reveals that higher rate con-
stants of 0.017499  min−1 and 0.014842  min−1 are obtained 
for ZWO synthesized using SDS as an additive. The reason 
for greater activity is probably due to the charge separation 
mechanism in the ZWO nanocomposite. The electron–hole 
combination reduces giving greater photocatalytic behaviour 
[27].

The kinetic plots of both MB and EBT synthesized with-
out using surfactants and in the presence of SDS, PEG and 
Cetrimide is represented in Fig. 11a and b respectively. Pho-
tocatalytic degradation follows pseudo first order kinetics. 
The rate constant k  (min−1) for the different nanocomposites 
used for the photodegradation of MB and EBT have been 
calculated and represented in Fig. 12a and b respectively.

3.10  Reusability of the photocatalyst

Long-term use of the photocatalyst and its economic feasi-
bility can be assessed by its reusability. The reusability of 
the optimum ZnO-WO3 synthesized in the presence of SDS 
is described by the consecutive photocatalytic degradation 
efficiency for 10 ppm MB as shown in Fig. 13. The catalysts 
were centrifuged after every cycle and dried at 110 οC for 
the next cycle.

For each reusable experiment to be effective, proper 
adsorption–desorption equilibrium is first achieved. 95.6% 
MB degradation is achieved in the first run which decreases 
to 94.89% and 92.04% in the second and third run, respec-
tively. Similarly, EBT degrades as 93.7%, 91.81% and 
89.59% in first, second and third run, respectively. The 
decrease may be due to leaching of the photocatalyst surface 

which probably results in the loss of active sites. The various 
intermediaries formed due to the degradation of MB and 
EBT could also get adsorbed on the catalyst surface resulting 
in decreased efficiency of the photocatalyst.

The feasible energy storage mechanism in ZnO-WO3 
when irradiated under UV light is illustrated in Fig. 14. 
Enhanced photocatalytic activity of ZWO nanocomposite 
can be ascribed to the energy difference of  WO3 and ZnO 
which in turn decreases the band gap energy [28, 29]. Here, 
 WO3 behaves as the absorber owed to its absorption in the 
UV–Vis region, but its small band gap of 2.8 eV enables 
electron–hole pair recombination when coupled with ZnO 
[27]. On irradiation with UV light, activation of ZnO result-
ing in photogenerated electron–hole pairs is unlikely due 
to its large absorption gap. However,  WO3 with narrow 
band gap competently absorbs the UV light and gets excited 
generating electron–hole pairs [30]. These photogenerated 
electrons get transferred to the conduction band of ZnO 
reducing the likelihood for recombination of photogenerated 
electron–hole pairs. Thus, it increases the number of active 
species for degradation [31]. 

ZnO acts as co-catalyst that traps electron from further 
recombination. The photoelectrons effortlessly trap dis-
solved  O2 forming superoxide (·O2

−) anion radicals. Pho-
toinduced holes trap  OH− to give ·OH radicals which bring 
about dye degradation [30]. The process is as follows [32, 
33]:

Electron–hole pair generation:

Charge transfer reaction:

WO3 + hν → WO3

(

e
− − h

+
)

,

ZnO + hν → ZnO(e− − h
+).

Fig. 14  Schematic diagram for 
the degradation of dye particles 
by ZWO nanoparticles
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Radical formation:

Dye degradation

4  Conclusion

An efficient photocatalyst ZnO-WO3 was synthesized using 
SDS as an additive by the electrochemical–thermal method 
calcined at 650 οC. These mixed metal oxide nanoparticles 
could bring about the successful photocatalytic decompo-
sition of MB and EBT.  WO3 behaves as the absorber of 
light energy and ZnO acts as a co-catalyst which reduces 
the electron–hole recombination. The mixed metal oxide 
can be reused effectively though the degree of efficiency 
remains almost the same till three cycles and then decreases. 
Therefore, this study successfully demonstrates convenient 
utilization of the electrochemical–thermal route for the syn-
thesis of ZnO-WO3 nanoparticles which could be employed 
as effective photocatalysts and as plausible solutions to efflu-
ent water treatment.
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