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Enhancement of photocatalytic degradation of an organic pollutant by WO;
nanopowders: Carbon doping
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The photocatalytic activity of WO; and C doped WO; has been monitored by studying the degradation of the methylene
blue (MB) aqueous dye solution under visible light irradiation. The photocatalyst WO; has been synthesized by the
solvothermal method and modified by doping carbon into it in the molar ratio 1:1, 1:2, 1:3 and 1:4 under hydrothermal
process. The photocatalysts have been characterized for structural and optical properties. XRD has been taken to identify the
phase and structure, also confirms the successful incorporation of carbon into WO; lattice site. Morphology and elemental
composition were analyzed using SEM and EDAX. The UV-DRS spectrum showed an increase in absorption intensity with
increasing carbon content with decreases in band gap from 3.0 eV to 2.6 ¢V. PL emission spectra gave blue emission
(484 nm) and green emission (555 nm). Finally, the photocatalytic response graph of C doped WO; with time showed an
excellent absorption property and an enhanced visible-light photocatalytic activity compared to pristine WO;.
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Textile effluent is the cause of a significant amount of
environmental degradation and human illnesses.
Among the many chemicals that can be found in
textile wastewater, dyes are considered as the worst
pollutants. Dyes have a synthetic origin and complex
aromatic molecular structures which make them more
stable and more difficult to biodegrade'. The presence
of very little amounts of dyes (<1 mg/L for some
dyes) in water, which are nevertheless visible
seriously affects the aesthetic quality and
transparency of water bodies. Some of these dyes are
toxic and can cause lung and skin irritations,
headaches, congenital malformations and nausea’.
Therefore, different separation techniques have been
used for the treatment of dye-bearing wastewater such
as adsorption, coagulation/flocculation, advanced
oxidation technologies, ozonation, and membrane-
filtration, aerobic and anaerobic degradation. All of
these techniques have their own limitations in terms
of design, operation efficiency and total cost. In the
present study, Advanced Oxidation Process (AOP) is
used as the dye degradation technique.

AOPs are efficient methods to remove organic
contamination not degradable by means of biological
processes. One of the AOP techniques is the

heterogeneous photocatalysis, which is based on the
generation of highly reactive and oxidizing hydroxyl
radicals in the presence of an irradiated
semiconductor ~ metal  oxide’.  Semiconductor
photocatalysis process can be an appropriate tool for
the treatment for textile and printing industry
wastewater as it can operate at ambient temperature
and pressure with complete mineralization, and low
operating cost’. Accordingly, TiO,, ZrO,, KTaOs;,
SrTiO;, and BiVO, are good candidates for
photocatalytic ~degradation of organic dyes .
However, most semiconductor catalysts only operate
under ultraviolet (UV) light which accounts for only
ca. 4% of the total solar energy®'’. Visible light
activity semiconductors are desirable since the solar
light contains almost half of visible light. The band
gap of semiconductor materials should be less than
3 eV to have a visible light response. Recently, WO;
is gaining much importance and several researchers
are exploring WO; as an effectively visible light
harvesting  photocatalyst. ~ Unlike  traditional
photocatalytic TiO,, which can absorb only ultraviolet
(UV) light, WO; with a band gap between 2.5 and
3.0 eV is considered to be a visible-light-driven
semiconductor photocatalyst. The photogenerated
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holes in WO; can oxidize nearly all kinds of organic
compounds' ™. It is well known that the
photocatalytic performance can be improved by
doping with cations or anions. Chemical doping of
WO; with metal ions Cu, Sn and Pd">!" have been
reported to modify the electronic structures of
semiconductors as well as their surface properties
leading to better visible light absorption. However,
compared with Anionic dopants, they are reported to
be less efficient concerning stability, photocatalytic
activity, and simplicity of the doping process'®.
Photocatalysts with anion doping to obtain the visible
light-activated photocatalyst have been reported in
last decades'®?’. However, the studies of carbon anion
doping in WO; are not reported. Herein we present
the preparation, characterization and photocatalytic
studies of C doped WO;.

Materials and Methods
Preparation of absorbents: synthesis of WQOj;

The sol-gel method, which is very useful for
obtaining pure, homogeneous and nano-sized
powders, is used as an experimental technique for
preparation of WO; precursor. An important
peculiarity of this technique is the possibility to
control the kinetics and mechanism of the proceeding
chemical reactions. In other words, one can control
each step of the sol-gel process which will affect the
final desired outcome®. Tungsten metal powder
(Sigma-Aldrich, 99.9% purity), citric acid, ethylene
glycol, hydrogen peroxide (30%) and ammonia (25%)
(All SD fine chemicals, 99%) were used as starting
materials as received. Briefly, 13 g of tungsten
powder was added to a solution containing 300 mL of
hydrogen peroxide in an ice bath and left overnight
for complete dissolution. A clear solution is formed
after the exothermic reaction. The solution was kept
for stirring and subsequently, citric acid was added to
the solution such that the molar ratio of metal ions to
citric acid was 1:2. Under constant stirring, for about
2 h, dilute ammonia was added drop wise to maintain
pH of the solution at 7. The above solution was
slowly evaporated on a hot plate under constant
stirring till a thick, viscous solution was obtained. At
this stage, ethylene glycol was added in the molar
ratio of citric acid to ethylene glycol as 1:1.2. Finally,
the solution was evaporated slowly at 60 °C
increasing 5 °C each day until a gel was obtained. The
gel was dried to get a black porous solid, which was
crushed thoroughly (designated as a precursor) and
heated at 500 °C for 4 h to obtain WO;.

Carbon doping in WO;

C doped WOs; nanoparticles were prepared by the
hydrothermal method, taking glucose as the carbon
source. The molar ratio of WO;:C4H,0¢ in the
reaction mixture was 1:1, 1:2, 1:3, and 1:4. In a
typical procedure, a designed amount of WO; and
glucose was dissolved in 60 mL deionized water
under continuous stirring at room temperature. After
continued mixing for 1 h, the mixture was transferred
into a 100 mL Teflon lined autoclave, sealed and
heated to 160 °C at 50 °C per hour and kept for 12 h
followed by furnace cooling. The obtained brown
precipitate was filtered and washed with distilled
water and dried overnight at 60 °C.

Photocatalytic experiment

For this study, methylene blue dye was taken as a
model pollutant. The photocatalytic activity studies of all
the samples were evaluated by the decomposition of
methylene blue aqueous solution under visible light
irradiation using a Heber Visible Annular Type
Photoreactor, model HVAR1234 (Heber scientific,
Chennai, India). A 500 W tungsten lamp (380-840 nm)
was positioned inside a cylindrical quartz vessel, and the
reaction was carried out at room temperature. Methylene
blue solution of the desired concentration (10 mg/L) was
prepared using distilled water. In each adsorption
experiment, 0.005 g of photocatalyst was added to
50 mL of the dye solution. Prior to the photocatalytic
test, the photocatalyst was suspended in an aqueous
solution of methylene blue dye and air was bubbled
through the mixture and stirred for 60 min in the dark to
establish the adsorption-desorption equilibrium between
the dye and catalyst. Now, the solution is irradiated with
visible light for the commencement of the photocatalytic
reaction. At different time intervals, samples from the
mixture were taken out, filtered and subjected to
absorbance measurements. The absorbance of the
samples  was  analyzed wusing a UV-Vis
spectrophotometer. The degradation amount of dye was
calculated from the equation

Co— C
D= ( >
Co
Here D is the percentage of degradation, C, initial

concentration of dye and C was the concentration
at time ¢.

)x 100%

Characterization techniques
In order to understand the structure and the phase
of the catalysts, the X-ray diffraction (XRD) patterns
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were recorded using Rigaku, D/Max II X-ray
diffractometer. The X-ray radiation source used is Cu
Ko radiation (A = 0.154 nm). Information about the
elemental composition and the morphological
characterization was obtained from EDS and SEM
measurements. The absorption and emission of the
photon by the dye solution was studied using
photoluminescence spectroscopy. UV-Vis-DRS were
recorded on a spectrophotometer equipped with an
integrating sphere and using BaSO, as a blank
reference. The band gap energy was calculated from
the Tauczation of the plot, using the Kubelka—Munk
function from the reflectance measurements.

Results and Discussion
Structural analysis

The XRD of a compound is its ‘fingerprint’ and
can be used to identify it. The 20 angles at which the
peak intensities occur (Fig. 1) are related to the inter-
planar distances of the atomic structure and are
related by Bragg's law:

nA = 2d sin0

Where A is the wavelength of X-ray radiation used, 0 is
the peak position angle and d is the inter-planar distance.
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Fig. 1 — XRD profiles of WO; and C doped WO; of
different molar ratio of C in WO;5; (a) WOs, (b) WO;: C-1:1,
() WO3:C-1:2, (d) WO5: C -1:3, and, (e) WO;: C -1:4.

In a polycrystalline sample the full width at half
maximum (FWHM) of a peak can be related to the
average crystallite size of sample. The crystallite size,
D, of samples from the XRD data at 26 = 24° is found
to be 18 nm for WO; and 23, 20, 30 and 25 nm, for
the WO; doped with carbon, in the molar ratio of 1:1,
1:2, 1:3 and 1:4 respectively. The variation in the
grain size can be attributed to the lattice distortion
introduced in the system due to doping. The estimate
excludes the effects of peak broadening due to the
instrument used and any effect of residual stresses.
The diffractograms of the pristine WO; and the C
doped WO; confirmed monoclinic structure lattice,
with no additional impure phase. All the diffraction
peaks matched well with the JCPDS data (83-0951)
reported for this material. This shows that the
incorporation of carbon into WO; does not introduce
any change in the main crystal system. When the
XRD patterns are plotted in an expanded scale (Fig. 2),
a shift in the diffraction peak position is noticed
towards lower 20 values indicating the incorporation
of C into WO; lattice. The lattice parameters of the
parent WO; and C doped WO; are evaluated and given
in Table 1. As observed from the table the lattice
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Fig. 2 — XRD profiles of WO; and C doped WOs; in expanded
scale showing shift in peak position toward lower 20 (a) WOs;,
(b) WO;: C-1:1, (c) WO5: C-1:2, (d) WO;: C -1:3, and, (e) WO;: C -1:4.

Table 1 — Lattice parameters of pristine WO and C doped WO;

Doping Lattice Lattice Lattice Volume
concentratio parametera parameterb parameterc  V(em’)
n (% wt) (A) A A

1: O(pristine ~ 7.2889 7.5348 7.6971 422.69
WO;)

1:1 7.2988 7.5409 7.6872 423.06
1:2 7.3058 7.5427 7.6932 423.93
1:3 7.3018 7.5499 7.6953 424.21
1:4 7.3074 7.5561 7.7035 42533
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parameters a, b, ¢ varies in a disordered manner, with
the variation in the doping concentration. The unit cell
volume of C doped WO; increased compared to the
parent WOs;. The observed variation in lattice
parameters and the unit cell volume is consistent with
the fact of C anion (2.6 A) having a bigger radius than
O (1.22 A) radius. Hence the volume of the unit cell
expands with the increase in the doping concentration,
and this confirms the doping of C into WOs; lattice.

SEM

Scanning Electron Microscopy (SEM) is a useful
technique to determine the morphology and particle
size of the materials. SEM images of parent and C
doped WOj; in different molar ratio is shown in Fig. 3.
It is seen that both the pristine and C doped WO;
samples have granular morphology, suggesting that
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doping of WO; does not affect the structure,
crystallinity or morphology of the compound. As the
doping ratio increased the grains begin to
agglomerate, which is consistent with the calculated
grain size from XRD data which shows an increase in
the grain size and increasing disorderness, as the
doping concentration increases. The surface
composition of C doped WO; is determined by
Energy Dispersive Spectroscopy (EDS). The merged
EDS spectra of pure and C doped WO; at different
molar ratio is shown in Fig. 4. The surface of the WO;
nanoparticles exhibited elements of W, O and C. The
atomic ratio of W/O/C is shown in Table 2. The
calculated stoichiometry ratio from the EDS
measurements is consistent with the initial precursor,
which had been taken for the synthesis process.
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Fig. 3 — SEM images of WO; and C doped WO; (a) WO3, (b) WO3: C-1:1, (c) WO;: C-1:2, (d) WOs: C -1:3, and, (¢) WO5: C -1:4.
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Optical studies

Diffuse reflectance spectroscopy (DRS) is a
reliable and efficient tool for the analysis of optical
parameters of materials. The absorption edge and
band gap energies of the parent WO; and C doped
WO; are investigated based on the onset of the

Table 2 — Elemental analysis of pristine WO; and C doped WO;

Tungsten Oxygen Carbon
(W) ©) ©

Compound Weight Atomic Weight Atomic Weight Atomic

(%) (%) (%) (%) (%) (%)
WO;:C-1:0 75.69 19.88 17.57 53.04 6.74 27.08
WO;:C-1:1 6727 1321 1542 3478 17.31 52.01
WO;:C-1:2 5544  8.17 1552 2629 29.04 65.53
WO;:C-1:3 40.71 471 2197 2921 3732 66.08
WO;:C-1:4 2441 224 2385 2513 51.75 72.64
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absorption spectra. UV-DRS spectra of the pristine
and C doped WO; samples are shown in Fig. 5. Based
on the reflectance spectra the absorption edge for each
compound was determined. Using the absorption edge
values the band gap energy was calculated (Fig. 6) in
each case and is shown in Table 3. As observed from
the table the absorption edge of the samples increases
with the doping ratio from 1:1 to 1:3, a shift in the
absorption edge towards longer wavelength is seen.
However for the 1:4 ratios sample the absorption
intensity decreases. Also, the band gap energies for
the doped samples are calculated to be lower than
pristine WO; to the doped samples. Generally, the
change in the band gap energy of the compound
occurs due to the modification of the density of
energy state due to change in the chemical
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Fig. 4 — EDS images of Carbon in C doped WOs3, (a) WO;, (b) WO;: C-1:1, (c) WO3: C-1:2, (d) WO3: C -1:3, and, (¢) WO3: C -1:4.
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Fig. 5 — The diffuse reflectance spectrum of WO; and C doped
WO; at different molar ratio.

Table 3 — Optical parameters of pristine WO; and C doped WO,

Compound Absorption edge (nm) Energy band gap (eV)
WO, 415 3.0
WOs:Cy.4, 478 2.6
WOs:C, .0, 540 2.3
WO;:Cy 4 622 2.0
WO;:C) 4 478 26

composition of the material; The observed decrease in
band gap energy of the C doped samples, can be
attributed to the formation of localized states in the
band gap of WO; due to carbon doping, confirming
that the carbon has gone into the lattice site of the
WO; as evident from the XRD studies.

Photoluminescence studies

Photoluminescence (PL) spectroscopy is an
efficient optical method to probe the -electronic
structure of materials. The PL spectrum at room
temperature shows the spectral peaks associated with
impurities in the parent material. The reasonably high
sensitivity of this technique provides the potential to
identify extremely low concentrations of intentional
and unintentional impurities that can strongly affect
the material quality and device performance. A PL
spectrum is a measure of the intensity of radiation
versus wavelength emitted as a result of radiative
recombination of electron-hole pairs or excitons from
their thermal equilibrium states by optical
excitation”. Photoexcitation of a semiconductor
material promotes an electron from the valence band

(a) WO,:C-1:0
(b) WO,:C-1:1 (d)
(c) WO,:C-1:2
(d) WO,:C-1:3
(e) WO,C-1:4
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Fig. 6 — Plot of (¢hv)"? vs hv plot for WO5; and C doped WO, at
different molar ratio.

(VB) to the conduction band (CB), leaving a ‘hole’ in
the VB. The excited electron in the CB relaxes
quickly, typically within 15-25 ps, to the band edge
via inter or intra sub-band scattering and then
recombines with the hole either radiatively by
emitting a photon or non-radiatively by passing the
energy on to one or more photons, to ‘trapping’ states
that are created by impurities, dopants or defects and
lie in between the conduction band and the valence
band (Shockley—Read—Hall recombination)**?’, or to
another electron or hole (Auger recombination)™ . PL
emission spectra of pure and C doped WO; samples
are shown in Fig. 7. Both the pure and doped samples
show blue emission (484 nm) and green emission
(555 nm). In general, the visible region PL emission
in WO; is expected to arise due to surface defects and
oxygen vacancies developed in shallow and deep trap
states. These intrinsic defect states act as active
centres in luminescence processes™~". The blue and
the green emissions are due to the interstitial defects
resulting from non-stoichiometric WO; and surface
defects of oxygen vacancies related to F or F** color
centers respectively. During doping, the energy levels
increases, resulting in the reduction of the band gap.
The doped element acts as an electron sink and
thereby results in the suppression of electron-hole
recombination due to the shorter distance of interband
metal ions, which result in an energy transfer between
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Fig. 7 — Photoluminescence spectrum of WO; and C doped WO;
different molar ratio.

nearby ions. In this case, fewer electrons would come
back to the valence band and would emit lesser
energy in the form of light. Therefore, a concentration
quenching process will occur, which result in a non-
radiative decay process due to which PL intensity
decreases and peaks are broader as seen in Fig. 7.
There exists a relationship between band gap and
PL intensity and the DRS results are consistent
with the PL spectra. The C doped WO; states
promote absorption whose tail extends deep into the
forbidden gap, and thereby the narrower band gap of
WOj; occurs.

Photocatalytic activity

To study the photocatalytic activity of the samples,
they are irradiated with photons of visible light in the
presence of MB dye solution. Comparison of
photocatalytic degradation of MB as a function of
irradiation time for all the samples with different
doping ratio is shown in Fig. 8. The photocatalytic
activity of pure MB, pristine WO; and C doped WO;
were measured and a graph is plotted between the
amount of degradation of dye and the irradiation time.
It is evident from Fig. 8 that only 23% of MB is
degraded in 180 min under visible light illumination,
in the absence of a catalyst. Thus, the photolysis of
MB is negligible. In the presence of catalyst WO;, the
degradation increased up to 47%. For the catalyst
doped with carbon in the molar ratio of 1:1, 1:2 and
1:3, degradation of dye was observed to be 54%, 56%
and 60% respectively. Dependence of photocatalytic
activity on catalyst doping with carbon is given in

1 (a) MB
07 (b) WO,:C-1:1
() WO,C-1:2
0.9 '\ (d) WO,:C-1:3
v \(e) WO,:C-1:4
0.8- o \
Q0.7
6 B
0.6
J \ \
05 ’ (b)
] (f)
(C)
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0.4- o)
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Fig. 8 — Photocatalytic degradation curves of MB, WO; and C
doped WO; for different molar ratio.

Table 4 — Photo catalytic activity of WO and C doped WO,

Catalyst Loading Organic Irradiation Degradation
Conc" pollutant time efficiency
(wt %) (min) (%)
None 0 Methylene Blue 180 23
WO, 1:0 Methylene Blue 180 47
WO;:C 1:1 Methylene Blue 180 54
WO;:C 1:2 Methylene Blue 180 56
WO;:C 1:3 Methylene Blue 180 60
WO;:C 1:4 Methylene Blue 180 53

Table 4. It is interesting to see that, as the amount of
C doping increased, the photocatalytic activity also
increased. According to the literature it is understood
that incorporation of the carbon could improve the
photocatalyst efficiency in semiconductor in the
following way: (i) band gap narrowing’', (ii)
formation impurity energy levels®, (iii) creating
oxygen vacancies, (iv) creating a unique surface area
for the adsorption of organic molecules’ and (v)
electron trapping®. In general, the photocatalytic
activity of prepared catalyst depends well on how
recombination of photo-induced electron-hole pairs is
avoided. Doping prevents recombination of the
electrons and the holes and gets better photocatalytic
activity by trapping the photo-induced electrons®°.
The positively charged holes are potent oxidants and
can destroy adsorbed organic pollutants whereas the
electrons at the conduction band react with the
dissolved oxygen molecules to form strong oxidative
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radicals (O, ) that also cause the decomposition of
organic and inorganic contaminations in wastewater’ .
However, the photoactivity of 1:4 molar ratio of
WO;:C is reduced to 53%. According to literature
beyond the optimum amount of catalyst loading, with
increasing the doping concentration increases the
opacity of the solution, and thus increasing the
light scattering and the infiltration depth of the
photons is diminished and less amount of
photocatalysts could be activated®®*’. Hence, results
in the reduction of the degradation rate which is
consistent with the result shown by the PL graph, with
a decrease in the peak intensity.

Conclusions

In summary, it may be concluded that tungsten
trioxide (WQO;) semiconductor plays a notable role in
the field of photocatalysis. While a vast range of WO;
nanostructures has already been reported in the
literature, it is still very important to continue the
exploration of innovative synthesis routes of
nanostructured WO;, as well as to investigate the
mechanism of growth control. The pristine and C
doped WO; nanoparticles have been successfully
prepared by simple sol-gel technique and doping was
done by hydrothermal method. Powder XRD results
reveal WO; and C doped WO; crystallized with
monoclinic lattice and the results are in good
agreement with the standard JCPDS data (card no:
83-0951). SEM images showed granular morphology
with average particle size around 18-25 nm. C doping
into the WO; reduces the band gap as evident by a
blue shift in the optical absorption edge in the UV-Vis
spectra. In addition, UV and PL results suggested that
photoabsorption of C doped WO; was in the visible-
light region. This could be attributed that C dopant
introduced the emergence of a new level above the
valence band of WOs;, leading to narrow band gap and
enhancing the visible-light absorption. The change of
band structure, distortion of WO; lattice and lattice
defects due to carbon doping helps to improve the
photocatalytic performance of C doped WO; as
compared with pristine WO; in the degradation of MB
under visible light irradiation.
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