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A  detailed  investigation  of  photocatalytic  conversion  of methane  into  methanol,  over  Ag+ impregnated
WO3, is  reported.  The  intense  monochromatic  light  source,  355  nm  laser  photons  exposure,  facilitated
the  study  of complex  processes  in  short  span  of  time.  The  characterization  techniques,  XRD and  XPS,
confirmed  that  Ag+ ions  share  surface  oxygen  with  WO3 to give  Ag2O,  which  enhanced  the absorption  of
photons,  lifetime  of excited  states.  The  study  encircled  all  the processes  that  occur  on the  surface  of  the
eywords:
hotocatalysis
ethane conversion
ethanol

ilver impregnated WO3

catalysts  as well  as in  the  bulk  that  included  water  splitting,  methanol  formation  as  a  result  of  methane
conversion  and  degradation  of methanol  immediately  after  its formation.  The  measurement  of  evolved  H2

and  O2 in the  gaseous  phase  and  methanol  in  the  liquid  phase  revealed  that  the  methanol,  instantly  after
its  formation,  competes  with  water  molecules  for the  photogenerated  holes  and decomposes.  Efforts  have
been made  to  correlate  all the processes  involved  and  to  estimate  the plausible  mechanism  for  in-situ
methane  conversion  and  methanol  degradation.
. Introduction

Photocatalysis, owing to its mineralization feature, is widely
tudied for water purification that includes water decontamination
nd disinfection [1–5]. Although least explored, another avenue
f photocatalysis is the conversion of chemically inert molecules
uch as methane into useful oxygenates. Methane, being naturally
bundant, is the simplest hydrocarbon having low C:H ratio and
igh calorific value with a wide range of uses as fuel in fertil-

zer, petrochemical, automobile industry. Methane being the part
f greenhouse gases also contributes to global warming therefore
t is desirable to convert methane into liquid transportable fuels
uch as methanol, as it retains most of methane energy, for safe
ransportation and clean environment using economically viable
nd easily accessible resources. The conventional technologies in
se to convert methane into alternative fuels, such as initial con-
ersion of methane into syngas (mixture of H2 and CO) followed by
igh temperature catalytic conversion of syngas to methanol, are
ot cost effective [6–10].
The use of light and water to convert methane into methanol
s an attractive option. Photochemical conversion of methane
nto methanol via direct photolysis approach i.e. the free radical
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interaction of photo-generated hydroxyl radicals with the methane
molecules is reported in the literature [11–14]. However the
requirement of 185 nm photons for the generation of hydroxyl radi-
cals, poor yield and selectivity of the desired product, methanol, are
the limitations associated with direct photolysis. Heterogeneous
photocatalysis is a promising approach in this regard, as it deals
with the formation of cascade of highly energetic hydroxyl radi-
cals at the surface of semiconductor photocatalyst in the aqueous
medium under illumination. Prior studies [15–18] reported that
methane can be converted to methanol and other useful oxygenates
in the presence of lanthanum doped WO3, in the presence of water
vapors at 90 ◦C under illumination. A number of researchers using a
variety of catalyst other than WO3 and varying experimental con-
ditions [19–25] studies the photocatalytic oxidation of methane.
In our previous studies [26,27], we  reported the conversion of
methane into methanol under visible (514 nm) over WO3 as well as
ultraviolet (355 nm)  laser exposure over WO3, TiO2, NiO and Fe2O3.
The present study is a step ahead in the same direction as it was
designed after the careful analysis of the results of previous studies.
To achieve the maximum charge separation and enhanced gen-
eration of hydroxyl radicals, the surface of WO3 was  modified by
impregnating Ag+ ions. It has been attempted to explore all the pro-

cesses occurring simultaneously under illumination that includes
water splitting, interaction of photo-generated hydroxyl radicals
(OH•) with methane to form methanol, interaction of methanol
after its formation with hydroxyl radicals and the possible role of

dx.doi.org/10.1016/j.apcata.2013.10.045
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
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ethanol as sacrificial agent. The estimation of plausible mecha-
ism is based on:

H2 and O2 measurement during water splitting process.
H2 and methanol measurements during methane conversion pro-
cess.
H2 and methanol measurements during methanol degradation
studies.

. Experimental

.1. Synthesis of Ag+ impregnated WO3

Ag+ impregnated WO3, containing different proportions of Ag+

w/w) with respect to WO3, were synthesized by wet  impregnation
echnique [28]. In the typical synthesis, the required proportions
f Ag+ ions (0.1%, 1.0%, 5% and 10%) were prepared by dissolving
gNO3 (99.9%) in deionized water and mixed with the appropri-
te quantity of WO3 derived from H2WO4 as detailed elsewhere
26]. The slurry containing silver ions and WO3 was aged overnight
nder stirring and the excess water was dried at 100 ◦C. The nitrates
ere decomposed by heating at 300 ◦C with vigorous stirring. The
ried powders were calcined in temperature-controlled furnace at
00 ◦C for 3 h by maintaining the heating rate at 10 ◦C/min.

.2. Characterization of Ag+ impregnated WO3

The UV–Visible spectra of the stable aqueous suspension of
mpregnated powders were acquired by using SHIMADZU 1800
V–Visible spectrophotometer using water as reference and a slit
idth of 1.0 nm.  The measurements were repeated to examine the

ccuracy and reproducibility of the process. A Scintag XDS 2000
iffractometer, equipped with a Cu K� radiation source, was used
o record the XRD patterns of the synthesized powders in the range
f 0◦ to 90◦. The obtained patterns were matched with standard
CPDS cards for identifying the existing phases. The crystallite sizes
f the contributing phases were calculated by applying Scherer’s
quation on the FWHM values of the intense reflections. The FESEM
JEOL JSM 6490-A) was used to examine the morphology of synthe-
ized powders. The XPS profiles of Ag+ impregnated powders were
cquired by a wide survey scan using X-ray Photoelectron Spec-
rometer (PHI 5000 VersaProbe II, ULVAC-PHI Inc.). The binding
nergy was varied between 0 eV to 1100 eV. The oxidation states
f the surface bonded impregnated Ag+ ions were evaluated on the
asis of the splitting arises due to spin-orbit coupling.

.3. Experimental details for photocatalytic studies

The photocatalytic studies were performed in a self-fabricated
hotocatalytic reactor [29]. The earlier studies [26,27,29], revealed
hat the variations in experimental parameters such as laser
nergy, laser beam diameter, stirring rate and amount of catalyst
ffects the products yield significantly during laser based photo-
atalytic experiments. Keeping in view the preceding observations,
eam diameter and stirring rate were kept constant at 8 mm and
000 rpm respectively while the catalyst loading and laser beam
nergy were carefully optimized for maximum yield of dissolved
xygen (Hanna Model, HI 9143) in water splitting experiments. The
etailed experimental setup and procedure for the optimization of
mount of catalyst and laser beam energy is described elsewhere
26,27,29].
All the photocatalytic studies were performed as batch process.
hotocatalytic splitting of water over Ag+ impregnated WO3 was
tudied by suspending 300 mg  of photocatalyst in 70 cm3 of dis-
illed water. An inert atmosphere was produced by purging argon
 General 470 (2014) 327– 335

(Ar) gas at a high flow rate for complete exclusion of dissolved oxy-
gen. The progress of argon purging was  monitored by analyzing
the gas sample from the dead volume of reactor. The suspension
containing Ag+ impregnated WO3 photocatalyst, water and argon
gas was exposed to 100 mJ,  355 nm laser beam for 90 mins. The
progress of the reaction was monitored by drawing 100 �L samples
by a gas tight syringe at regular intervals. Calibrated gas chromato-
graph (SHIMADZU, GC-17A), equipped with thermal conductivity
detector (TCD) and a 30 m molecular sieve 5A “PLOT” column was
used to analyze H2 and O2 evolved during photocatalytic water
splitting process. High purity (99.999%) argon (Ar) gas was used as
carrier.

For methane conversion experiments, the same procedure as
detailed in water splitting experiments was  adopted. Additionally,
methane was supplemented at a flow rate of 100 cm3/min for a
period of 15 mins after expelling oxygen by argon purging. Hydro-
gen (H2) in the gas phase and methanol in the liquid phase was
monitored for evaluating the progress of reaction. 10 �L liquid sam-
ples were analyzed by using a gas chromatograph (GC 6890, Agilent
Technologies) equipped with an FID detector and 2 m Chromosorb-
101 packed column in split less mode. Helium (He) gas was used as
carrier.

Photocatalytic methanol degradation experiments were per-
formed by adding 10 �L of methanol in argon purged catalyst
suspension. The progress of the reaction was estimated by mea-
suring H2 from the dead volume of the cell and methanol from the
suspension at regular intervals by using the gas chromatographs
detailed in the previous experiments. The reproducibility of all the
processes was checked by repeating the experiments at the regular
intervals while the reproducibility of the analysis was  estimated
by running the standards time to time. The uncertainty in the mea-
surement of yield of various products was less than 3%, which was
acceptable for the purpose of present studies. All the reactions were
carried out at room temperature (23 ◦C).

3. Results and discussion

3.1. Absorption spectra and band gap determination

The absorption spectra of pure and Ag+ impregnated WO3 were
recorded in the aqueous environment from 200 nm to 1000 nm.
An enhanced absorption in the visible region was observed in the
visible region with the increasing Ag+ loading. A red shift in the
absorption maximum compared to that of 316.5 nm for pure WO3
was observed for all catalysts. The absorption spectra of the syn-
thesized catalysts are presented in Fig. 1. In pure WO3, the major
transitions are the transfer of electrons from the oxygen 2p orbitals
(valence band) to 4f orbitals (conduction band) of W6+ or W5+

states. The contribution of f–f transitions cannot be neglected in this
regard. The insertion of Ag+ at the surface induces the low laying
d-orbitals at the surface. The transitions of valence band electrons
(O 2p) to the low laying Ag 3d orbitals enhance the absorption of
photons in the visible region. Additionally the transitions between
Ag d–d states are an additive factor.

The band gaps of the synthesized powders were estimated by
fitting the absorption data as mentioned in the literature [30–32].

˛h� = B(Eg − h�)
1⁄2

Absorption coefficient  ̨ based on absorbance (A) and path
length (l) is given as:
 ̨ = 1
l

A

loge

The bandgap of the synthesized materials were evaluated by
extrapolating the plots of h� versus (˛h�)2 for pure and Ag+
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Fig. 1. Aqueous phase absorption spectra of pure and Ag+ impre

mpregnated WO3 photocatalysts. The increasing loading of Ag+

ons shifted the bandgaps in the longer wavelength region. The
raphical representation of bandgap evaluation and the evaluated
andgaps are presented in the onset of Fig. 1.
.2. X-ray Photoelectron spectroscopy

The XPS spectra of pure and Ag+ impregnated WO3, obtained
y wide survey scan between 0 eV and 1100 eV is shown in Fig. 2a.

ig. 2. XPS profile of Ag impregnated WO3: (a) Comparison of the survey scan of pure, 

nd  10% Ag+ impregnated WO3. (c) Comparison of W 4f levels in pure, 1%, 5% and 10% A
mpregnated WO3.
d WO3. The onset shows the graphical evaluation of bandgaps.

From the survey scan of Ag+ impregnated WO3, peaks of O 1s, W 4f
and Ag 3d are clearly observed in all the spectra. The careful com-
parison of XPS patterns of pure and Ag+ impregnated WO3 samples
revealed the asymmetric nature of the peaks for the impregnated

samples while no peak was observed for pure WO3. The asymmetry
of Ag 3d peaks (Fig. 2b) clearly indicates the existence of more than
one oxidation state of Ag at the surface, which may  be represented
as AgOx. The broadening and deformation of Ag 3d peaks increases

1% and 10% Ag+ impregnated WO3. (b) Comparison of Ag 3d split levels in 1%, 5%
g+ impregnated WO3. (d) Comparison of O 1s profiles of pure, 1%, 5% and 10% Ag+
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Fig. 3. FE–SEM high resolution images (x

ith the increase in Ag content ensuring the presence of mixed oxi-
ation states at the surface. The Ag 3d5/2 peak at 367.4 eV compared
o that for metallic Ag at 368.2 eV [33,34] confirming the existence
f impregnated Ag+ as surface Ag2O rather than elemental silver
or 0.1% and 1% impregnated samples. Also the binding energy of
g 3d5/2 and the difference between the two levels i.e. 6.0 eV con-
rmed the presence of Ag as Ag+ at the surface of WO3 and the
hemical form was predicted as Ag2O for low concentration of Ag+.
he obtained values were in agreement with the literature values
f 367.3–367.6 for Ag2O [35]. For 5% and 10% impregnated samples,

 shift of 0.4 eV in the observed Eb values of split Ag 3d5/2 indicates
he existence of AgOx, at the surface, originated by sharing the sur-
ace oxygen of WO3 rather than existing as the free entity [36]. The
hemically different nature of the binding sites leads to the shifting
n the binding energy of the split levels compared to that of Ag2O lit-

rature values [35]. For pure WO3, due to existence of W6+ and W5+

tates, the broad asymmetric peak of the W 4f core levels (Fig. 2c)
orresponds to unresolved W 4f7/2 and W 4d5/2 states. The curve fit-
ing of asymmetric peak revealed a pair of peaks at 34.4 and 36.1 eV
000) of pure and Ag+ impregnated WO3.

that shows the dominance of W6+ oxidation state in the mixture
of W6+ and W5+ states [37–41]. The peak broadening and shifting
towards lower binding energy is attributed to the increasing Ag+

loading at the surface. For pure WO3, a broad asymmetric O 1s peak
was observed. The binding energy of 529.8 eV coincides with O 1s
binding energy (Fig. 2d) assigned to the oxygen in WOx [42] and
a minor component at 531.8 eV representing surface O–H groups
was observed. The presence of a number of surface entities such
as W–O–W, W–O− and WO2, characteristic of non-stoichiometric
monoclinic WO3, are responsible for asymmetric nature of O 1s
peak [43].

3.3. FE–SEM analysis

Field Emission Scanning Electron Microscope (FESEM) exam-

ined the morphology and size of the samples. The high-resolution
FESEM images of pure and Ag impregnated WO3, as presented in
Fig. 3, where the surface Ag2O particles can be identified and their
number increases with the increase in surface density of Ag+. It can
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serve as trap and transfer centers for photogenerated electrons
essential for H2 generation. The possible mechanism of electron
transfer from oxygen 2p orbitals (LUMO) is initially transferred to
W 4f orbitals (HOMO) and then to the low laying d-orbital of surface
ig. 4. Comparison of XRD patterens of pure 1% and 10% Ag+ impregnated WO3. T
g2WO4.

lso be observed that the nanoparticles are quasi-spherical having
iameter within the range of 20–40 nm.  The Ag2O particles reside at
he surface of WO3 without significantly affecting the morphology
f base WO3.

.4. XRD- analysis

A comparison of XRD patterns of pure WO3, 1%, and 10% Ag+

mpregnated WO3 are presented in Fig. 4, where it can be observed
hat the reflections arising from WO3 dominate in all the XRD
atterns however the intensity of main reflections decreases with

ncreasing concentration of Ag+. The intense reflections at 2� values
f 23.14, 23.66, 24.45, 33.35, 34.25, 41.70 and 44.9, in all the pat-
erns were matched with monoclinic WO3 (JCPDS-43-1035), while
he low intensity reflections entrapped in high intensity reflections
t 34.22, 44.35, 46.23, 52.10 and 59.86 were matched with hexago-
al Ag2O (JCPDS-42-0874). Although other Ag species such as nano
rystalline Ag, AgO and Ag3O4 were also identified but the reflec-
ions arising from these species were of very low intensity. For
0% Ag+ impregnated sample, the reflections of moderate inten-
ity at 2� values of 25–35◦ were also observed. These reflections
ere matched with Ag2WO4 (JCPDS-32-1029). The formation of

urface Ag2O·WO3 is expected with the increasing Ag+ contents on
he surface. No significant change in the crystallite size of WO3 was
bserved with increasing concentration of Ag+. The average crys-
al sizes of pure and Ag+ impregnated WO3 calculated by applying
cherrer’s equation on the most intense reflections were 43.7 nm,
4.1 nm,  44.9 nm,  45.6 nm and 44.2 nm for pure, 0.1%, 1%, 5% and
0% Ag+ impregnated WO3, respectively.

.5. Photocatalytic studies
.5.1. Photocatalytic splitting of water
The splitting of water into its components is an uphill process

nd requires ∼235 kJ energy or photons of energy ≤6.7 eV corre-
ponding to 185 nm.  For a photocatalyst to cleave water i.e. the
mbols *, # and †  indcates the reflections arising from monoclinic WO3, Ag2O and

formation of hydroxyl radicals and generation of hydrogen ions, the
valence band edge of the catalyst should be positive than +1.23 V.
With the possibility of a number of side reactions that can occur
at the surface of the catalyst and in bulk, photocatalytic splitting
of water is a very complex reaction. In aqueous medium, the pro-
cesses that are initiated with the absorption of photons by the
photocatalyst are presented in Scheme 1.

WO3 + h�
E≥Eg−→h+ + e−

H2O + h+ → OH• + H+

OH• + OH• → H2O + 1⁄2O2

In our previous communication [29], we explained the plau-
sible reasons for the generation of non-stoichiometric H2 and O2
formation over pure WO3 even in the presence of non-favorable
conduction band edge i.e. (+0.4 V). The photon-generated defects
were identified as trap and transfer sites for electrons to H+ ions.
Possibly, due to the inadequate loading of Ag+, for 0.1% Ag+ impreg-
nated WO3, no significant change in the photocatalytic activity was
noticed. For 1% Ag+ loading, as presented in Fig. 5(a), an increase in
the H2 yield was observed that is mainly due to the formation of
surface traps induced by Ag+ surface impregnation. These defects
Scheme 1.
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Fig. 5. (a) Comparison of H2 production over pure and Ag+ impregnated WO3 photo-
catalysts under 100 mJ,  355 nm laser exposure for a period of 90 mins at 23 ◦C with
a  catalyst loading of 300 mg/70 cm3. (b) Comparison of O2 generation in water split-
t
3
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ing process over pure and Ag+ impregnated WO3 photocatalysts under 100 mJ,
55 nm laser exposure at ambient (23 ◦C) temperature. The catalyst suspension
300 mg/70 cm3) was  purged with Argon gas for complete removal in the dark.

g+ is presented in Fig. 6. The further increase in Ag+ surface load-
ng, as in case of 5% and 10% Ag+ loading, suppressed the charge
rap and transfer of electrons, which caused a substantial decrease
n H2. The direct absorption of photons by the silver entities and
he non-suitability of band edges of surface Ag2O for promoting
2 formation are the major factor in this regard. However, as
resented in Fig. 5(b), an increasing trend for O2 generation was
bserved for 5% and 10% Ag+ loading suggesting the suppression of

hotogenerated e−−h+ recombination with increased water oxi-
ation i.e. increased yield of OH• radicals and H+ ions. The valence
and edge positions of both Ag2O (+1.39 V) and WO3 (+3.1 V) [44]
llows the migration of holes (h+) generated by photon-induced

Fig. 6. The possible mechanism of electron capture by surfac
Scheme 2.

electronic excitation, from the valence band of WO3 to the valence
band of Ag2O, thus enhancing the lifetime of excited states. On  the
other hand, the relocation of photogenerated electrons produced
by the direct absorption of photons by Ag2O to the conduction
band of WO3 is also energetically favored process. The possible
mechanisms of hole (h+) transfer and relocation of photogenerated
electrons are presented in Fig. 7(a) and Fig. 7(b), respectively. The
significant decrease in H2 generation (Fig. 5 (a)) and initial increase
followed by the decrease in O2 formation with time (Fig. 5(b)), for
10% surface Ag+, indicates that AgOx species (mainly Ag2O) absorbs
the major portion of the incident photons. A significant red shift in
�max in the absorption spectra (Fig. 1) supports the same finding.
The observed deposition of metallic Ag◦ at the inner surface of the
photocatalytic reactor indicated the depletion of silver contents on
the surface of 10% impregnated photocatalyst. The enhancement of
photocatalytic activity by surface plasmon resonance phenomenon
is reported for metallic Ag, and Au nanoparticles loaded photo-
catalysts [39]; therefore, for Ag+ impregnated WO3, the possible
contribution of surface plasmon resonance in enhancing the pho-
tocatalytic activity cannot be ignored. However, in this particular
case, the binding of Ag+ with the surface oxygen (in the form of
Ag2O) limits the role of surface plasmon resonance that requires
metallic nanoparticles with free charges. Additionally, the intimate
contact of plasmon resonance generating metallic nanoparticles
with the host photocatalyst, for the injection of charge carriers,
is essential as the plasmonic charge carriers, due to energy con-
siderations are unable to generate oxidation or reduction reactions
independently [45]. The proposed mechanism for the release of Ag+

ions from the surface of WO3 to the bulk and further reduction by
the conduction band electrons to metallic silver (Ag◦) is elaborated
in Scheme 2.

Ag2O + h� → 2Ag+(sol) + 1
2 O−

2 (surface)

Ag+(+0.8V) + e−
cb(+0.7 V) → Ag◦

3.5.2. Photocatalytic conversion of methane
Methane (CH4) with completely engaged electronic arrange-
ment is a chemically inert molecule. It lacks both adsorption at
the surface of the photocatalyst and electron donating abilities to
the photogenerated holes that suggests its conversion in the bulk
rather than at the surface of the photocatalyst and necessitates the

e Ag+ entities in impregnated WO3 under illumination.
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F re absorbed by WO3, the photogenerated holes (h+) are transferred from to the valence
b . (b) When the photons are absorbed by surface Ag2O, the photogenerated electrons (e−)
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ig. 7. Mechanism of e-–h+ pair recombination inhibition. (a) When the photons a
and  of WO3 to the valance band of surface Ag2O in energetically allowed transition
rom  the conduction band of Ag2O are transferred to the conduction band of WO3.

ncreased generation of hydroxyl radicals through water oxidation.
cheme 3 accounts for all the possible reactions that occur in the
ulk.

H4+OH• → CH3OH+H•

H3OH+OH• → CH2OH → CO2+H2O

•+H• → H2

H•+OH• → H2O+1⁄2O2

H•+H• → H2O

The suitable valence band edge potentials of both WO3 and
g2O, i.e. +3.1 V and +1.39 V, respectively, are persuasive to split
ater with the generation of hydroxyl radicals. In the presence

f methane in the system, a significant increase in H2 production
as observed for 1% and 5% Ag+ loading (Fig. 8(a)), evidencing the

•
ncreased OH radical generation compared to pure WO3. The for-
ation of additional H2 in the presence of methane compared to
ater splitting for Ag+ impregnated WO3 can be regarded as an

ndicator for:

Scheme 3.
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Fig. 8. (a) Comparison of H2 generation over pure and Ag+ impregnated WO3

photocatalysts in the presence of methane. Methane was  added to the catalyst sus-
pension (300 mg/70 cm3) at a flow rate of 100 ml/min for 15 mins. (b) Comparison
of  methanol yields over pure and Ag+ impregnated WO3 photocatalysts under laser
illumination (100 mJ) in the aqueous medium. Methane was added to the catalyst
suspension (300 mg/70 cm3) at a flow rate of 100 ml/min for 15 mins.
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a) Extended lifetime of excited states.
b) Increased ability of the impregnated catalysts for water oxida-

tion.
c) Interaction of OH• radicals (precursors for methanol) with

methane molecules to displace H• radicals (precursors for H2)
in the bulk rather than at the surface of catalyst.

The comparison of methanol yields because of photocatalytic
onversion of methane, over pure and Ag+ impregnated WO3 is
resented in Fig. 8(b). A sharp initial increase followed by a rapid
ecrease was observed for pure WO3, 1% and 5% Ag+ impreg-
ated catalysts. On the other hand, a gradually increasing trend

or 10% Ag+ loaded catalyst can also be observed. Methanol, a
acrificial molecule by nature, immediately after its formation com-
etes with the water molecules for photogenerated holes results

n its simultaneous degradation. Additionally the interaction of
ydroxyl radicals with freshly formed methanol also results in a
harp decrease in methanol yield. The mineralization of methanol
y superoxide radicals is not important, as the band edges of
O3 are not suitable for the formation of superoxide radicals that

equires a potential of −0.28 V. The decrease in the rate of for-
ation of methanol as presented in Fig. 9, supports the same. A
aximum yield of ∼47% (for a short span of time) was  observed for

% Ag+ loading that was twice higher than pure WO3. The gradual
ncrease in methanol yield for 10% Ag+ loading depicts that the pho-
ogenerated holes remain inaccessible to methanol molecules and
he hydroxyl radicals are consumed either in methanol or oxygen
ormation. As mentioned in Scheme 3, the formation of H• radi-
als is mandatory in photocatalytic methane conversion process.
long with the formation of additional amounts of hydrogen, OH•

adicals, owing to their non-selectivity, also initiate a number of
ide reactions leading to a variety of products that include ace-
one, acetic acid, acetaldehyde, di-methyl ether etc. Some of these
roducts were identified during the analysis of samples but their
oncentrations were too low for quantification. All these free radi-
al reactions also contribute in incrementing hydrogen yield.

The overall photonic efficiency (Fig. 10) of photocatalytic con-
ersion process was found to be ∼8% which do not represent the
ctual photonic efficiency of process as it is impossible to account
or all the processes occurring in the reaction. It only justifies the

roportion of generated hydroxyl radicals, which interact with
ethane to form methanol in the fixed span of time. The remaining

ortion of photogenerated hydroxyl radicals is consumed in oxygen
Fig. 10. Comparison of photonic efficiency (PE) over pure and Ag+ impregnated
WO3 photocatalysts (300 mg/70 cm3) under laser illumination (100 mJ)  in aqueous
medium.

formation, interaction with methanol, interaction with methanol
by-products such as formaldehyde etc. and recombination.

3.5.3. Photocatalytic degradation of methanol
The assumption of in-situ methanol degradation in photo-

catalytic conversion of methane into methanol was  verified by
performing the methanol degradation experiments. The methanol
degradation profile of the catalysts used in the study is presented
in Fig. 11, where it can be observed that the methanol degradation
increases with the increase in Ag+ loading. A maximum degrada-
tion of ∼45% was  observed for 5% Ag+ loading which again justifies
the suppressed charge carrier recombination and increased pro-
duction of hydroxyl radicals. As mentioned earlier, methanol can
degrade either by competing with adsorbed H2O molecules for
donating electrons to h+ or by direct interaction with OH• radicals
as mentioned below in Scheme 4.

CH3OH + h+ → CH3OH+ → H2CO + H• + H+

+

Fig. 11. Comparison of methanol degradation (percentage) over pure and Ag+

impregnated WO3 photocatalysts (300 mg/70 cm3) under laser (355 nm,  100 mJ)
illumination in aqueous medium containing 10 �L of methanol.
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Scheme 4.
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ig. 12. Plot of ln(Co/C) versus time for methanol degradation over pure and Ag+

mpregnated WO3 photocatalysts (300 mg/70 cm3) under laser (355 nm,  100 mJ)
llumination in aqueous medium containing 10 �L of methanol.

For 10% Ag+ loading the extent of methanol degradation was
ven lower than pure WO3 verifying the assumption that 10% Ag+

oading is sufficient enough to cover the whole surface of WO3 thus
ehaving as independent catalyst. Secondly, the energy associated
ith 355 nm photons is sufficiently high enough to split up Ag2O

1.2 eV) to form Ago. The kinetics of methanol degradation was  eval-
ated by plotting ln(Co/C) versus time as presented in Fig. 12, where

t can be observed that photocatalytic degradation of methanol
ollows the pseudo first order kinetics.

. Conclusions

The study has proved the practical viability of aqueous phase
hotocatalysis for the conversion of chemically/energetically inert
olecules such as methane to useful oxygen containing com-

ounds. However, the non-selectivity of photogenerated hydroxyl
adicals initiates a variety of complex side reactions and electron-
onating behavior of the product molecules limits the yield
nd selectivity of desired product. The study also revealed that
ethanol formation occurs through free radical mechanism origi-

ated after the diffusion of photogenerated hydroxyl radicals to the
ulk. The study also establishes that the prerequisite for a photocat-
lyst to work as conversion catalyst is the suitability of valence band
dge for splitting water with high efficiency. Although suitable for

2 formation, photocatalyst with negative conduction band edge
ay have detrimental effect on the product yield by in-situ gen-

ration of oxidizing species like superoxide radicals. The presence
f Ag+ at the surface of WO3 enhances the formation of hydroxyl

[
[
[
[
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radicals by suppressing the charge carrier recombination process
however, the metal loading higher than 5% significantly affect the
splitting/conversion process as photons are consumed in the disso-
ciation of Ag2O rather than being productive. The yield of methanol
can be enhanced by continuous removal of the methanol after its
formation. The study provides a base for the use of photocatalysis
for synthetic purposes however much effort is still needed to opti-
mize the process for higher yield.
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