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Hydrogen generation by laser transformation of methanol
using n-type WO3 semiconductor catalyst
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Abstract

A laser based method for photocatalytic reforming of methanol at ambient temperature using n-type WO3 semiconductor catalyst has been
investigated for the first time. A non-explosive mixture of gases containing hydrogen, carbon monoxide and methane with high concentration
of hydrogen was observed. The amount of catalyst and laser energy was optimized for maximum yield of hydrogen. The effect of aging of
t he effect of
a rocess was
a
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he catalyst proved that there was no deactivation of catalyst; instead, an increase in the activity of the catalyst was observed. T
ddition of water to methanol in various proportions as feedstock on the hydrogen yield during this laser induced photocatalytic p
lso studied.
2004 Published by Elsevier B.V.
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. Introduction

Hydrogen is considered to be as an ideal and clean fuel for
ower generation systems with virtually zero emissions of air
ollutants. It is the best candidate for replacement of conven-

ional fossil fuels[1]. When reacted with oxygen, hydrogen
roduces only water as a by-product. Hence, hydrogen is an
nvironmentally friendly fuel and can be used in fuel cells to
ower automobiles or to provide electricity and thermal en-
rgy. Research in the Hydrogen Generation and Utilization

s important in order to reduce the greenhouse gas emissions.
his is done by developing new ways to produce hydrogen
nd by enhancing its utilization in fuel cells.

Presently, the major processes for hydrogen production are
team reforming of natural gas, steam reforming of methanol,
ydrogen from chemical industry sources (ammonia plants),
irect methanol base fuel cells, gasification of coal, biomass
nd electrolysis of water[2–19].

∗ Corresponding author. Tel.: +966 3860 2351; fax: +966 3860 4281.
E-mail address:magondal@kfupm.edu.sa (M.A. Gondal).

Steam reforming of natural gas and methanol are the
widely used industrial procedures for the production of
drogen at large scale. Following are the important proce
for production of hydrogen on large scale:

CH4 + H2O → CO+ 3H2 (Steam reforming) (1

CH4 + 1
2O2 → CO+ 2H2 (Partial oxidation) (2

CH3OH → CO+ 2H2 (Methanol reforming) (3

CO+ H2O → CO2 + H2 (Water shift reaction) (4

The natural gas and methanol reformers currently in
are usually fixed-bed catalytic reactors[4] that suffer from a
number of inherent problems. They operate at extreme
ditions of temperature and pressure, with the requireme
special catalysts. Hot and cold spots are commonly enc
tered in the catalyst bed that results in poor performance
longer period of time[5,6]. These types of reactors typica
have poor response to transients and require a prolonge
to reach working temperature from cold start-up.
381-1169/$ – see front matter © 2004 Published by Elsevier B.V.
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Fuel cells are being developed for applications in the
transportation and the distributed power generation sectors
due to energy, security, environmental and economical ben-
efits. Being a clean and efficient source of electrical power
for both mobile and stationary applications[1], fuel cells
based on hydrogen are in high demand. Meanwhile, espe-
cially for mobile applications, methanol has been identified
as a suitable (transportable) fuel that can be easily processed-
on board to hydrogen-rich gas for the solid polymer fuel cell
(SPFC), the main candidate for transport applications[3].
Although fuel cells are considered as the efficient source for
power generation, the efficient supply of pure hydrogen or
hydrogen rich feed from methanol and poisoning are issues
that still hinder their full-scale commercial use. The produc-
tion of hydrogen from the gasification of coal, biomass and
solid waste is not efficient based on cost to production ratio.
The same is true for the production of hydrogen by water
electrolysis.

Research efforts have focused recently to develop photo-
chemical methods for the production of hydrogen. Hetero-
geneous photocatalysis is one of the promising approaches
for production of hydrogen[18–28]. This technique is based
upon the photo-excitation of a semiconductor catalyst, with
the absorption of photons of energy greater than the band
gap, leading to the formation of oxidation (photogenerated
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In the present work, we developed a novel process for the
production of hydrogen gas from methanol. The process is
based on photocatalytic splitting of methanol in the presence
of a semiconductor photocatalyst catalyst, WO3, using UV
laser as a light source. A laser beam of 355 nm and a spe-
cially designed reaction cell was employed for this purpose.
The major reaction product, i.e. molecular hydrogen (H2) and
other gases, such as CH4 and CO, were observed at a high
reaction rate at room temperature. It is worth mentioning that
a complete transformation of liquid methanol was observed
in gaseous products without the formation of any major prod-
uct in the liquid phase. The traces of some products such as
CH3COOH, (CH3O)2CO were also observed.

2. Experimental details

The setup employed in this study has been described in
detail in our earlier publications[25–28]. However, a brief
description is mentioned here. To study the Photocatalytic
splitting of methanol into hydrogen and other gaseous
products, a Pyrex cell (35 mm diameter and 120 mm
length), equipped with optical grade quartz windows for
transmission of UV visible laser beam was designed and
fabricated. The cell was equipped with ports and rubber
s hich
a alyst
a these
p the
a 0 mg
w ange.
T the
o 0 ml
o the
o med
i lyzed
b of
t reg-
u g gas
c ith a
3 r. A
3 onic
o The
p n
r reac-
t r all
t nstant
a sure
t study
t x. All
t riod
o talyst
p per-
f on
h ures
o l. The
oles, hvb ) and reduction (photogenerated electrons, ecb ).
he potential of the valance band (Vvb) and conduction ban

Vcb) edges play a vital role in predicting the type of react
hat can occurred at the surface of the semiconductor p
atalyst. The magnitude of these potentials depends upo
ature of the solvent and pH of the system. Another impo

actor that makes photocatalysis productive is the abilit
he solvent to suppress the unwanted electron–hole rec
ation either by capturing valance band holes or condu
and electrons. Water is the most commonly used solve
hotocatalysis and most readily available feedstock fo
hotocatalytic hydrogen production but the main prob
ssociated with the production of hydrogen through w
plitting are the formation of explosive mixtures of hyd
en and oxygen and relatively low yield of hydrogen.
anic compounds, primarily oxygenated hydrocarbons
s methanol, are an alternative source. The saturated h
arbons and stable aromatic compounds, due to their s
lectronic configuration and non-polar nature, are unab
uppress the electron–hole pair recombination. Methan

iquid at room temperature with high carbon to hydrogen r
ompared to water and is considered an organic counterp
ater. Due to the presence of polarity and its ability to do

he lone pairs of electrons, it can be used as an alternati
ater. The above-mentioned properties make it quite sui
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methanol–water mixtures were prepared by adding different
proportions of water in methanol. All the experiments were
performed at room temperature and atmospheric pressure.

3. Results and discussion

The photocatalytic oxidation of methanol was studied by
irradiating the suspension of methanol and WO3 with 355 nm
laser radiation. In was noticed that the amount of hydrogen
produced from methanol strongly depends upon laser energy,
catalyst concentration in the fixed volume of methanol, laser
beam diameter and stirring rate. A small change in these pa-
rameters affected the product yield significantly. As it was
difficult to optimize all the parameters simultaneously, the
two crucial parameters; i.e. laser energy and particle density,
were optimized and the other two parameters, i.e. laser beam
diameter and stirring rate were kept constant. The effect of
focused laser beam was minimized by expanding the beam
to a diameter of 10 mm.

3.1. Optimization of photocatalyst particle density

The amount of catalyst was carefully optimized for max-
imum yield of hydrogen produced during the photocatalytic
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Fig. 2. Hydrogen yield as a function of laser energy.

this observation an amount of 500 mg was applied for rest of
the experiments.

3.2. Optimization of laser energy

Fig. 2depicts the hydrogen yield plotted versus the laser
energy for WO3 catalysts at 355 nm laser irradiation. During
these experiments, the optimized amount of the catalyst from
the previous step, i.e. 500 mg of the catalyst was suspended
in 50 ml of methanol and the yield of hydrogen was measured
for different laser energies ranging from 50 to 300 mJ/pulse.
It can be noticed that the hydrogen yield shows strong de-
pendence on the incident photon flux (laser energy). The hy-
drogen production is low in 50–100 mJ regions due to the
low number of photons but a linear increase in the hydrogen
yield has been observed in the 150–300 mJ/pulse laser energy
range.

3.3. Photocatalytic oxidation of methanol

Although there was an increase in hydrogen production
with the increase in the number of incident photons, the laser
energy of 150 mJ/pulse was applied for rest of the experi-
ments. The photocatalytic oxidation of methanol was stud-
ied by suspending the optimized amount of 500 mg of WO3
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f 150 mJ was measured for 30 min and is plotted inFig. 1.
linear increase in amount of hydrogen produced can b

iced in the 100–500 mg range. Further increase in the am
f catalyst in the 600–1000 mg range, fails to enhance
ield of hydrogen proportional to the amount of catalyst. T
rend indicates that the activity of the catalyst increases
he increase in particle density initially to a certain range
s the stirring rate is kept constant, the number of part
xposed per unit area per unit time remains the same; fu

ncreasing the concentration of the catalyst does not a
he yield of hydrogen significantly beyond 500 mg. Base

Fig. 1. Hydrogen yield as a function of catalyst particle density.
n 50 ml of methanol. The suspension was irradiated
55 nm laser photons of 150 mJ/pulse energy. The yie
volved gases as function of laser illumination time is
ented inFig. 3. Beside hydrogen, the other gases produ
ere carbon monoxide and methane. The hydrogen

∼=20 mol%) is quite substantial over a 90 min of laser
osure. No liquid product, in significant measurable amo
as observed. This indicates that the photocatalytic pro

eads to complete oxidation of methanol. WO3 is an n-type
emiconductor with a band gap of 2.8 eV. It has the val
nd conduction band edge of +3.1 V and +0.4 V in the a
us medium, respectively[29]. Although the exact pote

ial of its band edges are not known in aprotic solvents
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Fig. 3. The evolved gases as a function of time with 500 mg of WO3 and
150 mJ laser energy.

methanol, it is well documented in the literature[30,31]that
the band edges are shifted to more negative potentials com-
pared to protic solvents like water. The high yield of hydro-
gen (Fig. 3) also confirms the shifting of the conduction band
edge to a value negative than 0.0 V (the potential for H+/H2
couple) versus normal hydrogen electrode (NHE). The WO3
particles absorb 355 nm photons that causes the generation
of valance band holes (hvb

+) and conduction band electrons
(ecb

−). These photon-generated holes serve as oxidation sites
for the adsorbed methanol molecules, i.e.

WO3
hυ(Laser)−→ WO3(hvb

+, ecb
−) (5)

CH3OH + hvb
+ → CH3O+H (6)

CH3O+H → CH2O + H• + H+ (7)

H+ + ecb
− → H• (8)

H• + H• → H2 (9)

The formaldehyde produced during the process decom-
poses immediately by donating electron to the valance band
holes to give carbon monoxide and additional hydrogen as
follows:

H2CO+ hvb
+ → CO+ H+ + H• (10)

tion
o

C

cant
f ha-
n ation
o

from
l ng
o
d
h aring

Fig. 4. The rate of production of evolved gases as a function of time with
500 mg of WO3 and 150 mJ laser energy.

configurations[32,33]. In this configuration, each tungsten
atom exists as W6+. Absorption of light causes the transfer
of an electron from the valence band of an oxygen atom to
the conduction band of a tungsten atom. This weakens the
tungsten-oxygen bond, allowing lattice oxygen to be driven
out creating a defect site. The additional electron then moves
from one tungsten atom to another[34].

WO3
hυ(355 nm)−→ WO3−x + 1

2xO2 (12)

The H+ ions produced as a result of the photocatalytic
oxidation of water are then inserted or intercalated at the
defect sites created by the absorption of UV light.

xH+ + xe− + WO3 → HxWO3−x (13)

With this formation of these defect sites and reversible
intercalation or insertion, the structural distortion decreases
and blue color is observed[35]. To verify the assumption
the dark blue catalyst was kept in oxygen free environment
for several days, no change in the catalyst was observed.
The catalyst regenerated its original color when heated in the
presence of oxygen, i.e.

HxWO3 + 1
2xO2 → WO3 + 1

2xH2 (14)

The rate of production of the gases produced as a result of
p
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Free radical mechanism is responsible for the forma
f methane; i.e.

H3OH + H• → CH4 + HO• (11)

The above mechanism clearly indicates that a signifi
raction of hydrogen is produced via free radical mec
ism that proceeds through the photocatalytic dissoci
f methanol.

It was observed that the color of the catalyst changes
ight yellow to dark blue during photocatalytic reformi
f methanol. The yellow tungsten oxide (WO3) has slightly
istorted monoclinic structure; consisting of WO6 octa-
edra, arranged in various corner-sharing or edge-sh
hotocatalytic reforming of methanol is depicted inFig. 4.
ere, an increase in the rate of production of hydrogen
bserved with time. This increase in the rate of forma
f hydrogen is an evidence of the increased activity o
atalyst with laser illumination time.

The production of hydrogen by the direct photolysis
ethanol by laser photons either by single or multi photon

orption was estimated by performing blank (without W3)
xperiment under the same conditions as in presence of3.
nly small amounts of hydrogen were observed, less tha
f the amount of hydrogen produced in the presence of

yst. A comparison of the hydrogen produced during phot
is and photocatalysis experiments, under same experim
onditions is presented inFig. 5.
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Fig. 5. Comparison of the hydrogen produced during photolysis and photo-
catalysis under same experimental conditions.

3.4. Effect of WO3 aging on methanol reforming

The effect of aging on the activity of WO3 was studied by
exposing the reduced catalyst under experimental conditions
similar to a fresh one. For this purpose, the fresh catalyst
was exposed to laser illumination for a period of 90 min and
the evolved hydrogen was measured at regular intervals. Af-
ter 90 min, the exposed suspension with reduced catalyst was
preserved in the dark environment for 15 days. After 15 days,
the same suspension was exposed to 355 nm laser photons and
we measured the yield of evolved gases. The same procedure
was repeated again after 1 month. A comparison of evolved
hydrogen on fresh, after 15 days of first exposure and after 1
month of the second exposure is presented inFig. 6. No de-
crease in the activity of the catalyst was observed with aging
of the catalyst; rather, an increase was observed compared
to the fresh catalyst. This effect may be because for a pure
catalyst, a fraction of photons is consumed in the reduction
of the catalyst and once the catalyst is fully reduced; all the
incident photons applied are consumed in the production of
hydrogen.

en.

Fig. 7. Effect of the water addition on the production of hydrogen.

3.5. Effect of water addition on methanol reforming

The effect of water on photocatalytic reforming of
methanol was studied by illuminating the WO3 suspensions
containing different proportions of methanol and water rang-
ing from 75% to 25% methanol with a step of 25%. The
amount of gases evolved, especially hydrogen, was compared
with that for pure methanol and pure water. A comparison
of hydrogen produced for various proportions of water in
methanol with that of pure methanol and pure water is pre-
sented inFig. 7. A substantial decrease in hydrogen produc-
tion was observed with increasing concentration of water.
As mentioned earlier, water and methanol have comparable
properties in terms of reactivity and electron donating be-
havior. The presence of water in the methanol initiates the
competition between methanol and water for valance band
holes. Water splits into hydroxyl radicals (OH•) and H+ ions
through water oxidation. The hydroxyl radicals generate oxy-
gen while H+ ions form hydrogen by capturing conduction
band electrons; i.e.

H2O + hvb
+ → H2O+ → OH• + H+ (15)

OH• + OH• → H2O + 1
2O2 (16)

H+ + ecb
− → H• + H• → H2 (17)
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Fig. 6. Effect of the aging of the catalyst on the production of hydrog
Moreover, with the formation of oxygen in the syst
Eq. (16)), a competing environment is established betw
xygen and photogenerated H+ ions for conduction ban
lectrons with the formation of super oxide ions. These s
xide ions serve as a sink for photogenerated H+ ions causing
decrease in hydrogen production as mentioned below

2 + ecb
− → O2

•− (17)

+ + O2 + ecb
− → HO2

• (18)

The HO2 radicals lead to the additional formation of ox
en.

O2
• + HO2

• → H2O + 3
2O2 (19)



264 M.A. Gondal et al. / Journal of Molecular Catalysis A: Chemical 222 (2004) 259–264

Fig. 8. Effect of the water addition on the rate of hydrogen production.

In addition, the increasing concentration of water also af-
fects the position of the valance and conduction band edges.
With increasing concentration of water, the shifting of the
conduction band edges to positive value leads to the capture
of conduction band electrons more and more difficult causing
a considerable decrease in hydrogen production.

A comparison of the rate of hydrogen production for var-
ious concentrations of water in methanol with that for pure
methanol and pure water is presented inFig. 8. It can be no-
ticed that the increasing concentration of water significantly
decreases the rate of production of hydrogen and hinders
the methanol reforming process. A similar behavior was ob-
served for other gases (CH4, CO).

4. Conclusions

A hydrogen yield of 20 mol% over a period of 90 min of
laser exposure to methanol was achieved; this is quite sub-
stantial at room temperature as compared to conventional
methods using lamps. Apart from the reduction of the cata-
lyst, i.e. loss of lattice oxygen and formation of Hx WO3−x

type species, the catalyst was found stable under laser illumi-
nation over a longer time. The study of the aging of the cata-
lyst proved that there was no deactivation of catalyst rather an
i sub-
s with
i n of
w s.
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[2] H.G. Düsterwald, B. Ḧohlein, H. Kraut, J. Meusinger, R. Peters, U.

Stimming, Chem. Eng. Technol. 20 (9) (1997) 617.
[3] K. Kordesch, J. Gsellmann, M. Cifrain, Revival of alkaline fuel cell

hybrid systems for electric vehicles, in: Proceedings of the 1998 Fuel
Cell Seminar Abstracts, November 16–19, 1998, Palm Springs, CA,
p. 387.

[4] J.R. Rostrup-Nielsen, Catalytic Steam Reforming, Springer-Verlag,
New York, NY, 1984.

[5] Catalyst Handbook, Wolfe Publishing Ltd, Frome, England, 1989.
[6] C.E. Thomas, I.F. Kuhn, B.D. James, F.D. Lomax, G.N. Baum, Int.

J. Hydrogen Energy 23 (6) (1998) 507.
[7] J.S. Oklany, K. Hou, R. Hughes, Appl. Catal. A: Gen. 170 (1998)

13.
[8] J. Ogden, Int. J. Hydrogen Energy 24 (1999) 709.
[9] A.J. Appleby, Energy: Int. J. 78 (21) (1996) 521.

[10] A. Petersen, C.S. Nielsen, S.L. Jorgensen, Catal. Today 46 (1998)
193.

[11] Y. Lin, M. Rei, Int. J. Hydrogen Energy 25 (2000) 211.
[12] S.Y. Lin, Y. Suzuki, H. Hatano, M. Harada, Energy Fuels 15 (2001)

339.
[13] S. Sato, S.Y. Lin, Y. Suzuki, H. Hatano, Fuel 82 (2003) 561.
[14] P. Reuse, A. Renken, K. Haas-Santo, O. Görke, K. Schubert, Chem.

[ hem.

[
[ 04)

[ .-J.

[ ley,

[
[ ev.

[
[
[ .
[ en.

[ m.

[
[ pl.

[ 181.
[ rice,

[ 1988.
[ 36.
[
[ .B.

[ , J.
ncrease in the activity of the catalyst was observed. A
tantial decrease in hydrogen production was observed
ncreasing concentration of water. Similarly, the additio
ater was detrimental in the yield of other evolved gase

cknowledgements

The authors acknowledge the support of the King F
niversity of Petroleum and Minerals for this work. T
Eng. J. 101 (2004) 133.
15] A. Rouge, B. Spoetzl, S. Schenk, K. Gebauer, A. Renken, C

Eng. Sci. 56 (4) (2001) 1419.
16] L.F. Brown, Int. J. Hydrogen Energy 26 (2001) 381.
17] K. Lee, W.S. Nam, G.Y. Han, Int. J. Hydrogen Energy 29 (20

1343.
18] M.H. Kim, E.K. Lee, J.H. Jun, S.J. Kong, G.Y. Han, B.K. Lee, T

Lee, K.J. Yoon, Int. J. Hydrogen Energy 29 (2004) 187.
19] J.C. Amphlett, K.A.M. Creber, J.M. Davis, R.F. Mann, B.A. Pepp

D.M. Stokes, Int. J. Hydrogen Energy 19 (1994) 131.
20] M.I. Litter, Appl. Catal. B: Environ. 23 (1999) 89.
21] M.R. Hoffmann, S.T. Martin, W. Choi, D. Bahnemann, Chem. R

95 (1995) 69.
22] M.A. Fox, M.T. Dulay, Chem. Rev. 93 (1993) 341.
23] K. Rajashwer, J. Appl. Electrochem. 25 (1995) 1067.
24] O. Legrini, E. Oliveros, A.M. Braun, Chem. Rev. 93 (1993) 671
25] M.A. Gondal, A. Hameed, A. Al-Suwaiyan, Appl. Catal A: G

243 (2003) 165.
26] M.A. Gondal, A. Hameed, Z.H. Yamani, A. Al-Suwaiyan, Che

Phys. Lett. 385 (2004) 111.
27] A. Hameed, M.A. Gondal, J. Mol. Catal. A 219 (2004) 109.
28] M.A. Gondal, A. Hameed, Z.H. Yamani, A. Al-Suwaiyan, Ap

Catal. A: Gen. 268 (2004) 159.
29] G.R. Bamwenda, H. Arakawa, Appl. Catal. A: Gen. 210 (2001)
30] G. Redmond, A. O’Keefe, C. Burgess, C. MacHale, D.J. Fitzmau

Phys. Chem. 97 (1993) 11081–11086.
31] H.O. Finklea, Semiconductor Electrodes, Elsevier, Amsterdam,
32] A. Hjelm, C.G. Granqvist, J.M. Wills, Phys. Rev. B 54 (1996) 24
33] C.G. Granqvist, Sol. Energy Mater. Sol. Cells 60 (2000) 201.
34] L. Se-Hee, M. Hyeonsik, C. Cheong, T. Edwin, M. Angelo, K

David, D.K. Satyen, Electrochim. Acta 44 (1999) 3111.
35] A. Kuzmin, J. Purans, E. Cazzanelli, C. Vinegoni, G. Mariotto

Appl. Phys. 84 (1998) 5515.


	Hydrogen generation by laser transformation of methanol using n-type WO3 semiconductor catalyst
	Introduction
	Experimental details
	Results and discussion
	Optimization of photocatalyst particle density
	Optimization of laser energy
	Photocatalytic oxidation of methanol
	Effect of WO3 aging on methanol reforming
	Effect of water addition on methanol reforming

	Conclusions
	Acknowledgements
	References


