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Abstract

A laser based method for photocatalytic reforming of methanol at ambient temperature using n-typeri€@nductor 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
the catalyst proved that there was no deactivation of catalyst; instead, an increase in the activity of the catalyst was observed. The effect of
addition of water to methanol in various proportions as feedstock on the hydrogen yield during this laser induced photocatalytic process was
also studied.
© 2004 Published by Elsevier B.V.
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1. Introduction Steam reforming of natural gas and methanol are the most
widely used industrial procedures for the production of hy-
Hydrogen is considered to be as an ideal and clean fuel fordrogen at large scale. Following are the important processes
power generation systems with virtually zero emissions of air for production of hydrogen on large scale:
pollutants. Itis the best candidate for replacement of conven-

tional fossil fuelg1]. When reacted with oxygen, hydrogen CHa +H20 — CO+3H,  (Steamreforming) (2)
produces only water as a by-product. Hence, hydrogen is an 1 . o
environmentally friendly fuel and can be used in fuel cellsto CH4 + 302 > CO+2H,  (Partial oxidation) (2)

power automobiles or to provide electricity and thermal en-
ergy. Research in the Hydrogen Generation and Utilization
is important in order to reduce the greenhouse gas emissionsco_l_ H,0 — CO, + Ho (Water shift reaction) (4)
This is done by developing new ways to produce hydrogen
and by enhancing its utilization in fuel cells. The natural gas and methanol reformers currently in use
Presently, the major processes for hydrogen production areare usually fixed-bed catalytic reactd4$ that suffer from a
steam reforming of natural gas, steam reforming of methanol, number of inherent problems. They operate at extreme con-
hydrogen from chemical industry sources (ammonia plants), ditions of temperature and pressure, with the requirement of
direct methanol base fuel cells, gasification of coal, biomass special catalysts. Hot and cold spots are commonly encoun-
and electrolysis of watgR—19] tered in the catalyst bed that results in poor performance over
longer period of timg5,6]. These types of reactors typically
* Corresponding author. Tel.: +966 3860 2351; fax: +966 3860 4281. have poor response to transients and require a prolonged time
E-mail addressmagondal@kfupm.edu.sa (M.A. Gondal). to reach working temperature from cold start-up.

CH30H — CO+ 2Hy (Methanol reforming) 3)
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Fuel cells are being developed for applications in the  Inthe present work, we developed a novel process for the
transportation and the distributed power generation sectorsproduction of hydrogen gas from methanol. The process is
due to energy, security, environmental and economical ben-based on photocatalytic splitting of methanol in the presence
efits. Being a clean and efficient source of electrical power of a semiconductor photocatalyst catalyst, ¥¥Osing UV
for both mobile and stationary applicatiofid, fuel cells laser as a light source. A laser beam of 355nm and a spe-
based on hydrogen are in high demand. Meanwhile, espe-cially designed reaction cell was employed for this purpose.
cially for mobile applications, methanol has been identified The major reaction product, i.e. molecular hydroges)@hd
as a suitable (transportable) fuel that can be easily processedether gases, such as ¢ldnd CO, were observed at a high
on board to hydrogen-rich gas for the solid polymer fuel cell reaction rate at room temperature. It is worth mentioning that
(SPFC), the main candidate for transport applicatif8js a complete transformation of liquid methanol was observed
Although fuel cells are considered as the efficient source for in gaseous products without the formation of any major prod-
power generation, the efficient supply of pure hydrogen or uct in the liquid phase. The traces of some products such as
hydrogen rich feed from methanol and poisoning are issuesCH3COOH, (CH0),CO were also observed.
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. 2. Experimental details
The same is true for the production of hydrogen by water
electrolysis. The setup employed in this study has been described in

Research efforts have focused recently to develop photo-detail in our earlier publication®5—-28] However, a brief
chemical methods for the production of hydrogen. Hetero- description is mentioned here. To study the Photocatalytic
geneous photocatalysis is one of the promising approachessplitting of methanol into hydrogen and other gaseous
for production of hydrogefil8—28] This technique is based products, a Pyrex cell (35mm diameter and 120 mm
upon the photo-excitation of a semiconductor catalyst, with length), equipped with optical grade quartz windows for
the absorption of photons of energy greater than the bandtransmission of UV visible laser beam was designed and
gap, leading to the formation of oxidation (photogenerated fabricated. The cell was equipped with ports and rubber
holes, ") and reduction (photogenerated electrogs, septums for sampling. The important parameters which
The potential of the valance bandgy and conductionband  affect the hydrogen yield are the amount of the photocatalyst
(Vcp) edges play a vital role in predicting the type of reactions and laser energy. The dependence of hydrogen yield on these
that can occurred at the surface of the semiconductor photo-parameters was carefully studied. The optimization of the
catalyst. The magnitude of these potentials depends upon thamount of catalyst was studied in the range of 50—-2000 mg
nature of the solvent and pH of the system. Another important while laser energy was studied in the 20—300 mJ/pulse range.
factor that makes photocatalysis productive is the ability of To study the photocatalytic conversion of methanol, the
the solvent to suppress the unwanted electron—hole recombi-optimized amount of photocatalyst was suspended in 50 mi
nation either by capturing valance band holes or conduction of methanol. The suspension was then irradiated with the
band electrons. Water is the most commonly used solvent inoptimized laser energy. All the experiments were performed
photocatalysis and most readily available feedstock for the in an argon environment. The evolved gases were analyzed
photocatalytic hydrogen production but the main problem by removing 10Qul of gas samples from the dead volume of
associated with the production of hydrogen through water the photocatalytic reactor by using a gas tight syringe at reg-
splitting are the formation of explosive mixtures of hydro- ular time intervals. The samples were analyzed by using gas
gen and oxygen and relatively low yield of hydrogen. Or- chromatograph (Shimadzu, Model GC-17) equipped with a
ganic compounds, primarily oxygenated hydrocarbons such30 m molecular sieve 5A plot column and a TCD detector. A
as methanol, are an alternative source. The saturated hydro355 nm laser beam, was generated from the third harmonic
carbons and stable aromatic compounds, due to their stableof a Spectra Physics Nd:YAG laser (Model GCR 250). The
electronic configuration and non-polar nature, are unable to pulse width of the laser was8 ns having a 10 Hz repetition
suppress the electron—hole pair recombination. Methanol israte. The laser beam was directed into the center of the reac-
liquid atroom temperature with high carbon to hydrogenratio tion chamber using a set of mirrors and collimators. For all
compared to water and is considered an organic counterpart othe measurements, the laser beam diameter was kept constant
water. Due to the presence of polarity and its ability to donate at 10 mm. This diameter of the laser beam was fixed to ensure
the lone pairs of electrons, it can be used as an alternative forthe exposure of the same volume of the catalyst and to study
water. The above-mentioned properties make it quite suitablethe parametric dependence under the same photon flux. All
for the photocatalytic production of hydrogen. Discovery of the experiments were performed for a laser irradiation period
novel processes for producing hydrogen may greatly advanceof 90 min except for the laser energy dependence and catalyst
the cause of achieving a clean-burning economy based on hyparticle density optimization experiments, which were per-
drogen. It is believed that the use of hydrogen as fuel offers formed for a period of 30 min. The effect of water addition on
the potential to reduce our current dependence on fossil fuelshydrogen production was studied by irradiating the mixtures
in the future. of methanol under the same condition as pure methanol. The
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methanol-water mixtures were prepared by adding different 12
proportions of water in methanol. All the experiments were
performed at room temperature and atmospheric pressure. 10

3. Results and discussion

The photocatalytic oxidation of methanol was studied by
irradiating the suspension of methanol and ¥¥@th 355 nm
laser radiation. In was noticed that the amount of hydrogen
produced from methanol strongly depends upon laser energy, 2
catalyst concentration in the fixed volume of methanol, laser
beam diameter and stirring rate. A small change in these pa- 0
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, Fig. 2. Hydrogen yield as a function of laser energy.
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.

Hydrogen (Mol %)
(<]

0 50 100 150 200 250 300 350
Laser energy (mJ)

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

3.1. Optimization of photocatalyst particle density 3.2. Optimization of laser energy

The amount of catalyst was carefully optimized for max-  F19- 2depicts the hydrogen yield plotted versus the laser
imum yield of hydrogen produced during the photocatalytic €N€rgy for WQ catalysts at_35_5 nm laser irradiation. During
process. The hydrogen vyield, for various concentrations of these ex.perlments,. the optimized amount of the catalyst from
WOs suspended in 50 ml of methanol and fixed laser energy _the previous step, i.e. 500 mg of the catalyst was suspended
of 150 mJ was measured for 30 min and is plotte&ig 1 in 50'ml of methanol anq the ylelq of hydrogen was measured
Alinear increase in amount of hydrogen produced can be no-for different Ia_lser energies ranging fror_n 50 to 300 mJ/pulse.
ticed in the 100-500 mg range. Further increase in the amount't ¢an be noticed that the hydrogen yield shows strong de-
of catalyst in the 600—1000 mg range, fails to enhance the P€ndence on the incident photon flux (laser energy). The hy-
yield of hydrogen proportional to the amount of catalyst. This drogen production is low in 50-100mJ regions due to the
trend indicates that the activity of the catalyst increases with 10W number of photons but a linear increase in the hydrogen
the increase in particle density initially to a certain range, but Yi€ld has been observed in the 150-300 mJ/pulse laser energy
as the stirring rate is kept constant, the number of particles "ang¢€-
exposed per unit area per unit time remains the same; further
increasing the concentration of the catalyst does not affect3.3. Photocatalytic oxidation of methanol
the yield of hydrogen significantly beyond 500 mg. Based on

Although there was an increase in hydrogen production
with the increase in the number of incident photons, the laser

6 energy of 150 mJ/pulse was applied for rest of the experi-
ments. The photocatalytic oxidation of methanol was stud-
51 ied by suspending the optimized amount of 500 mg of WO

in 50 ml of methanol. The suspension was irradiated with
355nm laser photons of 150 mJ/pulse energy. The yield of
evolved gases as function of laser illumination time is pre-
sented inFig. 3. Beside hydrogen, the other gases produced
were carbon monoxide and methane. The hydrogen yield
(=20 mol%) is quite substantial over a 90 min of laser ex-
posure. No liquid product, in significant measurable amount,
was observed. This indicates that the photocatalytic process
leads to complete oxidation of methanol. W® an n-type
© 100 200 300 400 500 600 700 B00 900 1000 1100 semlconduct'or with a band gap of 2.8eV. It has'the valance
Amount of catalyst (mg) and conduction band edge of +3.1V and +0.4 V in the aque-
ous medium, respectivelj29]. Although the exact poten-
Fig. 1. Hydrogen yield as a function of catalyst particle density. tial of its band edges are not known in aprotic solvents like
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Fig. 4. The rate of production of evolved gases as a function of time with

Fig. 3. The evolved gases as a function of time with 500 mg of;vé@ad
500 mg of WQ and 150 mJ laser energy.

150 mJ laser energy.

methanol, it is well documented in the literat8®,31]that ~ configurations32,33] In this configuration, each tungsten
the band edges are shifted to more negative potentials com-atom exists as W . Absorption of light causes the transfer
pared to protic solvents like water. The high yield of hydro- Of @n €electron from the valence band of an oxygen atom to
gen Fig. 3 also confirms the shifting of the conduction band the conduction band of a tungsten atom. This weakens the
edge to a value negative than 0.0V (the potential forht tungsten-oxygen bonq, allowing I:?\t.uce oxygen to be driven
couple) versus normal hydrogen electrode (NHE). ThesWO out creating a defect site. The additional electron then moves
particles absorb 355 nm photons that causes the generatioff®M One tungsten atom to anotfé#].

of valance band holes ") and conduction band electrons

(ecb™). These photon-generated holes serve as oxidation sites ' 3

for the adsorbed methanol molecules, i.e. The H' ions produced as a result of the photocatalytic
oxidation of water are then inserted or intercalated at the

hv(355nm)

== W03, + 3102 (12)

hvu(Laser) + _
WO3 — "WOs(hyp™, b ) (%) defect sites created by the absorption of UV light.
CH30H + hyy™ — CH3O"H (6) xHT + xe~ + WOz — H,WO3_, (13)
CHO"H — CHO + H* + H* (7 With this formation of these defect sites and reversible
H + e — H° ®) intercalation or !nsertion, the structura_l distortion decr.eases
and blue color is observel®5]. To verify the assumption
H® +H®* — H» 9) the dark blue catalyst was kept in oxygen free environment

for several days, no change in the catalyst was observed.

The formaldehyde produced during the process decom-rpq catalyst regenerated its original color when heated in the
poses immediately by donating electron to the valance bandpresence of oxygen, i.e.
holes to give carbon monoxide and additional hydrogen as ’
follows:

H,WO;3 + 3x0; — WO3 + xH, (14)

H,CO+ hypy™ — CO+ HT + H* (10) The rate of production of the gases produced as a result of
] o . ~ photocatalytic reforming of methanol is depictedFiy. 4

Free rad|gal mechanism is responsible for the formation fere an increase in the rate of production of hydrogen was
of methane; i.e. observed with time. This increase in the rate of formation
of hydrogen is an evidence of the increased activity of the
catalyst with laser illumination time.

The above mechanism clearly indicates that a significant  The production of hydrogen by the direct photolysis of
fraction of hydrogen is produced via free radical mecha- methanol by laser photons either by single or multi photon ab-
nism that proceeds through the photocatalytic dissociation sorption was estimated by performing blank (without ¥YyO
of methanol. experiment under the same conditions as in presence gf WO

It was observed that the color of the catalyst changes from Only small amounts of hydrogen were observed, less than 1%

light yellow to dark blue during photocatalytic reforming of the amount of hydrogen produced in the presence of cata-

CH3OH + H* — CHa + HO® (11)

of methanol. The yellow tungsten oxide (W)Xhas slightly
distorted monoclinic structure; consisting of W@cta-

lyst. Acomparison of the hydrogen produced during photoly-
sis and photocatalysis experiments, under same experimental

hedra, arranged in various corner-sharing or edge-sharingconditions is presented Fig. 5.
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Fig. 5. Comparison of the hydrogen produced during photolysis and photo- Fig. 7. Effect of the water addition on the production of hydrogen.

catalysis under same experimental conditions. o )
3.5. Effect of water addition on methanol reforming

3.4. Effect of W@aging on methanol reforming The effect of water on photocatalytic reforming of

. - WG ; methanol was studied by illuminating the \WW®uspensions
The effect of aging on the activity of as studied by containing different proportions of methanol and water rang-

exposing the reduced catalyst under experimental conditions, 0 0 _ 0
similar to a fresh one. For this purpose, the fresh catalystmg from 75% to 25% methanol with a step of 25%. The

was exposed to laser illumination for a period of 90 min and amount of gases evolved, especially hydrogen, was compared

the evolved hydrogen was measured at regular intervals. Af- with that for pure methanol and pure water. A comparison

ter 90 min, the exposed suspension with reduced catalyst WasOf hydrogen produced for various proportions of water in

preserved in the dark environment for 15 days. After 15 days, methanol with that of pure methanol and pure water is pre-

the same suspension was exposed to 355 nm laser photons ansc?nted IFig. 7. A S”b$t'°‘r?t'a' dec_rease n hydrogen produc-
on was observed with increasing concentration of water.

we measured the yield of evolved gases. The same procedur% . .
was repeated again after 1 month. A comparison of evolved s mentioned earlier, water and methanol have comparable
properties in terms of reactivity and electron donating be-

hydrogen on fresh, after 15 days of first exposure and after 17 " . L
ydrog y b havior. The presence of water in the methanol initiates the

month of the second exposure is presentelélign 6. No de- tition bet thanol and water f | band
crease in the activity of the catalyst was observed with aging competition between methanol and water for valance ban
(Emles. Water splits into hydroxyl radicals (®+and H' ions

of the catalyst; rather, an increase was observed compare I hwat idation. The hvd | radical t
to the fresh catalyst. This effect may be because for a pure rough water oxidation. The nydroxylradicals generate oxy-
gen while H" ions form hydrogen by capturing conduction

catalyst, a fraction of photons is consumed in the reduction band elect .
of the catalyst and once the catalyst is fully reduced; all the and electrons, 1.€.

incident photons applied are consumed in the production of 4,0 4 h,,t — H,O" — OH® + Ht (15)
hydrogen.
OH* + OH* — H,0 + 30, (16)

2 H" + ep — H® +H® — Hy 17)

18 ¢ Fresh ‘

16/ ®15Days Moreover, with the formation of oxygen in the system

14| 445Days A (Eq. (16)), a competing environment is established between
= oxygen and photogeneratedHons for conduction band
$ 121 . electrons with the formation of super oxide ions. These super
Fl 101 oxide ions serve as a sink for photogeneratédds causing
g 8 v a decrease in hydrogen production as mentioned below:
S 6 "
T . O +en — O~ 17)

[}
2 . Ht + 02+ ey — HO,® (18)
00 1o 20 30 40 50 6 70 8 s 100 The HQ, radicals lead to the additional formation of oxy-
Time (min) gen.

Fig. 6. Effect of the aging of the catalyst on the production of hydrogen. HO»® + HO2®* — H»0 + gOz (19)
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