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ABSTRACT

Binary (Pt/hex-CdS) and ternary (Pt/CdS/TiO, and Pt/TiO,/hex-CdS) hybrid photocatalysts were evaluated
in photoinduced reforming of glycerol under visible light irradiation (A >418 nm). The resulting hybrid
materials are photocatalytically efficient with respect to hydrogen gas production. The relative order of
reactivity for the synthesized hybrid catalysts was found to be: Pt/hex-CdS > Pt/CdS/TiO, > Pt/TiO, /hex-
CdS. The systems with CdS/aqueous solution interfacial contact showed higher activity, suggesting that
the hydrogen production mechanism can be strongly influenced by hydrolytic surface reactions on
CdS. The potential gradient created at the CdS/TiO, or TiO,/hex-CdS interface may also play an impor-
tant role in the photoelectrochemical mechanism. Therefore, carbonyl compounds such as acrolein and
propanone, identified in the liquid phase after 7 h of irradiation, lead us to propose the first steps of a

Photoinduced reforming
Photocatalysis

photoelectrochemical mechanism in the photoinduced reforming of glycerol.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen is a storable, clean, and environmentally friendly
fuel whose combustion results in the generation solely of water,
with no emissions of atmospheric pollutants, greenhouse gases or
particulates. However, about 95% of hydrogen currently derives
from fossil fuels, mainly by steam reforming of natural gas and
petroleum, while the remaining 5% comes from the electrolysis
of water. Because this process involves the use of nonrenewable
resources or high energy consumption, this form of hydrogen pro-
duction is not sustainable or economically feasible. On the other
hand, the increasing global demand for biofuels has created many
production-related problems; one example is biodiesel, which gen-
erates huge quantities of glycerol as a by-product [1]. Over the
last few years, several research groups have focused on devising
innovative solutions to give an appropriate destination to excessive
glycerol production. Glycerol has been used to produce hydrogen
from different methods such as steam reforming [2], gasification
[3], autothermal reforming [4], aqueous-phase reforming [5], elec-
trochemical reforming [6], photofermentation [7] and supercritical
water reforming [8] processes. The majority of studies on hydrogen
production from glycerol have focused on thermochemical routes.
However, hydrogen can be produced from biomass in ambient
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conditions (temperature and pressure) via a photocatalytic route,
an efficient, ecologically benign and low-cost process. This tech-
nology is based on photoelectrochemical cells operating with two
redox systems [9-18].

Semiconductor-mediated photocatalytic processes have been
widely investigated in recent years as potentially efficient, eco-
nomic and environmentally friendly methods for a wide range of
industrial applications, including mineralization of organic pollu-
tants and disinfection of water and air [18-23]. Many works [24-30]
have shown that the photocatalytic degradation of organic com-
pounds such as azo dyes, proteins, alcohols, sugars, and organic
acids can take place with simultaneous production of hydrogen
over irradiated semiconductor photocatalyst suspensions. The pro-
duction of hydrogen and oxygen by water cleavage takes place
under non-aerated conditions and is achieved by photogenerated
electrons and holes, respectively, provided their energy suffices to
reduce protons toward hydrogen molecules and to oxidize water
toward oxygen. On the other hand, the photocatalytic oxidation
of organic compounds takes place in the presence of oxygen with
the participation of photogenerated holes, which act either directly
or indirectly by generating hydroxyl radicals (OH*), finally leading
to the production of CO, and H,O. In this case, photogenerated
electrons are consumed by chemisorbed oxygen to form super-
oxide radicals (O,~*). In a photoinduced reforming process, the
two reactions are combined, i.e., the photocatalytic treatment of
aqueous solutions of biomass components and derivatives takes
place under non-aerated conditions. This results in the oxidation
of the organic substrate by holes toward CO,, which is accompa-
nied by production of gas-phase hydrogen from water, while the
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oxidation of water reaction and the formation of superoxide radi-
cals are suppressed.

Kondarides et al. [31] tested a large variety of biomass-derived
components, including monosaccharides such as pentoses (ribose,
arabinose)and hexoses (glucose, galactose, fructose, and mannose),
alcohols (methanol, ethanol, propanol, and butanol) and organic
acids (acetic acid, formic acid). In all these cases, the amounts of
H, and CO, produced were found to be in accordance to the stoi-
chiometry of the following general reforming reaction:

CxHy0; +(2x—z)H;0 —xCO +(2x—z+y/2) H, (1)

Few studies have focused on the photocatalytic reforming of
glycerol. The work published by Daskalaki and Kondarides [32]
investigated the photoreforming of glycerol with the use of
Pt/TiO, photocatalyst under UV light irradiation. Their results indi-
cated that hydrogen can be produced efficiently by photocatalytic
reforming of aqueous solutions of glycerol, eventually leading to
the complete conversion of glycerol into H, and CO,.

The mainresearches into hydrogen production by photoinduced
reforming of biomass derivatives have focused on the TiO, photo-
catalyst. However, the major drawback of TiO, is its inability to
utilize the visible light due to its wide band gap at 3.2 eV, which
corresponds to a wavelength in the UV region. Sunlight is known
to contain only about 3% of UV light. So far, research efforts have
focused mainly on extending the photosensitivity of semiconduc-
tor photocatalysts toward the visible light region in order to fully
harvest solar energy, since it accounts for approximately 43% of the
incoming solar energy spectrum. Currently, the major challenge in
this field is the discovery of a photocatalyst that is able to drive
the photoinduced reformation of biomass derivatives under visible
light irradiation.

CdS, an n-type semiconductor with a band gap energy of 2.4 eV,
has been shown to have photocatalytic activity for hydrogen pro-
duction under visible light irradiation in the presence of alcohols
such as ethanol and isopropanol [25,33]. However, the hydrogen
production rate with CdS powder has proved to vary considerably.
The hexagonal crystal structure (wurtzite) prevails in materials that
exhibit high efficiency, while the cubic crystal structure prevails in
those that are not efficient [34]. An alternative method to improve
the photoefficiency of CdS is by hybridization with metal oxides
such as TiO,. Nano-sized TiO, particles deposited on bulk CdS with
a higher efficiency hexagonal phase CdS have demonstrated a high
rate of hydrogen production under visible light from water contain-
ing sulfide and sulfite as sacrificial reagents [35,36]. The superior
activity of the composite photocatalyst is believed to be due to
faster charge separation compared to CdS alone upon initial light
absorption, caused by the rapid diffusion of photoelectrons gen-
erated in bulk CdS toward surrounding TiO, nanoparticles. On the
other hand, nano-sized CdS and TiO, particles can be combined to
obtain a composite with a large surface area. In this case, TiO, plays
a dual role in the hybrid: it supports and prevents the aggregation
of CdS, and enhances the charge separation by forming a potential
gradient at the interface of CdS and TiO,, which increases the pho-
tocatalytic efficiency [37]. In an attempt to find a highly efficient
photocatalyst for the photoinduced reforming of glycerol under
visible light irradiation for purposes of hydrogen production, we
have evaluated the series of hybrid CdS and TiO, catalytic systems
and pure hexagonal phase CdS in the photocatalytic treatment of
aqueous glycerol solutions.

2. Experimental
2.1. Photocatalysts preparation

Bulk-phase, hex-CdS (dubbed sample 1) was synthesized by
heat-treating commercial-grade CdS (Aldrich, yellow powders) at

700°C under a nitrogen flow for 1 h [25]. The nanocomposite pho-
tocatalysts, TiO, /hex-CdS (dubbed sample 2) and CdS/TiO, (dubbed
sample 3), were prepared by two different procedures. In the first
procedure, the hexagonal CdS was stirred in isopropyl alcohol and
titanium isopropoxide (in a mole ratio of Ti to CdS of 4) and water
was added dropwise. The prepared composite powder, TiO/hex-
CdS was filtered, dried, and calcined at 400 °C for 2 h under air [35].
In the second procedure, the nano-sized CdS was deposited on the
surface of the base substrate by direct reactions between CdCl, and
thiourea in an ammonia bath (NH4OH, 14.4M) at 85°C for 1hin a
solution containing the appropriate amount of dispersed TiO,-P25
[38]. The product, CdS/TiO,, was subsequently washed with ace-
tone, water, and finally with absolute ethanol and dried overnight
at 110°C. The sample was then dried at 400°C for 1 h.

All the samples were platinized using typical photodeposition
method which consisted of adding the appropriate amount of 8%
H,PtClg-6H,0 solution in situ during the photoreaction tests.

2.2. Characterization

The powders were characterized by X-ray diffraction (Shimadzu
XRD6000), using Cu Ko, Ni-filtered radiation, and a scan rate of
2°20min~!, in a 20 range of 5-80°, at 35kV and 15 mA.

The photoacoustic (PA) experiments were performed using a
spectrophotometer equipped with a 1000 W xenon arc lamp whose
beam was modulated by a variable-speed chopper (SRS, model
SR540). A monochromator was used in combination with appro-
priate absorption filters to eliminate order effects for wavelength
selection (400-900 nm). The monochromator output beam was
then directed into a conventional PA cell in which a 1/2 in. diameter
condenser microphone (Bruel and Kjaer, model 4165) is mounted
on one of the walls. The microphone signal was pre-amplified and
fed to a lock-in amplifier (SRS, model SR830). The spectra were
stored in a microcomputer connected to the lock-in amplifier.

2.3. Photocatalytic reactions

A high-pressure 500 W Hg-Xe arc lamp was used as the light
source for the photocatalytic reactions. The collimated light beam
was passed through an IR filter, a focusing lens and a 418 nm cutoff
filter before reaching the photocatalytic cell, which was air cooled
to maintain a constant temperature. Since it is well known that col-
loidal CdS suspensions undergo photocorrosion and photocatalytic
dissolution under oxidant conditions, the hydrogen production
experiments were carried out in an argon atmosphere. Before each
experiment, the photocatalytic cell was purged with argon for
30 min to eliminate O,.

Hydrogen gas evolution was measured by gas chromatogra-
phy (Finnigan 9001) with thermal conductivity detection (TCD).
Because He and H, have similar conductivity values, argon was
used as a carrier gas. The separations were performed in a molecular
sieve column (30 m x 0.32 mm x 12.00 wm). The GC oven temper-
ature was set at 35°C.

In a typical photolysis experiment, 60 mg of a target photocata-
lyst was dispersed in an aqueous solution (total volume =60 mL)
containing 30% glycerol and 40 L of 8% H,PtClg (~0.3 wt.% Pt),
with pH adjusted to 11 by the addition of a NaOH solution. Metal-
lic platinum was deposited in situ on the photocatalyst surface by
the photodecomposition of PtClg2~. The photocatalytic cell was
equipped with argon gas inlet/outlet tubes, which serve to collect
and transfer gaseous products to the analytical system. Aliquots
of three samples were injected at each time point to ensure pre-
cision. The photocatalytic reactions of each photocatalyst sample
were performed in triplicate.

After 7 h of irradiation, a sample of liquid phase was collected,
filtered and analyzed in a high performance liquid chromatography
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system coupled to a UV/DAD detector system (HPLC/UV/DAD, Agi-
lent 1100, with detection at 365 nm), after a derivatization reaction
with a 2,4-dinitrophenylhydrazine (2,4-DNPH) solution to form
the respective 2,4-dinitrophenylhydrazones [39,40]. The carbonyl
compound derivatives were separated in an x-Terra MS column.
Acetonitrile and water were used as the mobile phase according to
the following procedure: 0-30 min from 40% to 100% acetonitrile,
and 60% to 0% water. The flow rate was 0.250 mLmin~! and the
injection volume was 10 L.

3. Results and discussion

The X-ray diffraction patterns of bulk-phase hex-CdS (sample
1) and the hybrid materials, TiO, /hex-CdS (sample 2) and CdS/TiO,
(sample 3), which are shown in Fig. 1, confirm the presence of hex-
CdS wurtzite structure (samples 1 and 2) and anatase TiO, phase
(samples 2 and 3) by comparison with the ICSD patterns. However,
sample 1 shows low intensity peaks associated with CdO con-
tamination, which probably occurred during the heat treatment.
The TiO, /hex-CdS pattern (sample 2) shows peaks related to TiO5,
although they are poorly defined due to the small particle size. No
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Table 1
Band gap energy values of synthesized samples and commercial CdS, determined
by the derivative method.

Material Band gap energy/eV
Commercial CdS 2.26 + 0.07
TiO, /hex-CdS 2.33 4+ 0.07
hex-CdS 2.40 + 0.07
CdS/TiO, 2.44 + 0.07

peaks related to cubic or hexagonal CdS were identified in CdS/TiO,
(sample 3) due to the very small amount of nanoparticles deposited
on the bulk TiO,.

Fig. 2 shows the visible PA spectra of the commercial CdS (a),
hex-CdS (b), TiO,/hex-CdS (c), and CdS/TiO, (d). The apparent
band gap energies, Eg, of all the materials were determined from
PA spectra data based on an evaluation of the absorption inten-
sity derivative near the fundamental absorption edge [41,42]. The
inflection point of the first derivative yields the Eg. Table 1 lists the
corresponding band gap energies obtained. The determination of
the energy gap shows a total error of about 3%. The precision of
these results is due to the large number of statistics provided by
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Fig. 1. XRD patterns of samples 1-3 and ICSD patterns for the phases CdS wurtzite (pdf # 01-075-1545-41-1049); TiO, anatase (pdf # 01-071-1166-21-1272) and CdO (pdf

# 01-073-2245-5-640).
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(a) Commercial CdS
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(d) CdS/TIO, N
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Fig. 2. Photoacoustic spectra of: (a) hex-CdS; (b) commercial CdS; (c) CdS/TiO,; and
(d) TiO, /hex-CdS.

long-term measuring routines. Since TiO, does not absorb in the
visible range, shifts in band gap energies are due to distinct spec-
imens of CdS. The band gap of CdS employed in the TiO;/hex-CdS
hybrid photocatalyst is shifted in comparison to the pure hex-
CdS, probably by an electronic semiconductor support interaction;
while the deposition of CdS nanoparticles on bulk TiO,, CdS/TiO5,
prevents the aggregation of CdS, resulting in small absorbing par-
ticles and a blue shift in the absorption spectrum.

The hydrogen production rate was measured from an aque-
ous solution containing glycerol (30%) as sacrificial reagent under
visible light irradiation (A >418 nm). Fig. 3 shows the profile of
hydrogen production as a function of time for each target photocat-
alyst. All the photocatalysts evaluated here exhibited photoactivity
in hydrogen production when exposed to visible light. The kinetic
curves display an apparent induction period of 0.5-1 h before the
evolution of hydrogen started with the Pt/hex-CdS and Pt/CdS/TiO,
photocatalysts. The Pt/TiO,/hex-CdS photocatalyst did not show
such an induction period. These results are in accordance those
obtained by Jang et al. [35], who did not observe the induction
period for Pt/TiO,/hex-CdS when they used an aqueous solution
containing sulfide and sulfite ions as sacrificial reagents. However,
the induction periods for Pt/hex-CdS and Pt/CdS/TiO, were 1-2 h.

Table 2

Rates of hydrogen evolution obtained from the photoreforming of glycerol under
a visible solar light-simulating source, and comparison with other works that used
UV light.

Photocatalyst Radiation H, production Reference
Mmoigcafl h-!

0.3 wt.% Pt/TiO, /hex-CdS Visible 2.2x10! _

0.3 wt.% Pt/CdS/TiO, Visible 6.5 x 10! -

0.3 wt.% Pt/hex-CdS Visible 1.07 x 102 -

0.5 wt.% Pt/TiO; uv 3.5x 102 [31]

0.5wt.% Pt/TiO, uv 4.35 x 10? [32]
(60°C)

2.0wt.% (B, N)-codoped TiO, uv 8.3 x10° [43]

Under the present experimental conditions, the maximum
hydrogen evolution rate achieved was 107 p.mol gcat~ L h~1 when
Pt/hex-CdS was irradiated using a solar light-simulating source
in a visible light range, followed by Pt/CdS/TiO,, which produced
65 wmol gear~! h~1. Our findings also indicated that TiO, does not
increase the efficiency of hex-CdS in driving the photoinduced
reforming of glycerol, since the hydrogen production rate remained
as low as 22 wmol gear ! h~1 for Pt/TiO,/hex-CdS.

Table 2 compares our results with hydrogen evolution rates
obtained from the photoreforming of glycerol using a solar light-
simulating source and modified TiO, as photocatalyst. Our results
are comparable to those obtained by Kondarides et al. [31] and
Daskalaki and Kondarides [32], but are still lower than those
reported by Luo et al. [43], who used UV light irradiation.

Systems with CdS/aqueous solution interfacial contact showed
better activities, suggesting that the hydrogen production mecha-
nism can be influenced by hydrolytic surface reactions on CdS. The
lower activity of Pt/CdS/TiO, may have been due to the fact that
the potential conduction band (CB) edge of TiO, (Ecg=—0.43V vs.
NHE at pH 10) is more positive than that of CdS (Ecg=—0.75V vs.
NHE), creating the potential gradient at the CdS/TiO, interface. The
CB electrons generated on CdS and trapped by platinum attached
to the CdS surface are transferred to TiO, CB through the poten-
tial gradient. The same potential gradient is created in TiO,/CdS,
but in this case, the photogenerated holes on the CdS surface are
less accessible to glycerol, resulting in the photocorrosion of the
semiconductor.

Table 3 shows the results of the liquid phase analysis per-
formed by HPLC after 7 h of irradiation, as well as the hydrogen
accumulated during this period. The results demonstrate that the
reaction proceeded with the production of intermediate products
such as formaldehyde, acetaldehyde, acrolein and propanone. In

%0 ] general, the concentration of carbonyl compounds increases dur-
45 - —=— PYCdS/TiO, A ing the production of hydrogen, indicating that the CCs produced
1  —o— PYTIO /hex-CdS _— originate from the photoinduced reforming and the existence of
_ % ] —A— pt/hexdes / parallel reaction pathways. It may be suggested that glycerol under-
g 35 %/A/A goes dehydrogenation steps on the metal surface to yield H, and
= 1 /A adsorbed intermediates, and is followed by cleavage of C-C bonds
& %07 o and desorption of smaller molecules.
8 25 / /' " According to our previous studies [25], CdS reacts readily with
2 E pa n—N water, giving rise hydrolyzed surface sites >Cd(II)SH and >CdOH
T 27 / 7
g 15 A /-/ Table 3 ) o )
o 1 - Concentrations of remaining carbonyl compounds (CC) and hydrogen formed in the
g 10 7 / ./ 00— o photolysis reaction after 7 h of irradiation.
5 2 040/0/0 ° Compound Concentration (pmol gea 1)
] o 27 - -
0—R"—u" TiO, /hex-CdS CdS/TiO, hex-CdS
0 1I 2I fls AII é (Is ; Formaldehyde 0.182 0.378 0.966
Irradiation Time / h Acetaldehyde 0.049 0.063 0.175
Acrolein 0.112 0.028 0.231
Fig. 3. Hydrogen production from different photocatalyst configurations: l[j[r;(ﬁir;c::le ]5(5)'042 45;.3 7 42:;33

Pt/CdS/TiO,, Pt/TiO, /hex-CdS and Pt/hex-CdS.
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that undergo several proton transfer reactions. Upon equilibration
in water, CdS can be photoexcited to produce trapped electrons

and holes at the various surface sites (Cd“>Cd(+I)S( -DH and

C dZ+

Cdz’ >Cd(0)S(O)H ). The trapped photogenerated electrons are

used to reduce protons toward molecular hydrogen, as follows:

. > Cd(0)S(O)H+H' — 5. >Cd(0)S(0)H; —

(d > Cd > Li z
However, the major hydrogen is generated on platinum sur-
face. Bowker et al. [44] proposed a mechanism for photocatalytic
glycerol reforming reaction on Pd/TiO, based on glycerol decompo-
sition to gas phase hydrogen, an organic moiety and adsorbed CO on
the metal as the initiation of the process. According to this propo-
sition, the reaction stops after very little hydrogen has evolved due
to blockage of the surface with CO, which is strongly held and has
a self-poisoning. Adsorbed CO was, than, removed as CO, by an
active oxygen species. In our case, we detected induction periods
for Pt/hex-CdS and Pt/CdS/TiO, photocatalysts, which could be an
evidence of CO adsorbed on Pt. In this way, it is reasonable to believe
that the glycerol reforming reaction on Pt/hex-CdS and Pt/CdS/TiO,
follows a similar mechanism. Meanwhile, the active oxygen species
responsible for CO removing are not come from semiconductor
surface, since the interfacial contact in two cases is CdS/solution
instead TiO, /solution. Probably, these species are formed after reac-
tion of water with holes to yield hydrogen peroxide and hydroxyl
radicals on semiconductor surface, which can combine with CO as
follows:

CO + H,0, — CO, +H,0 (3)
CO + OH +h* — CO, +H* (4)

Another possible mechanism for glycerol photooxidation can be
proposed taking into account the carbonyl compounds identified in
the liquid phase If glycerol oxidation is initiated at surface-trapped

holes (e.g., (d“ >Cd(+I)S(©0)° ) via primary carbon, glyceralde-
hyde can be formed as an intermediary product, leading to the
formation of acrolein as the main oxidation product, according to
the proposed mechanism:

" >Cd(+I1)S(0)" + H,COHCHOHCH,OH —>

Cdz‘

Cd“

> Cd(+IS(-I)H"* + H,COHCHOHCH,OH —

d2+

(d o
2H,COHCHOHCHOH — 2H,COHCHOHCHO + H, (7)
H,COHCHOHCHO+ . >Cd(+IS(-I)H," —

H,C =CHCHO +2H,0 + 5, >Cd(+11)S(0)"

d*

.. >CdOH —"=—

.. > Cd(? INS(0)"

> Cd(+IDS(~-DH* + H,COHCHOHC HOH

"> Cd(+IDNS(~INH," + H,COHCHOHC HOH

All the photolysis reactions were carried out at pH 11. At high pH,

.>CdOH . . . .
the Cdz surface site may play an important role in the ini-
tial steps of proton reduction (a proton bound to 02~) on the surface

of CdS [25], as follows:

H,COHCHOHCH,OH

.. >CdOH*

(/d2+

5> CdOH; + H,COHCHOHC HOH ©)

Su>CdOH; —22— 5, >CdO™ +H,

(10)

+

H2 @)
Otherwise, if glycerol oxidation is initiated at surface-trapped
holes via secondary carbon, the intermediary product may be
1,3-dihidroxi-2-propanone instead of glyceraldehyde, which is
involved in subsequent redox reactions to yield propanone as the
main product, following a mechanism similar to that described
above. Since the concentrations of remaining carbonyl compounds
identified were extremely low compared to the hydrogen accu-
mulated in 7h of irradiation (Table 3), these compounds, as
well as fragments adsorbed on the photocatalyst surface, such as
formaldehyde and acetaldehyde, were oxidized sequentially by
photogenerated oxidants toward CO,.

4. Conclusions

The photocatalytic reforming of aqueous biomass solutions
could be aninteresting and innovative route to produce hydrogenin
ambient conditions. The samples tested here exhibited an unprece-
dented activity in the photoinduced reforming of biomass under
visible light irradiation, particularly the samples with CdS/aqueous
solution interfacial contact. Our results open up prospects for
improving systems that are able to drive photoinduced reforming
with visible light illumination to make effective use of solar light
and produce hydrogen from glycerol, a renewable raw material.
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