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Though less frequently studied for solar-hydrogen production, films are more convenient
to use than powders and can be easily recycled. Anatase TiO, films decorated with Ag
nanoparticles are synthesized by a rapid, simple, and inexpensive method. They are used
to cleave water to produce H, under UV light in the presence of methanol as a hole
scavenger. A simple and sensitive method is established here to monitor the time course of
hydrogen production for ultralow amounts of TiO,. The average hydrogen production rate
of Ag/TiO, anatase films is 147.9 + 35.5 pmol/h/g. Without silver, it decreases dramatically
to 4.65 + 0.39 umol/h/g for anatase TiO, films and to 0.46 + 0.66 umol/h/g for amorphous
TiO, films fabricated at room temperature. Our method can be used as a high through-put
screening process in search of high efficiency heterogeneous photocatalysts for solar-
hydrogen production from water-splitting.

© 2010 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.

1. Introduction

and gasoline [3]. Moreover, hydrogen can be used in fuel cells to
generate electricity, or directly as a transportation fuel [4].

Energy production and environmental challenges are para-
mountissuesin the 21st century [1]. Limited fossil fuel resources
and strict environmental regulations motivate the search for
sustainable, efficient and environmentally friendly energy
sources [2]. Hydrogen has great potential as a future energy
carrier. It is the most abundant element on the earth. In fact, H,
molecules have a higher energy content per weight than coal

* Corresponding author.
E-mail address: Cheng@chemail.tamu.edu (Z. Cheng).

Hydrogen can be generated from hydrocarbons and water
resources; however it does not exist in nature in its rich energy
state. Currently, most hydrogen is produced from methane-
steam reforming [5], which consumes energy and produces
greenhouse gas emissions, mainly, carbon dioxide [4]. In
contrast, a photoelectrochemical water-splitting process is
a zero emission process and uses free solar energy [6—8].
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Extensive studies have been searching for the best material
candidate for this process since it was discovered by Fujishama
and Honda in 1972 [9]. The main criteria for these materials are
low cost, environmentally friendly, high efficiency and stability.
TiO, is a strong candidate due to its high stability in aqueous
solutions and high photovoltaic and photocatalytic activity
[10,11]. Nanotechnology, which manipulates materials at the
nano or atomic scale, has a great potential for design and
synthesis of multifunctional materials with desired and unique
properties. It also can reduce the cost of materials manufacture.
The purpose of this work is to pursue the possibility of using
anatase Ag/TiO, nanocomposite films to generate hydrogen by
water-splitting and improving their quantum efficiency.

To split water using photocatalytic materials and solar
energy, there are three main obstacles need to be overcome: (1)
narrowing of the band gap to harness visible light [12], (2)
increasing the efficiency of charge separation, and (3) reducing
the recombination reaction of O, and H, to form water [13].
Previous studies have focused heavily on these issues to find
a strong candidate that matches all the criteria. The properties,
size, geometry and compositions of materials are the keys to
modify the material activity to improve hydrogen production
[11]. Many tested semiconductors are either unstable in
aqueous solution such as CdS, or possess too large a band gap
such as SnO, [14].

Different semiconductor geometries have been extensively
used in the harvesting of solar energy [15—17]. Nano-films are
widely used to design photovoltaic solar cells [18]. However, to
the best of our knowledge, only limited studies discussed
nano-film TiO, for hydrogen production from the photo-
electrochemical splitting of water. For example, Kitano, M.
et al. in 2005 [19] reported that Pt-loaded visible light respon-
sive TiO, thin films fabricated by the radio-frequency
magnetron sputtering deposition (RF-MS) method decom-
posed water in the presence of methanol or silver nitrate
solution under visible light irradiation.

The immobilization of the photocatalyst in the form of
a thin film overcomes the drawbacks encountered with
powder suspensions: (1) the difficulty of separating inactive
catalysts, (2) the difficulty of applying them to continuous flow
systems, and (3) the intendancy of the particle catalysts to
aggregate. Novel methods to increase efficiency will enhance
the appeal of photocatalyst thin films for applications [20].

In a photoelectrochemical process, the probability that
separated charges will recombine highly depends on water
solution additives and the metal loading of the semi-
conductor. After separation, electrons in the conduction band
can be trapped by metal on the semiconductor’s surface due
to the difference in Fermi energies and work function. For
water and methanol solutions, protons are generated via
oxidation of water or methanol by holes. Then protons are
reduced at the metal catalyst surface by electrons to produce
hydrogen molecules. The following reactions occur during the
process [21]:

hv — e™ + hole*,
4hole* + 2H,O0 — O,1 + 4H+,

2H* + 2e” — Ha1.

The overall reaction is
4hv + 2H,0 — 0,1 + 2H,1.

For water-splitting, the energy of the absorbed photon must
be at least 1.23 eV [E; = AG°(water/2NA with AG®(watery =
237.141 kJ/mol and NA = Avogadro’s number = 6.022 x 10%/
mol] [21]. Methanol was added to water as strong oxidation
agent (electron donor) in order to stop the oxygen gas that
evolved when the water species adsorbed at photoanode (TiO,
surface) get oxidized. Therefore, methanol is used here to effi-
ciently separate the hole-charges, which leads to the reduction
of hole-electron pair recombination process. This enables
testing the activity of nanomaterials photocatalyst for water
photoreduction reaction in a single photo-electrode system
(photoreduction column) in simple, safe, flexible, accurate and
inexpensive experimental set-up. However, in practical appli-
cation, methanol will be replaced by photooxidation co-catalyst
(e.g. nanocrystalline Fe,05 (E; = 2.3 eV)) which enable to use
a two-column photo-electrodes (H-type photoelectrochemical
cell or tandem cell system). In addition to its role as a hole
scavenger, methanol may contribute to the generation of
hydrogen via decomposition which enhances the overall
hydrogen production rate. These side reactions also lead to the
evolution of some carbon dioxide. The following reactions have
been reported for methanol decomposition [21]:

MeOH < H,CO + H,T1,
HQCO + HQO « H2C02 + HQT,

HZCOQ And COzT + HZT

However, in this work we do not measure the CO, which
may be evolved. An equal volume mixture of water and
methanol solution is used based on previous studies [21].

The optimum band gap for solar-hydrogen production from
water-splitting is between 1.5 and 2.0 eV to maximize the utili-
zation of solar energy by harvesting the available visible light
spectrum to split the water, in addition to overcome the ther-
modynamic losses [21]. The photons energy must match or be
larger than the band gap energy of the semiconductor to be
absorbed and excite the electrons. Itisimportant to engineer the
band gap of semiconductors to harness longer wavelength
photons. To increase the hydrogen production from the photo-
electrochemical water-splitting process, materials with appro-
priate properties (chemical, electronic, thermal, and optical,
etc.) need tobe tailored, fabricated, characterized and evaluated.

We present here Ag/TiO, nanocomposite films that are
synthesized and evaluated as photocatalysts for hydrogen
production. The fabrication method of Ag/TiO, films reported
by Liao and Cremer [22,23] for biosensor applications [24] is
modified to synthesize the anatase Ag/TiO, nanocomposite
films. Silver nanoparticles are used here to effectively separate
electron and hole pairs produced in the photoelectrochemical
reactions. Prior to the silver deposition, the TiO, thin films
were heated for 5 h at 500 °C to form the anatase crystal
structure of TiO,. We demonstrated herein a sensitive
screening method for production of hydrogen from an
ultralow amount of photocatalyst.
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2. Experimental

2.1.  Materials and synthesis of Ag/TiO, nanocomposite
films

As noted above, Ag/TiO, films were synthesized by following
the procedure developed by Liao and Cremer [22,23] with
a modification to form anatase TiO,. The precursor solution
for TiO, consisted of 1 g of titanium (IV) isopropoxide (Sig-
ma—Aldrich), 0.15 g of HCI (Fisher Scientific), and 8.0 g of iso-
propyl alcohol (Sigma—Aldrich). Polished Pyrex 7740 wafers
(25.4 mm?, 0.5 mm thick) were purchased from Precision Glass
and Optics (Santa Ana, CA). The Pyrex wafers were cleaned in
piranha solution for 45 min (1:3 ratio of 30% H,0, and H,SOy),
and rinsed extensively with purified water (18.2 MQ/cm?,
NANO pure Ultrapure Water System, Barnstead, Dubuque, I1A),
dried with nitrogen, and heated at 500 °C for 5 h.

The precursor solution was prepared by first adding tita-
nium (IV) isopropoxide followed by the acid. A TiO, film was
made by depositing approximately 150 pL of the solution onto
the Pyrex wafer dropwise. After waiting for 5-10 min for the
precursor to dry, the sample was heated to 500 °C for 5 h to
form the anatase crystal structure of TiO,, which is known to
be more photocatalytically active and more thermally stable
than the rutile and brookite crystal structures of TiO, [25].
Silver nitrate (Sigma—Aldrich) is used for the reduction of
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silver from a 0.1 M aqueous silver nitrate solution; it is per-
formed with a standard 420 W Hg Arc lamp (Newport, Model
97435-1000-1, Oriel Instruments, CA, USA) as the UV light
source. The aqueous silver nitrate solution was dropped
inside a polydimethylsiloxane (PDMS) well. The light illumi-
nated the TiO, through the Pyrex side of the sample. The Pyrex
sample is transparent in the near UV range, which is the
critical wavelength region for reducing silver ions from solu-
tion. Fig. 1 illustrates the fabrication procedures.

2.2. Nanocomposite film characterizations

After synthesis, the Ag/TiO, nanocomposite films were char-
acterized using Scanning Electron Microscopy (SEM) (Fig. 2).
The SEM images were taken using JEOL JSM-6400. The Surface
element analysis was obtained using Energy dispersive X-ray
spectroscopy (EDS) as shown in Table 1. The EDS results were
obtained using JEOL JSM-6400. The peak positions and chem-
ical compositions were obtained using X-ray photoelectron
spectrometer (XPS) as shown in Fig. 3 and Table 2. The XPS
results were obtained using a Kratos Axis Ultra Imaging X-ray
photoelectron spectrometer. Fig. 4(a—d) showed the X-ray
diffraction (XRD) patterns of the Ag/TiO, film and the TiO, film
with and without annealing. The powder X-ray diffraction
data was collected using a Bruker D8 Advance powder
diffractometer (CuKo; A = 1.5418 A) fitted with LynxEye
detector. Fig. 5 showed the UV—visible spectra of TiO, film
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Fig. 1 — Schematic diagram for the fabrication procedure of Ag/TiO, nanocomposite films. (1) A TiO, precursor is dropped
onto a 2.5 cm x 2.5 cm planar Pyrex substrate. (2) The thin layer is dried and heated to 500 °C for 5 h to form islands of
anatase TiO, films. (3) A AgNO; aqueous solution is dropped into a PDMS well, and silver is reduced by a photoelectron
using UV radiation (420 W and Ag deposition time is 5 min). (4) The Ag/TiO, thin film is washed with water and ethanol and

dried with nitrogen.
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Fig. 2 — SEM micrographs of Ag/TiO, nanocomposite films. The averaged film thickness is about 2.0 + 0.2 pm. The size of the
Ag nanoparticles deposited on the TiO, films is not uniform. The averaged size of Ag nanoparticles is around 200 + 50 nm.

(anatase). The UV—vis—NIR spectrophotometer was measured
using a Hitachi U4100 with an integrating sphere.

2.3.  Photoelectrochemical hydrogen production

The experiments were carried out in a Pyrex flask (250 ml,
transparent in the near UV range). A 10 ml 1:1 volume mixture
of water and methanol was added. The photocatalyst (Ag/TiO,
thin-film sample) was inserted into the flask carefully, and
immersed just under the water/methanol solution surface.
The 250 ml Pyrex flask was well sealed by a silicon septum.

Table 1 — Surface element analysis using EDS.

Glass surface Particle surface  Surface of TiO, film

Element Wt% Element Wit% Element Wt%
Al 5.36 Ti 38.64 Ti 83.01
Si 92.79 Pd 0.00 Pd 0.50
K 1.86 Ag 57.59 Ag 12.96
Au 3.77 Au 3.54
Total 100 Total 100 Total 100

Prior to the reaction, the solution was purged with nitrogen
(from 30 to 60 min) to remove air from the flask as well as the air
and oxygen species dissolved in the solution. Hydrogen was
detected before the reaction (usually it is less than
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Fig. 3 — XPS of a Ag/TiO, nanocomposite film shows
intensity versus binding energy for all components.
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Table 2 — The peaks, atomic concentration and mass concentration from XPS analysis.

Peak Position BE (eV) FWHM (eV) Raw Area (CPS) RSF Atomic mass Atomic Conc. % Mass Conc. %
Ols 530.55 1.542 22002.8 0.78 15.999 94.62 79.76
Ti2p 456.55 1.181 1873.8 2.001 47.878 3.26 8.23
Ag3d 366.25 1.282 3484.2 5.987 107.878 211 12.01

3.00£0.25 pmol) and all data are reported with this background
subtracted. UV light (Long Wave Ultraviolet lamp, Model B-
100AP, UVP, CA, USA)illuminated thereaction cell. The straight
distance between the UV source and the photocatalyst sample
was 16 + 1.0 cm; vertical and horizontal measurements were
carried out using a smart UV intensity meter and it was found
that the maximum power intensity possible hitting the pho-
tocatalyst sample was 10 m W/cm?. The reaction cell and the
lamp were fully covered with alumina foil to avoid light leakage
for safety considerations. Hydrogen generated in the head
space of the flask was measured using a 50 pL aliquot by gas
chromatography (GC) using a 6890 N gas chromatograph (Agi-
lent Technologies, Glastonbury, CT) equipped with a 80—100
mesh Porapak Q column (Suppelco, Bellefonte, PA) and
a thermal conductivity detector. The injector temperature was
100 °C and detector temperature was 200 °C. The pressure of
nitrogen as carrier gas was 15 psi and the flow rate was 21 ml/
min. The temperature of the column was 70 °C. The retention
time for hydrogen was 0.4 min and the sensitivity was about
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0.1 pmol for the above conditions. Retention times were
determined by comparisons to neat standards as well as by co-
elution with standards [26,27].

3. Results and discussion

The SEM micrographs revealed that the averaged film thick-
ness was about 2.0 + 0.2 pm and the silver nanoparticles were
200 + 50 nm. The SEM images showed that the TiO, layer
broke down to islands during annealing to 500 °C. The images
also showed that the size of silver nanoparticles deposited on
TiO, films was not uniform by the photodeposition technique
used here.

The XPS presented the surface element analysis including
the atomic concentration and mass concentration. The peaks
are consistent with literature data for the binding energy of
O1s, Ti2p and Ag3d [28].
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Fig. 4 — XRD patterns of (a) TiO, (anatase). (b) TiO, (amorphous). (c) Ag/TiO, (anatase). (d) Ag/TiO, (amorphous).
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Fig. 5 — UV—visible spectra of anatase TiO, film (after
annealing at 500 °C for 5 h).

The EDS results presented in Table 1 showed the weight
percentage of glass surface, particle surface, and the surface
of TiO, film. The Au and Pd were deposited on the film surface
in order to do the SEM analysis.

To confirm how the anatase Ag/TiO, film has a substantial
impact on film reactivity and also to compare the amorphous
TiO, with anatase crystal structure TiO,, X-ray diffraction
(XRD) patterns characterization shown in Fig. 4(a—d) revealed
the crystal structure of anatase TiO,. The XRD patterns of
amorphous TiO, showed no crystallites existed. For anatase
Ag/TiO,, it showed the diffraction peaks of crystallites silver,
anatase TiO, nanocrystals and crystals of some impurities due
to the silver present on the surface of TiO,. For amorphous Ag/
TiO,, it showed the diffraction peaks of crystallites silver and
crystal peaks from some impurities due to the silver present
on the surface of TiO, as well, which may react with other
elements on the air such as oxygen.

To demonstrate the band gap of anatase TiO, film,
UV-visible spectra presented in Fig. 5 showed that the
absorbance wavelength of anatase TiO, film in the range of
290—320 nm. The higher absorbance wavelength of anatase
TiO, means lower in band gap according to Planck-Einstein
equation (E = hc/A).

Fig. 6 shows the hydrogen evolution for one of the three
runs conducted using the Ag/TiO, films. The averaged
hydrogen production rate was found to be 147.9 + 35.5 umol/h/

Fig. 6 — Time course of hydrogen production using anatase
Ag/TiO, nanocomposite films. The slope gives the
production rate of this run as 188.7 + 0.39 umol/h/g. The
weight of photocatalyst used in this run was estimated to
be 0.58 mg. The stability of the hydrogen production rate
using Ag/TiO, nanocomposite films exceeded one month
in experimental duration.

g. The standard deviation for the three experiments was used
to report the error. These variations might be attributed to
films deactivation by air oxidation when exposed to the
atmosphere during sample storage, or due to weight estima-
tion errors. The Ag/TiO, nanocomposite films showed a high
stability for the hydrogen production rate which exceeded one
month.

The fabrication of Ag/TiO, nanocomposite films [22,23] has
been modified to form the anatase crystal structure of TiO,
since it is known that this structure is more photocatalytically
active. Previously, Jeon et al. [29] tested Cu/TiO, powdered
photocatalysts, 20 g, under 36 W/m? UV, revealed a hydrogen
production of 648.52 umol/h. For comparison, the data will be
scaled to a light power of 100 W/m? and a unit sample weight
of 1 g, which gives 90.07 umol/h/g. Clearly, the hydrogen
production rate from their powdered Cu/TiO, is less than the
hydrogen production rate of the Ag/TiO, nanocomposite film
presented in this work. This may be attributed to the tendency
of the powder to aggregate, which reduces the surface area
exposed to the electrolyte solution and the overall reactivity.
Also the metal—TiO, contact should be different due to the

Table 3 — Comparison of the hydrogen production rate from water/methanol decomposition under UV light, scaling to

100 W/m? power intensity and 1 g photocatalyst weight.

No. Photocatalyst H, production Solution ratio Nanostructure Reference Parameters
(nmol/h/g) (2:1, v/v) affect reactivity

1 Cu/TiO; (500 °C) 90.07 water/MeOH Powder [29] Geometry

2 Ag/TiO, (anatase) 147.9 £ 35.5 water/MeOH Thin Film This work Metal

3 TiO, (anatase) 4.65 £+ 0.39 water/MeOH Thin Film This work Crystal structure

4 TiO, (amorphous) 0.46 + 0.66 water/MeOH Thin Film This work =

Note: Between 1 & 2, the metal particle size and amount are also different.
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Fig. 7 — The time course of hydrogen production from TiO,
films without silver deposition. The hydrogen evolution
was extremely low, 0.46 + 0.66 pmol/h/g, for the non
annealed (room temperature, amorphous TiO,) sample
(squares), while the annealed (at 500 °C for 5 h, anatase
crystal structure TiO,) sample (triangles) showed a slight
improved hydrogen production rate of 4.65 + 0.39 pmol/h/g.

preparation procedures. The small difference in the work
function of Ag and Cu may also influence the electron trans-
port from the TiO, conduction band to the metal surface. It is
possible that the size of the metal particles could create
defects in the crystal structure and change the electronic
confinement in TiO,. Beside higher activity, our film can be
easily recycled. Table 3 illustrated the comparison of results
between this work and Jeon et al. [29] to investigate the effect
of TiO, geometry, metal, and TiO, crystal structure on
hydrogen production rate.

As a control, the performance of the anatase TiO, thin film
was probed without silver deposition. As shown in Fig. 7, the
hydrogen production rate for an anatase TiO, nanocomposite
film without Ag is about 4.65 + 0.39 pmol/h/g, which repre-
sents an enormous reduction in the hydrogen production rate.
To investigate possible crystal structure effects, a Ag/TiO, thin
film was synthesized without the annealing step (at 500 °C for
5 h). This film exhibited a hydrogen production rate of
0.46 + 0.66 pmol/h/g. It is clear that the anatase crystal
structure (produced at 500 °C for 5 h) of the TiO, thin film has
a substantial impact on the film’s activity. This can be attrib-
uted to changes in the electronic structure, electron confine-
ment, and electron excitation between the crystalline and
non-crystalline materials. Therefore, the Ag/TiO, nano-
composite film structure can be thought to facilitate the
transportation of electrons from TiO, to the Ag surface which
in turn enhances the hydrogen production rate.

Due to its simplicity, low cost and high sensitivity to
monitor the time course and hydrogen production rate, our
method can be implemented as a high through-put screening
process to search for high efficiency ultrathin films or nano-
structures for Photocatalytic solar-hydrogen production via
the splitting of water. The method may also be very helpful to
investigate the influence of many parameters on hydrogen

production rate such as new materials, nanocomposites,
additives, water purity, light intensity inside the laboratory
and outside under direct sunlight. It will contribute to a better
understanding of material function and photoelectrochemical
reaction mechanism.

4, Conclusions

The feasibility of generating hydrogen photoelectrochemi-
cally from water/methanol decomposition using Ag/TiO,
nanocomposite films has been demonstrated. The overall
activity of hydrogen production was 147.9 & 35.5 pmol/h/g. In
addition, the Ag/TiO, nanocomposite films showed high
stability for hydrogen production for more than one month.
Thin-film photocatalysts have an advantage in that they can
be regenerated or reuse unlike the powdered catalysts.
Previous fabrication of Ag/TiO, nanocomposite film [22,23]
was modified to form the anatase crystal structure of TiO,,
This was observed to enchance the photocatalytic properties
of these materials.

Our test methodology of detecting hydrogen production
from an ultralow amount of photocatalyst can be used as
a high through-put screening process to search for high effi-
ciency photocatalysts for hydrogen production by photo-
electrochemical water-splitting using solar energy.
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