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a b s t r a c t
Surface modiﬁcations are often made to titania ﬁlms to improve its photocatalytic performance in water
splitting. We herein introduced electron beam irradiation to enhance the photocatalytic activities of an
electro-sprayed titania ﬁlm for solar water splitting application. The ﬁlm was fabricated by a facile and
scalable electrostatic spraying deposition. According to SEM, X-ray diffraction, and Raman data, electron
beam densiﬁed the ﬁlm and improved its crystallinity. Absorbance data indicated that the band gap of
the E-beam ﬁlm reduced, which in turn covered the wider range of absorbed light. These modiﬁcations
increased oxygen vacancies or defects, which enhanced mobility and separation of electrons and holes.
As a result, the E-beam ﬁlm exhibited a threefold increase in the photocurrent density, compared to that
of the non-E-beam ﬁlm. This electrosprayed titania ﬁlm was used as a photoanode while the reference
and counter electrodes involved in the generation of hydrogen were made of Ag/AgCl and platinum,
respectively. The intensity of the UV light illumination used was 1 mW/cm2 .
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Photoelectrochemical (PEC) cells are capable of harvesting the
highly abundant supply of sunlight to produce energy in the form
of chemical energy stored within hydrogen, which is produced by
water splitting. To trigger photocatalysis, semiconducting materials are needed that can absorb a level of energy equal to or higher
than the material’s band gap when exposed to photon energy.
When this occurs, excited electrons (e− ) migrate to the conduction band, thus leaving behind holes (h+ ) in the valence band of the
semiconductor photoelectrode. Ultimately, these excited electrons
travel to the cathode, where they undergo a reduction process,
whereas the holes combine with water and produce oxygen at the
anode. To achieve higher PEC performance, the top of the valence
band (VB) should secure a higher potential than that of oxidation of
H2 O/O2 (1.23 vs NHE). Similarly, the bottom of the conduction band
should secure a lower potential than that of reduction of H+ /H2 (0 vs
NHE) [1]. The performance of any PEC cell is therefore completely
dependent upon the nature of the semiconductor material used
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as the photoelectrode. However, the quantum efﬁciency of this
semiconductor is adversely affected by the recombination of holes
and electrons. Consequently, in order to achieve better PEC watersplitting performance, the semiconductor photoelectrode should
be modiﬁed in such a way that it restricts the recombination of
electrons and holes.
Titania (TiO2 ) has long been considered one of the most popular semiconducting materials for use in PEC water splitting, due
largely to the pioneering work by Fujishima and Honda in 1972 [2].
Since then, titania has been widely accepted for its high physical
and chemical stability, greater oxidizing capacity, nontoxic nature,
and low price. Furthermore, the band gap energy of titania is suitable for the oxidation and reduction of water, with just a slight
modiﬁcation of the defect chemistry and oxygen stoichiometry all
that is required to tune its electronic properties.
Park et al. have previously reported an improved absorption of
visible light (>420 nm) after doping of carbon onto TiO2 nanotube
arrays [3]. Similarly, Zhang et al. modiﬁed sol–gel synthesized TiO2
by nitrogen doping in order to improve its photocatalytic activity [4]. Adopting a slightly different approach, Maijenburg et al.
successfully synthesized Ag/TiO2 nanowires to achieve improved
water splitting over empty TiO2 nanotubes [5]. Kumar et al.
reported the modiﬁcation of the work function and surface potential of TiO2 thin ﬁlms by exposing them to dense electron excitation
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Fig. 2. A schematic for electron beam irradiation.

Fig. 1. A schematic for electrostatic spray deposition.

The resulting ethanol-free precursor was used to form a stable Taylor cone for ESD, being electrostatically sprayed at 1 ml/h onto an
indium tin oxide (ITO)-coated conductive glass substrate at 230 ◦ C
for 20 min. Finally, the as-prepared ﬁlms were annealed for 10 min
at 500 ◦ C in a closed furnace.
2.2. Electron beam irradiation

induced by a 100 MeV Ni ion beam [6]. Later, Yun et al. reported
improved electronic and optical properties in nanomaterials following irradiation by energy electron beam [7–9]. Electron beam
irradiation therefore presents a novel and potentially very valuable tool for the engineering and modiﬁcation of materials at an
atomic level. In this way, various functional properties and electronic structures can be achieved by tuning selected oxides with
energy electron beam irradiation. Improvements in the electronic
structure are made possible by the formation of defects such as
oxygen vacancies in the bulk material.
In this study, TiO2 thin-ﬁlm photoelectrodes were prepared
by electrostatic spray deposition (ESD), and then subjected to
low-energy (0.2 MeV) electron beam irradiation in an effort to
optimize their performance in PEC water splitting. As depicted
in Fig. 1, ESD is an attractive option for preparing a uniform ﬁlm
as it yields extremely ﬁne, self-dispersive, highly wettable, adhesive droplets [10]. Moreover, ESD is capable of producing pure
materials with structural control at a nanometer scale. The crystallinity, surface texture, ﬁlm thickness, and deposition rate can
therefore all be easily controlled by adjusting the voltage, ﬂow
rate, precursor concentration, and substrate temperature [10]. In
ESD, charged droplets are accelerated toward a substrate, thereby
offering improved targeting and resulting in a high deposition efﬁciency and low material consumption [11–13]. To the best of our
knowledge, there have yet been no reports pertaining to the effect
of electron beams on electrosprayed titania ﬁlms intended for use
in PEC water splitting. Consequently, the changes in the physicochemical structure of TiO2 ﬁlms after electron beam irradiation and
their subsequent mechanism of PEC water splitting are investigated
herein in detail.
2. Experimental
2.1. Titania ﬁlms
A spray solution was ﬁrst prepared by mixing titanium tetraisopropoxide (TTIP, Ti[OCH(CH3 )2 ]4 , 97%, Sigma–Aldrich) with
deionized water, ethyl alcohol (C2 H5 OH, 99.9%, Duksan chemical),
and DEG (C4 H10 O3 , Duksan chemical) to the amount of 1, 1.5, 50,
and 50 ml, respectively. This solution was stirred at room temperature, and then the ethanol was evaporated by heating it to 80 ◦ C.

An electron beam typically consists of low-energy electrons,
its irradiation on to a material inducing a variety of changes in
its original properties. To this end, the electrostatically sprayed
TiO2 ﬁlms were irradiated under ambient conditions with a lowenergy (0.2 MeV, 1 mA) electron beam at the Korea Atomic Energy
Research Institute (KAERI, Daejeon, Korea). For uniform deposition,
titania ﬁlms were mounted on a sample holder located at 2 cm
downstream of the electron beam window. The irradiation time
is proportional to the amount of electron beam. This irradiation is
depicted schematically in Fig. 2, with each sample absorbing a dose
equivalent to 12 kGy.
2.3. Characterization
The structural aspects of pure TiO2 ﬁlms and the low-energy
electron beam-irradiated TiO2 ﬁlms were studied using X-ray
diffraction (XRD, Rigaku, Japan, D/max-2500) with CuK␣ radiation over a 2 range of 10–70◦ . Raman measurements were also
performed using a confocal Raman spectrometer (NRS-3100) with
a 514 nm laser excitation source. The surface chemical composition of the titania ﬁlms was studied by X-ray photoelectron
spectroscopy (XPS, Theta Probe base system, Thermo Fisher Scientiﬁc Co.), whereas UV–visible spectrometry (Optizen POP Mecasys
Co. Ltd, Korea) was used to study their absorbance. The surface morphology of the ﬁlms was studied by scanning electron
microscopy (HR-SEM, XL30 SFEG, Phillips Co., Holland) at 10 kV, the
ﬁlm thickness being determined from an average of ﬁve different
measurements so as to yield statistically reliable data.
For all photoelectrochemical measurements, a single cell with a
three-electrode set-up was used. Fig. 3 shows a schematic of the
PEC setup used, in which pure and electron beam-treated ﬁlms
were used as the working electrode (anode). To complete the setup, Ag/AgCl rod was used as the reference electrode, and a platinum
wire was used as the counter electrode (cathode). All of the electrodes were kept as close as possible to each other, and their
locations were kept constant for all measurements. A solution of
1.0 M KOH (pH = 14) was used as the electrolyte, with this being
purged with nitrogen to remove any dissolved oxygen prior to testing. A 400 W xenon arc lamp (Newport, Oriel Instruments, USA)
was used to provide alight intensity of 1 mW/cm2 . A water ﬁlter
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Fig. 3. A schematic for photoelectrochemical water splitting.

was used to reduce output in the IR region, while allowing through
all UV light with a wavelength lower than 420 nm.
3. Results and discussion
Fig. 5. Raman spectra for pure and E-beam ﬁlms.

3.1. Physicochemical structure of the ﬁlms
The effect of low-energy beam irradiation on the structure of
TiO2 thin ﬁlms was evaluated on the basis of several physicochemical characterizations. Fig. 4 shows the XRD spectra for pure and
low-energy electron beam irradiated TiO2 thin ﬁlms prepared by
electrostatic spray deposition. It should be noted that the pure
TiO2 ﬁlm was annealed at 500 ◦ C. Pattern for the pure TiO2 ﬁlm
exhibits moderate diffraction peaks at 2 angles of 25.04, 37.52,
47.84, 53.76, 54.70 and 62.28◦ , which correspond to the 1 0 1, 0 0 4,
2 0 0, 1 0 5, 2 1 1 and 2 0 4 planes, respectively. By comparing these
peaks against JCPDS ﬁle #21-1272, it is conﬁrmed that the TiO2
ﬁlm consists solely of an anatase phase. Fig. 4 also depicts the XRD
patterns of the TiO2 thin ﬁlms after low-energy electron beam irradiation, from which it is evident that these ﬁlms display far more
sharp and highly intense peaks than pure TiO2 . This indicates an
increase in the crystallinity of the ﬁlms that is attributed to the
localized temperature increase within the ﬁlm during irradiation,
which is likely to result in a rearrangement of atoms. Indeed, a
very similar result was obtained by Dhawale et al. for chemically
deposited TiO2 nanorods [14].
This increased crystallinity of the TiO2 ﬁlm after irradiation is
further conﬁrmed by the Raman spectroscopy results. Fig. 5 shows
the distinct Raman peaks attributed to the anatase phase of TiO2
[14]. In general, the anatase phase of TiO2 is characterized by six
modes of Raman comprising one A1g , two B1g and three Eg modes. In
the present work, ﬁve Raman modes (except one B1g ) are observed,

as shown in Fig. 5. Raman peaks of the E-beam irradiated TiO2
thin ﬁlm show a markedly increased intensity, which conﬁrms
an increase in the crystalline nature of the ﬁlm. The most intense
peak after irradiation is observed near 137 cm−1 , and corresponds
to the Eg vibrational mode, which is caused by the O Ti O symmetric stretching vibrations [15]. Since this peak exhibits a slight
high-ﬁeld shift, it indicates that there is a higher degree of oxygen
vacancies [16]. Consequently, considerable information regarding
structural changes in the material can be derived by exploring this
region [17].
The composition of the TiO2 thin ﬁlms was determined by XPS
analysis. Fig. 6 shows the XPS spectra of pure and electron-beam
irradiated TiO2 thin ﬁlms. The result that the Ti2p spectrum of the
TiO2 ﬁlm (Fig. 6a) exhibits characteristic 2p3/2 and 2p1/2 photoelectron peaks at 458.38 and 464.18 eV respectively [18]. However,
when the TiO2 ﬁlm is irradiated, these 2p3/2 and 2p1/2 peaks are
shifted toward a higher binding energies; being observed at 458.53
and 464.38 eV, respectively. Such a shift toward higher binding
energies can be attributed to band tuning, which is commonly
observed in metal oxides [19,20]. Note that “tuning” herein refers
to the tuning of the valence band (VB) and conduction band (CB)
by means of electron beam irradiation. Furthermore, there is also
the distinct possibility for Ti O Ti bonds to be formed in the ﬁlm
structure [21]. Carbon is present in the ﬁlms as an impurity, as
evidenced by the C 1s spectra of the pure and irradiated TiO2 thinﬁlms shown in Fig. 6b. The decrease in the intensity of this C 1s peak
after irradiation is consistent with the results of Kim et al. [22], and
is attributed to the partial oxidation of the carbon content of the
ﬁlm. This means that although there is a deposition of hydrocarbons from air onto the ﬁlm surface during irradiation, at the same
time there is a removal of carbon from the ﬁlm surface. Since the
rate of removal is greater than rate of deposition, the overall carbon content of the irradiated ﬁlm is less, as evidenced by the less
intense C 1s peak. Finally, Fig. 6c shows peaks corresponding to
lattice oxygen of pure and irradiated TiO2 at 529.58 and 529.78 eV
respectively.
3.2. Optical properties of the ﬁlms

Fig. 4. XRD spectra for pure and E-beam ﬁlms.

From a study of the physicochemical structure of the electrosprayed TiO2 thin-ﬁlms after electron beam irradiation, it was
found that defects were created in the TiO2 matrix. Hence, in
order to assess their effect on the optical properties of the ﬁlms,
UV–visible absorbance spectra were recorded both before and after
irradiation. As can be seen from Fig. 7, a red-shift occurs in the
absorbance spectrum of TiO2 thin-ﬁlms subjected to irradiation,
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Fig. 7. UV–visible absorbance of pure and E-beam ﬁlms.

while Fig. 8c and d shows a top view and cross-sectional view of
an irradiated TiO2 ﬁlm. It is evident that electron beam irradiation
has a strong inﬂuence on the microstructure of a TiO2 ﬁlm. For
instance, a pure TiO2 ﬁlm shows a somewhat smooth and porous
morphology with a uniform distribution of TiO2 nanoparticles. In
contrast, the irradiated TiO2 ﬁlm is denser and rougher (Fig. 8c)
with a more irregular microstructure. Moreover, the thickness of
the ﬁlm is reduced by irradiation from ∼5 m in the case of pure
TiO2 ﬁlm (Fig. 8b), to ∼3 m. This can be explained by the fact that
when highly energetic electrons collide with the TiO2 ﬁlm surface,
they produce local or transient high-energy states. This energy is
in turn dissipated by collision with other electrons, resulted in a
localized heating of the atomic system. It is therefore quite plausible that electron beam irradiation results in partial melting of
TiO2 with subsequent recrystallization during quenching forming
a dense and rough hillock structure.
3.4. Photoelectrochemical performance

Fig. 6. XPS spectra of (a) Ti 2p, (b) C 1s and (c) O 1s for pure and E-beam ﬁlms.

which indicates a decrease in the band gap energy that is credited
to the creation of defects such as oxygen vacancies [23]. It is worth
noting that this decrease in band gap is directly proportional to
the photocatalytic activity. The band gap reduction after irradiation suggests that the ﬁlm can absorb the wider range of spectrum
of light, resulting in generation of more number of electron–hole
pairs. Thus, the irradiated ﬁlms are expected to exhibit an enhanced
photocatalytic activity (i.e., photocurrent density).
3.3. Surface morphology and ﬁlm thickness
The effect of low-energy electron beam irradiation on the morphology of the TiO2 thin ﬁlms was evaluated by SEM. Fig. 8a and
b shows a top view and cross-sectional view of a pure TiO2 ﬁlm,

From the structural, optical and morphological characterizations, it has been shown that low-energy electron beam
irradiation signiﬁcantly affects the physicochemical properties of
an electrostatic-spray-deposited TiO2 ﬁlm. The photocurrent stability under illumination was assessed as a standard measure for
the water splitting performance of photoelectrodes, which directly
corresponds to oxygen evolution.
Fig. 9 shows the effect of low-energy electron beam irradiation
on the current–potential (J–V) curves (photocurrent density) of ESD
TiO2 thin ﬁlms. The photocurrent densities of both pure and irradiated TiO2 thin ﬁlms are negligible when they are not illuminated
in a dark condition (not shown herein), but show an enhanced
photoresponse when illuminated by UV light with an intensity of
1 mW/cm2 . The photocurrent onset potential is at around −0.9 V vs
Ag/AgCI, with the pure TiO2 ﬁlm exhibiting a stable photocurrent
of ∼40 A/cm2 from −0.2 V of applied potential. In contrast, the
irradiated ﬁlms show a dramatic threefold increase in the photocurrent density, reaching a maximum of ∼115 A/cm2 at −0.2 V.
Hence, electron beam irradiation signiﬁcantly enhances the photocurrent density of electrostatically deposited TiO2 thin ﬁlms, with
such a dramatic increase attributed to the favorable physicochemical changes induced in the ﬁlm. The separation and mobility of the
carrier charges is crucial, which determines the rate of photocatalytic reaction.
In photocatalysis, mobility and separation of photo-excited electrons and holes dominate the overall energy conversion efﬁciency
of the solar water splitting process. These activities of carrier
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Fig. 8. SEM images of (a), (b) pure and (c), (d) E-beam ﬁlms.

charges are enhanced when the ﬁlm bulk is subject to more defects
or oxygen vacancies [24]. Electron beam serves to create such
defects in the ﬁlm. For example, it is known that a low-energy
electron beam can desorb oxygen ions and neutral atoms from
the surface of TiO2 , which leads to the generation of vacancies
[25,26]. Hence, defects can be created in a TiO2 thin-ﬁlm without causing damage, by using a moderate beam energy to generate
oxygen vacancies [27]. The generation of a large number of defects
leads to the formation of shallow traps within the TiO2 matrix that
prevent the recombination of photogenerated electron–hole pairs,
thereby improving PEC performance [28]. This is further supported
by the work of Jun et al., in which an increased concentration of
Ti3+ and oxygen vacancies was observed as a result of low-energy

electron beam bombardment, thereby causing a reduction in the
electron–hole pair recombination rate [29].
Low-energy electron beam irradiation also has a major impact
in reducing the thickness of TiO2 ﬁlms. The advantage of the denser
ﬁlm is that when a TiO2 ﬁlm is illuminated with UV light of a desired
wavelength (i.e., with an energy greater than its band gap), electrons (e− ) generated in the valence band travel to the conduction
band, thereby leaving holes (h+ ) in the valence band more efﬁciently. Both these generated electrons and holes migrate to the
surface of the TiO2 . The migration of electrons and holes could be
inﬂuenced by the ﬁlm densiﬁcation, which reduces the recombination rate via efﬁcient transport of charge carriers (e− and h+ ).
To reassure the dominant favorable effect of E-beam, Fig. 9
compares the photocurrent density (PCD) values of the pure ﬁlms
having 3 and 5 m against that of the E-beam ﬁlm. It is clear that
the E-beam ﬁlm is superior to the other two ﬁlms in terms of the
PCD value while having 115 A/cm2 at −0.2 V vs Ag/AgCl. Roughness and densiﬁcation of the ﬁlm resulting from E-beam yielded
the environment for efﬁcient electron mobility. On the other hand,
we also noticed that ﬁlm thickness did not play a signiﬁcant role
in PCD while comparing the PCD of the pure ﬁlms of two different
thicknesses of 3 and 5 m. However, the slightly greater PCD value
of the thicker ﬁlm may imply that the greater surface area enhanced
the photocatalytic activity though the PCD difference was minor. At
present, there are few reports in the literature that directly concern
the use of low-energy electron beam irradiation for improving the
PEC or photocatalytic performance of semiconductor photoanodes,
and thus this technique has great future potential for the ﬁeld of
photoelectrochemistry.
4. Conclusion

Fig. 9. Photocurrent vs potential curves of the pure and E-beam ﬁlms.

We conclusively demonstrated that the photoactivity of an electrosprayed titania ﬁlm, suitable for use in PEC water splitting, could
be greatly enhanced by the use of electron beam irradiation. These
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electron beam-treated ﬁlms showed a nearly threefold increase in
photocurrent density, which was explained by the creation of oxygen vacancies. An improvement in crystallinity was also observed
via XRD, Raman and XPS analyses. Moreover, an observed red-shift
in the UV spectra of the electron beam-treated ﬁlm suggested an
enhanced light absorption. With the low cost deposition method
such as electrospraying, the electron beam titania ﬁlm may be an
alternative route to the commercialization of solar water splitting.
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