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The present study demonstrates the beneficial effects of ultraviolet (UV) light irradiation on the 
electroless deposition of several n-type semiconducting oxide thin films from an aqueous solution. 
To obtain ceria (CeO2), Ce3+ was oxidized to a higher valence in the presence of dissolved oxygen 
molecules, and was then precipitated as CeO2 on a conductive substrate through a local cell 
mechanism. Irradiation of the substrate by UV light during the reaction caused the generation of 
photocarriers (electron and holes) in the surface oxide layer. The resultant photocarriers enabled 
further electrochemical reactions on the surfaces of pre-deposited CeO2 nuclei together with the 
substrate surface. As a result, the deposition rate and crystallinity of the film were significantly 
improved by the UV light irradiation. CeO2 thin films prepared on a Pt substrate by the proposed 
photoelectroless deposition method showed an electrocatalytic activity for methanol oxidation 
without post-annealing, in contrast to the lower activity of a film deposited in the dark. This 
discrepancy is discussed on the basis of film morphology and crystallinity. Furthermore, it was 
confirmed that electroless deposition of Sn and Pr oxide (hydroxide) was also accelerated by 
photoirradiation. In this paper, the photoelectroless deposition mechanism is discussed in detail, 
and the advantages of the proposed techniques are clarified. 

Introduction 

   Since inorganic materials can interact with photons in 
various ways, a number of practical applications including 
energy conversion (e.g., solar cells), chemical conversion (e.g., 
photocatalysts), and surface morphology control (e.g., laser 
micromachining) have been developed. In general, processes 
based on photon irradiation are performed under clean, 
environmentally-friendly conditions. In researching the 
photoelectrochemistry of inorganic semiconductors,1 much 
attention has been devoted to hydrogen gas production as a 
new energy source, and to the purification of polluted 
emissions using semiconductor photocatalysts. Recently, 
photon energy has also been employed for the development of 
functional inorganic materials and improvement of their 
properties. For example, precise particle size control of 
semiconductor nanoparticles by wavelength-dependent 
photocorrosion,2 local electrochemical reactions by site-
selective photon irradiation,3 and photoelectrochemical 
etching of single-crystal or polycrystalline semiconductor 
electrodes4,5 have been reported in the past decade. The 
utilization of photon energy for the fabrication of functional 
inorganic materials offers numerous advantages, such as 
position-selective excitation using focused light, energy 
selectivity by wavelength, and the promotion of homogeneous 
reactions, especially in the liquid phase. That is, 
photoelectrochemical processes can induce various reactions 
that are otherwise difficult to achieve. 
   Several research groups, ours included, have studied the 
effects of photoirradiation during the electrochemical 
deposition of thin films in solution.6,7 In our previous paper,8 

the photoelectrochemical deposition of iron(III) oxyhydroxide 
thin films from an Fe2+ solution induced the formation of 
unique nanostructures. As is well known, electrochemical 
processes in a solution system can bring about the formation 
of various oxide semiconductor films on a substrate. In 
particular, electroless deposition is recognized as a facile 
technique that can lead to film growth by simple immersion of 
the desired substrate, without requiring an external bias. 
However, there are several disadvantages associated with 
oxide film deposition: (1) a slow diffusion-controlled reaction 
rate, and (2) poor crystallinity, density, and adhesion of the 
films without post-treatment. Moreover, film growth via 
electrochemical reactions is inhibited after the substrate is 
covered by the deposited oxide layer, which has a relatively 
low conductivity. It is believed that photoirradiation can 
effectively circumvent these problems during the electroless 
deposition of oxide semiconductors. Under light irradiation, 
the electrochemical reactions are stimulated by the generation 
of photocarriers (electrons and holes) in the band structure of 
a deposit formed in advance, which reacts with the redox 
species at the deposit / solution interface. Accordingly, 
continuous growth of oxide films can be achieved under 
illumination, presumably enhancing their density and 
crystallinity. 

Among many semiconducting oxides, ceria (CeO2, Eg ~ 3.1 
eV) thin films have many attractive characteristics, such as 
ion-conducting,9 sun-screening,10 anti-corrosion,11 and 
electrocatalytic properties.12 Hence, the development of a 
facile solution-based method for attaining high-quality ceria 
thin films is an issue of great urgency. In the present paper, 
we demonstrate that photoirradiation during the electroless 
deposition of ceria thin films improves their growth rate, film 
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density, and adhesion by influence of the photocarriers 
produced in the film, and the photodeposited films have a high 
electrocatalytic activity for the oxidation of methanol without 
post-annealing. In addition, the positive effects of 
photoirradiation for other oxides (Pr and Sn) are demonstrated. 
Thus, the proposed technique is a promising method for the 
fabrication of semiconductor oxide thin films. The success of 
the present technique may explore a novel aspect with respect 
to utilization of photon energy. 

Experimental 

   Photoelectroless deposition was performed in a quartz glass 
beaker equipped with a water jacket to control the bath 
temperature. The solution for CeO2 deposition contained 
identical amounts of Ce(CH3COO)3 and CH3COOH (0.05 ~ 
0.20 M), and the pH of the solution was adjusted to 5.6 by the 
addition of a minute amount of 3 M NaOH. To perform the 
electroless deposition, a Pt substrate was immersed in a 
solution at 293 ~ 313 K for up to 24 h. During the reaction, 
the substrate was exposed to light from a 300 W Xe lamp. For 
comparison, a dark electroless deposition was also performed, 
in a beaker covered with aluminum foil. The open-circuit 
potential of the Pt substrate was monitored against a saturated 
Ag|AgCl reference electrode. The deposition weight was 
recorded using a quartz crystal microbalance (QCM) method 
employing a 9 MHz AT-cut quartz with Pt or C deposited on 
both sides. Inductively coupled plasma (ICP) analysis was 
carried out to determine the deposition amount of Ce after 
dissolving the film in a concentrated H2SO4 solution. The 
morphology and crystal structure of the as-deposited films 
were investigated using scanning electron microscopy (SEM), 
X-ray diffraction (XRD), and Raman spectroscopy. The 
electrocatalytic performance of the Pt substrate covered with a 
CeO2 film was evaluated by anodic polarization in 5 M 
CH3OH + 0.1 M K2SO4 solution using Ag|AgCl and Pt as the 
reference and counter electrodes, respectively. The potential 
scan was performed with a scan rate of 10 mVs-1. In order to 
deposit Pr or Sn oxide, the Pt substrate was immersed in a 
0.05 M Pr(CH3COO)3 + 0.05 M CH3COOH (pH ~ 7 at 313 K) 
or 0.05 M SnSO4 + 1 M H2SO4 solution under UV light 
irradiation at 293 K. 

Results and discussion 

   Formation of transparent thin films showing interference 
colour was observed after electroless deposition at 313 K for 
24 h in a mixed solution containing 0.05 M Ce(CH3COO)3 
and 0.05 M CH3COOH (pH = 5.6), irrespective of the light 
illumination. However, the color of the films was strongly 
dependent on the illumination, with blue films being produced 
in the presence of light, and yellow films in the absence of 
light. This discrepancy reflected either the deposition amount 
or the film thickness. Fig. 1a shows time evolutions of the 
deposition weight on Pt, as estimated from QCM 
measurements. In each case, the deposition weight increased 
monotonically with reaction time. The simple relationship 
between the amount deposited and the deposition time 
suggests a facile control over the deposition  

 
Fig. 1 Variation in the deposition weight on Pt or C substrates during 
electroless deposition under illumination or in the dark, as estimated from 
QCM measurements. (a) 0.05 M Ce(CH3COO)3 + 0.05 M CH3COOH at 
pH = 5.6 and 293 K, (b) 0.05 M Pr(CH3COO) 3 + 0.05 M CH3COOH at 
pH = 7.1 and 293 K. 

amount, at a microgram/cm2 level, by adjusting the reaction 
time. In the dark state, film formation on the substrate was 
caused by a local cell mechanism.13 More specifically, Ce3+ 
was oxidized by dissolved oxygen molecules through electron 
transfer in the Pt substrate, and was immediately transformed 
into a CeO2 thin film. The Ce3+ in solution was coordinated 
with up to four acetate ligands; Ce3+, Ce(OH)2+, Ce(Ac)2

+, 
Ce(Ac)2

+, Ce(Ac)3, or Ce(Ac)4
−, where Ac− indicates an 

acetate ion (CH3COO−). As reported in the previous paper,14 
the predominant species in the bath can be calculated from the 
ionization product of water, the dissociation constant for 
acetic acid, and the formation constants of the complex ions. 
As a result, the solution used here (0.05 M Ce3+ + 0.20 M total 
Ac− at pH = 5.6) consisted of 7.6% Ce3+, 0.0% Ce(OH)2+, 
38.2% Ce(Ac)2+, 40.9% Ce(Ac)2

+, 11.8% Ce(Ac)3, and 1.4% 
Ce(Ac)4

−. The oxidation potentials of Ce(Ac)x
(3-x)+ (x = 1 ~ 4) 

were shifted to a more positive value than that of 
uncoordinated Ce3+ due to stabilization by complexing.15 
Since the potentials were located below the reduction 
potential of an oxygen molecule under the present conditions 
(e.g., E(Ce(Ac)2

+/CeO2(s)) = 0.07 V < E(H2O/O2) = 0.89 V vs. 
NHE, at pO2 = 0.2 and pH = 5.6), the dissolved oxygen 
molecules could oxidize the Ce3+ to a higher valence state. 
The reduction of oxygen and the oxidation of Ce3+ would 
proceed preferentially on the surface of the Pt substrate, rather 
than in the solution bulk, due to the high catalytic 
performance of the Pt substrate for oxygen reduction. As 
shown in Fig. 1a, the deposition rate on the C substrate, which 
had a low oxygen reduction activity, was slower than on the 
Pt substrate. In addition, the open-circuit potential of Pt 
shifted gradually lower during the deposition (Fig. 1S in the 
ESI). Because the Ce3+ to be oxidized was present in 
abundance, its concentration did not change appreciably over 
the entire reaction period. Taking into account the small 
amount of dissolved oxygen, which was responsible for the 
cathodic reaction, the deposition rate would be limited by the 
diffusion of oxygen molecules to the Pt surface. Indeed, the 
open circuit potential in the O2-saturated solution was kept 
nearly constant during the reaction (Fig. 1S). As a result, the 
negative shift of the open-circuit potential probably originated 
from a reduction of the partial current density for the cathodic 
reaction. These observations support the assumption that a 
local cell mechanism was responsible for the electroless 



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  3 

deposition. Because of the lower solubility of the CeIV state 
than of the reduced state, CeIV would be deposited as a solid 
phase of CeO2 on the Pt substrate. The consumption of 
protons by oxygen reduction, i.e., the generation of hydroxide 
ions, could increase the local pH near the Pt surface and 
promote the formation of CeO2.13 
   Crystalline CeO2 behaves as an n-type semiconductor, with 
a band gap of ca. 3.1 eV, which can be excited by irradiation 
of light with a wavelength shorter than 400 nm. 
Photoelectrochemical evaluation (Fig. 2S in the ESI) 
established that the deposited layer could act as an n-type 
semiconductor electrode (i.e., it generated an anodic 
photocurrent) without post-annealing. From the UV-vis 
diffuse reflectance spectrum of the film (Fig. 3S in the ESI), 
as-deposited by photoelectroless deposition, the film had an 
absorption with a shoulder at ca. 400 nm, which is consistent 
with the band gap energy of CeO2 noted above.16 Fig. 1a 
indicates that photoirradiation strongly enhanced the 
formation rate of the thin film. Since the dark reaction 
proceeds via a local cell mechanism, the film growth was 
suppressed once the substrate was covered with the deposit, 
which is a poor conductor. On the other hand, UV irradiation 
to the substrate caused band gap excitation of the pre-formed 
CeO2 particles, producing electrons and holes in the 
conduction and valence bands, respectively. Since the 
oxidation potential of Ce3+ coordinated with acetate ions is 
above the upper level of the valence band, Ce3+ was oxidized 
by the holes and the CeO2 particles continued to grow under 
the irradiation. Oxidation may have also proceeded via OH 
radicals produced as a result of the reaction between holes and 
water molecules. The excited electrons could reduce oxygen 
molecules in the solution. Since the CeO2 nuclei acted as 
photoabsorbers and reaction sites for oxidation, film growth 
occurred without electron transport through the Pt substrate, 
and rapid deposition was accomplished. As shown in Fig. 1a, 
however, the growth curve gradually became less steep even 
under UV light irradiation, suggesting the consumption of 
dissolved oxygen and presumably the slower oxygen 
reduction on CeO2 than on Pt. In summary, it was confirmed 
that UV light irradiation assisted Ce3+ oxidation and 
accelerated the film growth significantly. We have also 
confirmed that photoelectroless deposition is possible even on 
a non-conductive substrate after an activation treatment to 
deposit a Pd catalyst, which is similar to the electroless 
plating of metal layers. 

Fig. 2 shows the influence of Ce3+ concentration on the 
electroless deposition amount. In the dark reaction, the 
deposition amount was slightly increased in the concentrated 
solution. On the other hand, the photoelectroless deposition 
was largely suppressed by an increase in [Ce3+], and the 
deposited amount was less than that for the dark reaction at 
0.20 M. This may be explained by a photo-reductive 
dissolution of CeO2.

17 Under irradiation by a photon energy 
significantly exceeding the band gap of CeO2, the 
photogenerated electrons trapped at the CeO2 / solution 
interface reduced the surface Ce4+. This was followed by 
dissolution of the reduced species (Ce3+), which have a higher 
solubility. As the amount of dissolved oxygen decreased, the  

 
Fig. 2 Effect of Ce3+ concentration on the deposition amount of Ce on a Pt 
substrate at 313 K for 24 h, with an identical molar amount of acetic acid 
to that of Ce3+ added to the solution. 

 
Fig. 3 Raman spectra of thin films deposited over various reaction times 
in 0.05 M Ce(CH3COO) 3 + 0.05 M CH3COOH at pH = 5.6 and 313 K. 
The spectrum of the film fabricated in 0.05 M SnSO4 solution at 293 K 
for 24 h is also displayed (Sn-UV24h). 

 
excited electrons were consumed by the reduction of Ce4+ 
rather than dissolved oxygen molecules. Our previous paper 
revealed that the presence of carboxylate anions promoted the 
photo-reductive dissolution of iron oxides by trapping holes 
produced in the valence band.8 In the present study, under a 
high [Ce3+], i.e., a high acetate ion concentration, the effect of 
photo-reductive dissolution became remarkable, and 
decreased the deposition amount. Under our experimental 
conditions, the photo-assisted effect on the electroless 
deposition of CeO2 thin films was most evident in dilute 
solution. 

The crystal structure of the prepared films was studied 
using XRD and Raman spectroscopy. The XRD patterns of as-
deposited thin films included a very weak diffraction peak 
attributed to the (111) plane of the fluorite crystal structure of 
CeO2 (Fig. 4S in the ESI). In order to investigate the 
crystallinity of the film in more detail, Raman spectroscopy 
was performed for films prepared with various reaction times, 
as shown in Fig. 3. The main peak at 452 cm-1 observed in all 
spectra (excluding the “Sn-UV 24 h”) corresponds to the 
triply-degenerate Raman active F2g mode of the fluorite 
structure, which was detected as a symmetric breathing mode 
of oxygen atoms surrounding cations.18 The peak height 
increased with increasing reaction time, implying the 
sustainable growth of a CeO2 film during the photoelectroless  
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Fig. 4 (a) Anodic polarization curves (5 M CH3OH + 0.1 M K2SO4 
solution) of bare Pt and Pt/CeO2 electrodes prepared by dark- or photo-
electroless (UV) deposition for various reaction times. (b) Reaction time 
dependence of the anodic peak current density (I) corresponding to 
methanol oxidation at E = +0.55 V vs. Ag|AgCl (sat. KCl). 

 
deposition. The small discrepancy of the peak wavenumber 
for the bulk CeO2 crystal (464 cm-1) suggests that the film was 
composed of tiny primary crystallites of nanometer 
dimensions, where the crystallite size calculated using the 
Raman line width (UV24h in Fig. 3) and the emprical 
equation given by Kosacki et al. was ca. 3 nm.19 The small 
hump at the larger Raman shift (ca. 570 cm-1, indicated by an 
arrow) corresponds to oxygen defects due to the partial 
reduction of Ce4+.20 In contrast, the film prepared by the dark 
reaction showed only a small peak, even after 24 h of reaction. 
These results confirm that UV irradiation during the 
electroless deposition is effective for the fabrication of 
crystalline CeO2 films without post-treatment. 

It has been reported that Pt/CeO2/C composites show 
excellent electrocatalytic performance for the direct oxidation 
of alcohol.12 Therefore, the electrocatalytic activity of the as-
deposited CeO2 films was evaluated by measuring their anodic 
polarization curves in methanol solution at 298 K. Fig. 4a 
shows the polarization curves of CeO2 films on Pt, fabricated 
under illumination or in the dark for various reation durations. 
Due to the adsorption of CO on the Pt surface, the bare Pt 
showed no oxidation activity. On the other hand, the Pt 
electrodes covered with photodeposited CeO2 (UV) showed an 
anodic current peak at ca. +0.55 V. These results indicate that 
the CeO2 on the Pt surface reduces the overpotential for CO 
oxidation. Takahashi and coworkers proposed that the active 
oxygen species produced by interactions between oxygen 
vacancies in the CeO2 surface and water molecules promotes 
the oxidation of CO.21 Consequently, the CeO2 thin film 
containing oxygen vacancies, which were detected by Raman 
spectroscopy, contributed to the anodic oxidation current 
observed in Fig. 4a. On the contrary, the polarization curve of 
the film prepared in the dark was nearly identical to that of the 
bare Pt substrate, indicating a lower activity for the anodic 
oxidation of methanol due to a small depostion amount (Fig. 
1a). Fig. 4b plots the anodic peak current at +0.55 V as a 
function of the photoelectroless deposition time. In the figure, 
the peak current rises with increasing reaction time and 
reaches a maximum at 12 h. These results are consistent with 
the observed film morphology. Fig. 5 shows SEM images of 
films formed under various conditions. The film prepared in 
the dark for 24 h (Fig. 5a) had no distinct particles. The 
observed small pores may have provided diffusion paths for 
oxygen molecules to be reduced at the Pt surface. 

Photoelectroless  

 
Fig. 5 Surface SEM images of as-deposited thin films deposited under 
dark conditions for 24 h (a) and under UV illumination for 12 h (b) or 24 
h (c). Cross-sectional image of (c) is also displayed in (d). 

 
deposition for 24 h (Fig. 5c and d) resulted in the formation of 
a relatively smooth film (thickness < 1 m) composed of 
small particles with diameters of a few nm (inset in Fig. 5c). 
This supports the idea that the film growth proceeds 
homogeneously on the surface of the CeO2 particles, rather 
than at the Pt surface under the UV light irradiation. A 
relatively bumpy surface that may have reflected the surface 
roughness of the Pt substrate was observed in the film 
prepared for 12 h (Fig. 5b). In contrast, a smooth and dense 
microstructure was observed after 24 h of reaction (Fig. 5c), 
as noted previously. The oxidation of methanol and oxidative 
removal of CO adsorbed on the Pt surface should occur at the 
three-phase boundary between Pt, CeO2, and the methanol 
solution. For deposition times over 12 h, the thick, dense 
CeO2 film could act as a barrier against methanol penetration 
toward the three-phase boundary. Consequently, even though 
the anodic current was increased by CeO2 deposition at the 
initial stage, the electrocatalytic activity of the film 
diminished with increasing reaction time after 12 h. On the 
other hand, due to poor crystallinity or a lower deposition 
amount, films fabricated by the dark reaction had no 
electrocatalytic activity. Therefore, CeO2 films deposited by 
photoelectroless deposition were capable of electrocatalytic 
methanol oxidation without any post-treatment. The activity 
depended upon film morphology and crystallinity. A dense, 
thick film formed after a longer deposition time, as shown in 
Fig. 5c, and appeared to act as an efficient barrier layer 
against the penetration of electrolytes. Hence, the dense CeO2 
thin films prepared here may be adopted as anti-corrosion 
layers to protect structural materials, because CeO2 is 
harmless and has a self-healing ability similar to conventional 
chromate barrier coatings.22 

The rare-earth element Pr3+ can also be oxidized to a higher 
valence, and then transformed into an insoluble oxide. 
Therefore, the photoelectroless deposition of PrIV oxide was 
carried out in a Pr(CH3COO)3 solution with an acetic acid 
additive. According to the literature,23 Pr3+ can be oxidized to 
the PrIV state at pH > 6, so the pH of the solution was adjusted 
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to ca. 7. Fig. 1b shows the variation of the deposition weight 
during photo- and dark-electroless deposition. UV light 
irradiation clearly accelerated the film formation. XRD 
analysis of the obtained films revealed the presence of a 
crystalline Pr6O11 phase. We also investigated the possibility 
of photoelectroless deposition of SnIV oxide, which also 
behaves as an n-type semiconductor with a band gap of 3.5 eV 
and has many important applications, such as sensors and 
transparent electrodes.24 In this case, an acidic SnSO4 solution 
was employed in order to stabilize Sn2+ in the solution. The 
influence of UV irradiation on film formation was stronger 
than for Ce or Pr. While no deposition occurred in the dark, 
UV light irradiation caused the deposition of a blue, 
transparent film. The Raman spectrum of the film (Sn-UV24h 
in Fig. 3) included a broad band assigned to SnIV hydrous 
oxide.25 However, deposition of the film was possible not only 
on a Pt substrate but also on other non-conductive substrates, 
such as quartz glass and alumina ceramics, suggesting that the 
formation mechanism of the film in SnSO4 solution was 
dissimilar to the photoelectroless deposition of CeO2. 
Recently, it has been reported that UV light irradiation of a 
Sn2+ solution induces the production of mesoporous SnO2 
particles at the solution - air interface.26 In this case, the 
photo-assisted disproportionation of Sn2+ produces Sn0 and 
Sn4+. The Sn4+ is hydrolyzed to produce insoluble H2SnO3, 
which decomposes into SnO2 during drying. On the other 
hand, the reduced species (Sn0) is oxidized to SnO2 at the air - 
solution interface. Consequently, thin film deposition seems 
to occur through a photochemical reaction rather than a local 
cell mechanism. Therefore, photoirradiation during electroless 
deposition may be effective for other kinds of semiconductor 
oxide thin films. 

Conclusions 

   The present study investigated the effect of UV light 
irradiation on the electroless deposition of several n-type 
semiconductor thin films (Ce, Pr, and Sn oxide). For CeO2, 
the formation mechanism of oxide thin films was explained by 
a local cell mechanism involving electron transfer at the Pt 
substrate. Specifically, dissolved oxygen acted as an oxidizer 
of the metal ions, and the oxidized metal species were 
deposited as an insoluble oxide film on the substrate. UV light 
irradiation enhanced the deposition rate and the density of the 
film, indicating that the photocarriers, which were produced in 
pre-formed oxide nuclei by the UV light excitation, 
photocatalytically promoted the reduction of dissolved oxygen 
and the oxidation of metal ions. The deposition rate was also 
affected by the concentration of reactant; that is, a high 
concentration resulted in a decrease of the deposition amount 
due to photoreductive dissolution. The obtained Pt/CeO2 thin 
films demonstrated varying activities for the electrocatalytic 
oxidation of methanol. This activity depended heavily on the 
porosity and crystallinity of the films, which could be 
controlled by the deposition time. On the other hand, it was 
confirmed that Pr6O11 and SnIV hydrous oxide thin films were 
also formed by UV irradiation of Pr3+ and Sn2+ solutions, 
respectively, and the deposition of SnIV hydrous oxide 
proceeded through a photochemical reaction initiated by the 

disproportionation of Sn2+. In addition to Ce, Pr, and Sn, there 
are many other semiconductor oxides that can be formed by 
the anodic oxidation of metal ions of lower valence (TiO2, 
etc.). The same photo-assisted effect is expected for the 
electroless deposition of these oxides on various conducting 
and non-conducting substrates. Moreover, the photochemical 
technique enables on-site fabrication, because the reaction is 
enhanced only within the irradiated area. The present 
technique should be useful in the fabrication of many different 
kinds of metal oxide and complex oxide thin films. 
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