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a  b  s  t  r  a  c  t

Multi-layered  BiOx–TiO2 electrodes  were  used  for the  oxidation  of  chemical  contaminants  coupled  with
the production  of  H2 characterized  by  a synergistic  enhancement.  The  BiOx–TiO2 electrodes  were  com-
posed  of  a  mixed-metal  oxide  array  involving  an  under  layer  of  TaOx–IrOx, a middle  layer  of  BiOx–SnO2,
and  a  top  layer  of  BiOx–TiO2 deposited  in  a series  on  both  sides  of  Ti foil.  Cyclic  voltammograms  showed
that  the  BiOx–TiO2 electrodes  had  an electrocatalytic  activity  for oxidation  of  phenol  that  was  enhanced
by  70%  under  illumination  with  AM  1.5  light.  When  the  BiOx–TiO2 anode  was  coupled  with  a stainless
steel  cathode  in a Na2SO4 electrolyte  with  phenol  and irradiated  with  UV light  at  an  applied  DC  volt-
lectrocatalytic
ybrid
ater treatment

itania

age,  the  anodic  phenol  oxidation  rate  and  the  cathodic  H2 production  rates  were  enhanced  by factors  of
four  and  three,  respectively,  as  compared  to  the  sum  of  each  light  irradiation  and  direct  DC  electrolysis.
These  synergistic  effects  depend  on the specific  electrode  composition  and  decrease  on  TaOx–IrOx and
BiOx–SnO2 anodes  in the  absence  of a top layer  of  BiOx–TiO2. These  results  indicate  that  the  BiOx–TiO2

layer  functions  as  the  key  photo-electrocatalyst.  The  heavy  doping  level  of  Bi  (25  mol%)  in TiO2 increases
the  electric  conductivity  of  the  parent  TiO2.
. Introduction

As our industrialized society discharges diverse and more recal-
itrant aquatic pollutants, electrochemically assisted advanced
xidation process (EAOP) has received more attention as an end-
f-pipe remediation tool for water and wastewater [1–4]. The
lectrochemical oxidation of aqueous organic pollutants is initi-
ted by generating reactive species that are sorbed on or remotely
rom the employed anode surface [5,6]. Since the electrochemical
eaction occurs primarily at the electrode/water interface, the per-
ormance of the electrochemical treatment depends not only on
he nature of target substrates [7–10] but also on the nature of the
node [9,11–16] and electrolyte [9,10,13].

The anode can be largely divided into oxide type and non-
xide type; the former includes dimensionally stable anodes (DSAs)
5,13] and Sb–SnO2 [7,9,17–20] while the latter includes Pt, boron-

oped diamond (BDD) [12,21,22],  stainless steel [11,12], and carbon
11]. Despite equal scientific importance, the former seems more
ractical and applicable in terms of cost-competitiveness. The
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anodes also are often divided into active anodes and non-active
anodes according to their oxygen evolution potentials [3,12,16]. For
example, the active anodes including Pt [14–17,23],  IrO2 [24,25],
and RuO2 [6,9,17,19] produce molecular oxygen (water oxidation)
at low potential ranges (low oxygen evolution potential anodes);
conversely, the non-active anodes such as PbO2 [15,19,23,26],
Sb–SnO2 [9,18–20], and BDD [12,21,22] produce the oxygen at high
potential ranges (high oxygen evolution potential anodes). Finally,
the anodes also can be separated into electrocatalytic anodes and
photo-assisted anodes according to operation mechanism. All the
aforementioned anodes fall into the former whereas the latter
includes ZnO [27], SnO2 [28], �-Fe2O3 [29], BiVO4 [30], WO3 [31],
and TiO2 [32–37].  Although these photoanodes have good perfor-
mances for remediating aquatic pollutants, their main drawback
is inactivity in the absence of light primarily due to their intrinsic
insulating properties.

We have recently studied several different electrocatalytic
anodes such as Nb2O5 [8],  BiOx–TiO2 [10,38,39],  RuO2 [9],  and
Sb–SnO2 [9].  A comparison between RuO2 and Sb–SnO2 indicated
that the general electrocatalytic performances of Sb–SnO2 (non-
active anode) for oxidizing various substrates (methylene blue, acid

orange 7, and 4-chlorophenol) were much superior to RuO2 (active
anode) in sodium sulfate electrolyte; yet the relative superiority of
Sb–SnO2 disappears when sodium chloride was  used as a support-
ing electrolyte. In the case of BiOx–TiO2 mixed oxide anodes, they

dx.doi.org/10.1016/j.jhazmat.2011.05.009
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hwp@knu.ac.kr
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Table 1
Electrode compositionsa and light-assisted synergistic effectsb on cell currents (Icell), anodic degradation rates of phenol (−kobs), and cathodic hydrogen production rates
(H2).

Electrodec lst coat 2nd coat 3rd coat 4th coat Synergy

Icell kobs H2

A Ir–27Ta – – – 1.1 1.2 1.5
B Ir–27Ta SnO2–10Bi – – 1.0 1.1 1.7
C  Ir–27Ta SnO2–10Bi TiO2–4Bi TiO2–25Bi–25Na 3.1 4.3 3.2
D Ir–27Ta SnO2–10Bi TiO2–4Bi TiO2–33Bi 4.3 4.3 3.1
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a Number refers to mol%.
b Synergy = PEC/(DC + light).
c Electrodes A, B, C and D correspond to Examples C1, C2, 9 and 6 in Ref. [42] and

onsist of multi-layered metal oxides and thus retains a robust per-
ormance as compared to single-layered analogs. In addition, when
oupled with stainless steel cathodes and powered by an exter-
al photovoltaic array under sunlight, the BiOx–TiO2 anodes have
een shown to be capable of treating water under continuous-flow
onditions along with the simultaneous generation of molecular
ydrogen at the cathode [38,39].

We  noted that although BiOx–TiO2 anodes were originally
eveloped as electrocatalytic anodes that operate in the absence
f light by degeneratively doping with Bi in TiO2, the presence of
iO2 might make them retain photoelectrocatalytic activity as well
40,41]. If so, the electrochemical performance of BiOx–TiO2 can
e boosted by light irradiation and applied to water treatment.
owever, such photo-assisted electrocatalytic operations should
e distinguished from the photocatalytic operations of TiO2 in that
ommonly used TiO2 anodes cannot work at all in the absence
f light whereas the BiOx–TiO2 maintains its electrocatalytic per-
ormances irrespective of light irradiation. In this report, we
xamined several electrocatalyst compositions that were degener-
tively doped with Bi in TiO2 at levels up to 25–33 mol%. In spite of
he heavy level of doping, the BiOx–TiO2 layer retained its essential
hotoelectrocatalytic properties and its characteristic metal oxide
urface chemistry, which was dominated by surface titanol (>TiOH)
unctionalities and their >BiOH analogs. The degeneratively doped
iOx–TiO2 electrodes were found to be effective for the oxidative
egradation of phenol (C6H5OH) and the hydrogen evolution at the
athode.

. Experimental

.1. Preparation of multi-layered anodes

A Ti foil (0.5 mm thick) was cleansed with SiC paper and coated
ith a sequence of layer substrates. The most bottom layer coat

first coat) containing Ir and Ta at a mole ratio of Ir:Ta = 0.73:0.27
as deposited to the Ti base and sealed with BiOx–SnO2 mixed

xide at a mole ratio of Bi:Sn = 0.1:0.9 (second coat). Then BiOx–TiO2
f a mole ratio of Bi:Ti = 0.04:0.96 were deposited as the third coat;
nally BiOx–TiO2 oxide layers at different mole ratios of Bi:Ti were
oated (fourth coat) (see Table 1). Each successive step of coating
equires a specific heat treatment regime at different temperatures
nd durations (525 ◦C for 1 h, 425 ◦C for 10 min, 250 ◦C for 5 h, and
25 ◦C for 5 h for the first, second, third, and fourth coats, respec-
ively) [42].

.2. Surface characterizations

Quantitative elemental micro-analyses were conducted with

he JEOL 8200 electron microprobe operated at 15 kV and 10 nA
n a focused beam mode using the Probe for Windows software.
n X-ray photoelectron microscopy (XPS) analysis was made

n an M-probe surface spectrometer (VG Instruments) using
 prepared using similar but simplified methods.

monochromatic Al K-� X-rays (1486.6 eV). Scanning electron
microscopy (SEM) measurements were performed by a field
emission scanning electron microscope (Hitachi, S-4800) at an
operating voltage of 3 kV. UV–vis diffuse reflectance absorption
spectra of electrode samples were recorded with respect to
BaSO4 pellet or pure Ti foil (uncoated) with a UV–vis absorption
spectrometer (Shimadzu-2450).

2.3. Electrochemical and photoelectrochemical study

A single thin anode with an active area of 50 cm2 and a stain-
less steel (SS) cathode (Hastelloy C-22) of equal size faced each
other with a separation distance of 2 mm.  The anode–cathode cou-
ple was immersed in an aqueous electrolyte solution of sodium
chloride (1.5 L). The target substrate (phenol, 1 mM)  was added to
the background electrolyte (pH ∼ 5), which was  mixed for 30 min
with continuous purging of nitrogen or air gas through the solution.
A constant cell voltage or current was applied to the electrodes with
a DC-power supply (HP 6263B and 6260B). In addition, a collimated
bean of UV-light was  simultaneously focused on the anode sur-
face that did not face the SS through the quartz window. A 450 W
Hg-Xe arc lamp (Oriel) was  used as a light source. Light passed
through a 10 cm-IR water filter and a cutoff filter (� > 320 nm), and
then the filtered light was focused onto the reactor. Sample aliquots
and headspace gases were withdrawn by a syringe intermittently
during illumination and analyzed.

Cyclic voltammograms of BiOx–TiO2 electrode were obtained
with a potentiostat (Versastat 3-400) that was  connected to sat-
urated calomel electrode (SCE, reference electrode) and Pt-gauze
(counter electrode) in 0.1 M NaCl with or without 1 mM phenol. To
illuminate the BiOx–TiO2 electrode, a 150-W Xe-Arc lamp (Ushio
150-MO) equipped with an AM 1.5 air mass filter was employed.
Phenol and its reaction intermediates were analyzed by a high per-
formance liquid chromatography (HPLC, Agilent 1100 series) using
a C18 column for separation. The eluent was  composed of 55% Milli-
Q water (0.1 wt% acetic acid) and 45% acetonitrile at a flow rate of
0.7 mL/min. The amounts of H2 and CO2 evolved during electro-
chemical and/or photoelectrochemical reactions were analyzed by
the respective GC/TCD and GC/FID (HP 6890N, N2 carrier) with a
molecular sieve column (30 m × 0.32 mm × 12.00 �m).

3. Results and discussion

3.1. Surface characterization of electrodes

Four different compositional variations of the multi-layered
BiOx–TiO2 anodes were synthesized. The detailed layering of mate-
rials is summarized in Table 1. Electrode A was coated with only

Ir (73 mol%) and Ta (27 mol%) while electrode B has an additional
layer consisting of 10 mol% Bi-doped SnO2. The third and fourth
coatings on B with Bi-doped TiO2 are represented by electrodes
C and D. Each electrode has a different surface morphology. For
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Fig. 1. Scanning electron microscopy images of (a) elec

xample, electrode A has a particle-to-particle connected surface
ith primary particle size of ca. 100 nm and retains a highly porous

tructure, while electrode D has a cracked mud-like surface com-
osed of ca. 30 nm-sized particles (Fig. 1). Electrodes B and C have a
uite similar surface image with A yet with a more densely packed
onfiguration. Such different surface morphologies, however,
ight not affect their electrocatalytic and/or photoelectrocatalytic

ctivities. Fig. 2 shows the electron-probe microanalysis (EPMA)
ata for the cross-sectioned electrode C, the composition of which
s Ir–27Ta (first coat), SnO2–10Bi (second coat), TiO2–4Bi (third
oat), and TiO2–25Bi–25Na (fourth coat) in series. It was found that
he atomic % of iridium and oxygen increase almost linearly along
ith decreases of Ti-at% up to 6.5 �m in thickness. Sn was found

ig. 2. Electron probe microanalysis of the BiOx–TiO2/Ti electrode (electrode C in
able 1).
 A, (b) electrode B, (c) electrode C, and (d) electrode D.

predominately in the coating thickness range of 6.5–8 �m while
the Bi-at% increases at 5.6 �m away from the Ti substrate. These
results suggest that the layer thicknesses of the first, second, and
third/fourth coats are ca. 6.5 �m,  1.5 �m,  and 2 �m,  respectively.
The EPMA results further indicate that in spite of a layer-by-layer
application of the successive coatings, those coats are slightly
merged into one another during the annealing processes. How-
ever, the topmost part is comprised of only Ti, Bi, and O with a
minor amount of Sn as confirmed by XPS (Fig. 3). The electrode D
also has a similar layer configuration. Finally, the electrodes were

further analyzed with UV–vis diffuse reflectance spectrometry
in order to gain the knowledge on their optical properties. As
shown in Fig. 4, the electrodes A and B have no distinct absorption
(expressed as a Kubelka–Munk unit) in the range of � > 340 nm.

Fig. 3. X-ray photoelectron spectroscopy analysis of the BiOx–TiO2/Ti electrode
(electrode C).
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ig. 4. UV–vis diffuse reflectance absorption spectra of electrode samples. The
bsorbances were recorded with respect to BaSO4 pellet and expressed as a
ubelka–Munk unit.

ince IrOx and TaOx are non-light absorbing ceramics (electrode
) and the semiconducting SnO2 (electrode B) can absorb light
f wavelength shorter than ca. 326 nm due to its large bandgap
f 3.8 eV (� = hc/Eg ∼= 1240/3.8 = 326 nm), such UV-transparent
roperty is reasonable. Meanwhile, the electrodes C and D have

 distinct UV light absorption from at 380 nm and 395 nm corre-
ponding to bandgaps of ca. 3.26 and 3.14 eV, respectively. This
ight absorption property should be attributed to the presence of
iO2 particles commonly found in both electrodes. In addition, the
lue shift of electrode C as compared to that of electrode D might
e attributed to the sodium present on the outermost surface.
uch optical property of electrodes C and D, therefore, suggests
hat they can have photocatalytic or photoelectrocatalytic activity
nder the irradiation conditions of UV light.

.2. Photoelectrocatalytic activity of electrodes

Before testing the two-electrode electrochemical cell, cyclic
oltammograms of BiOx–TiO2 (electrode C) were measured
n a NaCl electrolyte (∼pH 5). These results are shown in
ig. 5a. In the absence of light (i.e., with specific reference
o the electrocatalytic or inner surface conditions), BiOx–TiO2
ields no significant oxidation peak up to 1.2VSCE on a for-
ard scan, but a linear increase of the anodic current is

bserved. This current is most likely associated with the
xidation of Bi(III) to Bi(IV) (Bi2O4 + 4H+ + 2e− ↔ 2BiO+ + 2H2O;
◦ = 1.593VNHE@pH 0 = 1.057VSCE@pH 5), water oxidation to oxygen
O2 + 4H+ + 4e− ↔ 2H2O; E◦ = 1.23VNHE@pH 0 = 0.694VSCE@pH 5), and
hloride oxidation (Cl2− + e− ↔ 2Cl−; E◦ = 1.76VSCE). On the other
and, the cathodic (reverse) scan generates two apparent peaks
t ca. 0.9 and 0.4VSCE. The former is attributed to hypochlor-
us acid reduction (HClO + H+ + 2e− ↔ Cl− + H2O) occurring at
.49VNHE@pH 0 (=0.95VSCE@pH 5) while the latter is related to
ypochlorite reduction (ClO− + H2O + 2e− ↔ Cl− + 2OH−) occurring
t 0.90VNHE@pH 0 (=0.36VSCE@pH 5). Irradiation of the electrode with
ight at � > 320 nm (i.e., on the photoelectrocatalytic or outer anode
urface) increases the anodic current over the entire applied poten-
ial range indicating that more electrons are generated and directed
hrough the circuit. These cyclic voltammograms are very similar

o those with phenol as a model chemical contaminant in water
data not shown). It is noteworthy that the non-doped TiO2 elec-
rode (i.e., TiO2/Ti) did not generate any measurable currents over
he same applied potential range in the dark due to the absence
Fig. 5. (a) Cyclic voltammetries of the BiOx–TiO2/Ti electrode (electrode C) in 0.1 M
NaCl electrolyte with or without AM 1.5 light irradiation. (b) Time profile of pho-
tocurrent generation at 1.3 V vs. SCE in the presence of 1 mM phenol in 0.1 M NaCl.

of electrocatalytic activity. The irradiation of TiO2/Ti generated a
moderate level of currents, yet its magnitude was  much smaller
than those of BiOx–TiO2/Ti electrode. Fig. 5b illustrates the photo-
enhancement effects in a more comparative way. In the absence of
phenol (i.e., the electron donor), the output of the BiOx–TiO2 elec-
trode is in the range of 1.7–2.0 mA/cm2 at 1.3VSCE after the light
is turned on. With the addition of phenol to the electrolyte, the
anodic photocurrent is increased by as much as 50%. This is a clear
indication that the oxidation of phenol enhances the performance
of the anode. This observed substrate-enhanced current generation
shows that the electron–hole pairs are produced upon irradiation
of the BiOx–TiO2 anode and that the recombination of the charge
pairs is inhibited by the electron donor.

In order to investigate the effects of UV–vis irradiation to
the BiOx–TiO2 anode coupled with the stainless steel cathode on
the anodic oxidation of phenol and the concomitant cathodic H2
production rate, a variation of the applied DC voltages was inves-
tigated. As shown in Fig. 6a, applications of irradiation only or
irradiation with 1.0 V of cell voltage (Ecell) did not cause any degra-
dation of phenol. Direct UV photolysis (i.e., without the BiOx–TiO2
anodes) also did not change the concentration of phenol (data
not shown). It was  found that overall operation of the fabricated
cell begins at above 2.0 V (see Fig. 7), from where the concen-

tration of phenol is decreased according to pseudo first-order
kinetics (−d[phenol]/dt = kobs [phenol]). It was also found that the
cathodic hydrogen is produced rather linearly. The anodic and
cathodic reactions are enhanced with increasing cell voltages. For
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henol at Ecell = 3.5 V; [Phenol]0 = 1 mM;  [NaCl] = 50 mM (1.5 L); � > 320 nm.  CP refers
o  chlorinated phenol.

xample, at Ecell = 3.5 V, the degradation rate of phenol with light
rradiation is three times higher than that without light, while
he cathodic hydrogen production rate is over two  times higher
Fig. 6a). It should be noted that the electrocatalytic oxidation of
henol resulted in the generation of diverse chlorinated phenols
mono-, di-, and tri-chlorophenols) by stepwise chlorination at ini-
ial phase but all the chlorinated intermediates were ultimately
xidized into carbon dioxide at prolonged electrolysis [10,38,39].
he photoelectrocatalytic degradation of phenol also has a similar
et of intermediates (i.e., chlorinated phenols) with trace amounts
f hydroxylated phenols (hydroquinone and catechol) at the initial
hase (Fig. 6b). At the initial phase, monochlorinated phenols are
enerated, which are transformed into di- and trichlorinated phe-
ols at the intermediate phase, and subsequently undergo the ring
leavage and oxidation to organic acids such as oxalic, maleic, and
ormic acids. Eventually, these daughter acids are further degraded
t the electrode surface to aqueous carbon dioxide with the subse-
uent release of gaseous CO2. At the stage of complete degradation
f 2,4,6-trichlorophenol (12.5 h), ca. 1.2 mmol  carbon was released
ndicating that ca. 13% of initial molar amount of carbon (1 mmol-
henol/L × 1.5 L × 6 carbons/phenol = 9 mmol  carbon) was released
s CO2. This suggests that the remaining carbons may  exist in
he aqueous phase in the forms of ring-cleaved intermediates and
norganic carbons (e.g., CO2, H2O, HCO3

−, CO3
2−). Therefore, the

hotoelectrocatalytic degradation mechanism of phenol is very

imilar to the electrocatalytic mechanism despite much facilitated
inetics in the photoelectrocatalytic reaction.

Fig. 7 compares the electrocatalytic and photo-electrocatalytic
ffects quantitatively as a function of applied cell voltages. The
DC  voltages. (a) Cell current (Icell) generations, (b) pseudo-first order reaction rate
(−kobs) of phenol (C0 = 1 mM)  and (c) cathodic hydrogen production rate.

electrocatalytic I–V curve is very similar to previous studies in that
onset of a measureable current, Icell, occurs close to 2.0 V and then
increases exponentially as the potential is increased (Fig. 7a). Pho-
toelectrocatalytic I–V curve shows a similar response although with
a maximum four-fold enhancement of Icell. This result provides evi-
dence that the outer face also works in a similar fashion as the inner
surface. UV–vis irradiation at � > 320 nm of the anode enhances
the rate of oxidative degradation of phenol (kobs) by factors of 2–4
depending on the specific value of Ecell (Fig. 7b). Increases in Icell
show that more electrons are transported to the cathode and thus
more H2 should be produced as a result. Fig. 7c illustrates that the
photoelectrochemical H2 production rate is at least two-fold higher
than the corresponding electrochemical rate in the absence of light.

Furthermore, from the data presented in Fig. 7, it is evident that
light irradiation to the outer face of the anode also increases the
overall cell efficiency.
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Fig. 8. Comparison of anodes for their electroctatalytic and photoelectrocat-
alytic performances of (a) cell current (Icell) generations, (b) pseudo-first order
reaction rate (−kobs) of phenol, and (c) cathodic hydrogen production rate.
Ecell = 3.00(±0.02) V; [Phenol]0 = 1 mM;  � > 320 nm.  Note that definition of “syn-
ergy” in Fig. 8a and c (synergy = PEC/(DC + light) is technically the same with
that in Fig. 8b (synergy = PEC/DC) because the light irradiation generated neither
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Scheme 1. Schematic illustration of a DC-powered (photo)electrochemical treat-
ment of phenol contaminated water at BiOx–TiO2 anode with simultaneous

as a photocatalyst [46], or as (3) Bi-doped TiO which functions
ell  current (Icell in Fig. 8a) or hydrogen (Fig. 8c) (i.e., light effect = zero; hence
EC/(DC + light) = PEC/DC).

The four different anodes listed in Table 1 are compared for their
lectrocatalytic and photoelectrocatalytic performances in terms
f Icell, kobs for phenol oxidation, and H2 production rates. The
xperimental data is shown in Fig. 8 and summarized in Table 1.
ll four anodes, in principle, can be used as electrocatalysts for the

reatment of chemical contaminants in water and for the oxidation
f water to oxygen. For example, IrO2 anode oxidizes water or
ater contaminants via Ir(IV/V) inter-valence state changes. BiOx is

ikely to have a similar electrochemical behavior (Bi(III/IV) during
he anodic treatment of water (Fig. 5). Thus, it is not surprising that
lectrodes A and B, which have no outer layer coating of BiOx–TiO2,
xhibit higher DC currents and phenol degradation rates than C
nd D with BiO –TiO since the IrO (A) and SnO (B) electrodes
x 2 2 2
re proven to be effective for water treatment [3,9]. However,
hen exposed to light the BiOx–TiO2 electrodes generated higher

ell currents than IrO2 and SnO2 electrodes, which correspond
hydrogen production from water at a stainless steel cathode. Note that the inner sur-
face facing the cathode works as an electrocatalyst and the outer surface irradiated
by  UV-light works as a photoelectrocatalyst.

to a synergistic effect in the range of 300–430%. The apparent
synergistic effect is more pronounced for the anodic oxidation of
phenol where the rates are enhanced by factors of over 5 and 22 as
compared to DC and UV, respectively. In the case of the cathodic
production of H2, the effects of the BiOx–TiO2 layer were slightly
reduced with the H2 current efficiencies in the range of 60–70%.
The apparent synergistic effects for H2 production are most likely
due to the higher photocurrents. Overall, these results show that
the BiOx–TiO2 coating serves as an effective anode, but also has a
substantial potential as a photoanode.

3.3. BiOx–TiO2 electrodes with dual functionality

In Scheme 1, we  illustrate the principal operative mechanism
of the BiOx–TiO2 and SS couple under light irradiation. The inner
face of the electrode functions as an electrocatalyst while the outer
face is active as a photoelectrocatalyst. In the two-electrode setup,
the anode surface not facing the cathode is assumed to have no
electrocatalytic activity. In addition, since the Ti-foil base support
is non-transparent to irradiated light, the inner face should be
inactive with respect to photocatalysis. The control anodes with
no surface coating of BiOx–TiO2 were also tested to investigate
the role of BiOx–TiO2 in a quantitative way. Similar approaches
of combining an electrocatalyst with a photoelectrocatalyst have
been reported recently. For example, Drew et al. [43] reported
on enhanced direct methanol fuel cell performance by employing
a hybrid carbon fiber electrode consisting of a TiO2 photocata-
lyst and Pt–Ru catalyst; UV-irradiation to the TiO2 side of the
electrode resulted in a 25% increase of the cell power density.
In another application, Li et al. [44] inserted Sb–SnO2 into TiO2
nanotubes and found that the nanotubes increased the service
life time of the electrocatalyst and enhanced the oxidative trans-
formation of phenolic compounds to CO2 and other inorganic
products

It should be noted that the BiOx–TiO2 anode, which is employed
in this study, is somewhat different from the conventional Bi-
doped TiO2 photocatalysts. For example, Bi-doped TiO2 can be
classified in several different ways. Three different Bi-doping types
include: (1) Bi2O3–TiO2 [45], (2) BixTiyO1−x−y which also functions
2
likewise as a visible-light photocatalyst [47]. The above materi-
als were prepared with relatively small amounts of Bi (∼1 mol%)
with the primary purpose to develop new TiO2 photocatalysts that
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Scheme 2. Schematic illustration of three possible application types of BiOx–TiO2 electrode in electrolytic water treatment system and simultaneous hydrogen production
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rom  water. Type I: a photovoltaic (PV)-powered electrolysis, Type II: a DC-power
lectrolysis with direct light irradiation to BiOx–TiO2 anode. P: pollutants; SS: stain

unction under visible-light excitation (i.e., not functional with-
ut light). However, the BiOx–TiO2 of this study was  prepared
nitially as an electrocatalyst intended specifically for water treat-

ent applications. The Bi doping level of TiO2 was  designed to be
s high as 25–33 mol% in the outermost electrode coat in order to
ncrease conductivity. Thus, light irradiation to the BiOx–TiO2 with-
ut a DC power supply (i.e., no electrochemical bias) generates no
easurable cell currents and or hydrogen. In the case of phenol

xidation, however, the BiOx–TiO2 particle arrays seem to have
ome photocatalytic activity toward phenol, and this activity is 3–4
imes higher as those of the TaOx–IrO2 and BiOx–SnO2 electrodes
Table 1). Since the BiOx–TiO2 has a high extinction coefficient in
he range of � < 395 nm (Fig. 4), irradiation of the anode is likely
n principle to create electron–hole pairs. However, most of exci-
ons (electron–hole pairs) rapidly recombine in the absence of an
xternal potential bias.

Scheme 2 illustrates three application types of the BiOx–TiO2
lectrodes in water treatment and simultaneous hydrogen pro-
uction from water. Type I is a PV-powered electrolysis and the
iOx–TiO2 electrode has been demonstrated to operate success-

ully due to its good electrocatatalytic property [10,38,39].  Type
I is a DC-powered electrolysis with direct light irradiation to the
iOx–TiO2 electrode, which has been dealt with in this study. Finally
ype III is the combination of types I and II, i.e., a PV-powered elec-
rolysis with light irradiation to the BiOx–TiO2 electrode. In this
ase, the PV arrays that significantly contributes to initial capi-
al and operation/maintenance (O&M) cost in electrolytic water
reatment system can be reduced in size by additional photoelec-
rocatalytic function of BiOx–TiO2. At present, we are testing the
ab-scaled type III operation.

. Conclusions

We have fabricated multi-layered BiOx–TiO2 electrocatalysts
ith heavy doping level of Bi and demonstrated that despite such
oping they retained photoelectrocatalytic and electrocatalytic
ctivities. Moreover, the BiOx–TiO2 electrocatalysts synergistically
perated for degradation of phenol and hydrogen production in
ater under direct UV irradiation. The primary role of Bi doping

s to increase TiO2 conductivity, and to lend additional electrocat-
lytic properties via Bi(III/IV) inter-valence state changes during
he electrocatalytic reactions. Most electrode-type electrochemical

ater treatment systems employ DC power as a primary operation

nergy source but this study suggests that diverse operation energy
ources or their combination can be utilized when the BiOx–TiO2
lectrodes are used as an anode.

[

ctrolysis with direct light irradiation to BiOx–TiO2 anode, Type III: a PV-powered
eel cathode.
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