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ABSTRACT: Solar cells and fuel cells are essential devices that convert
sustainable energy into electricity. However, the electromotive forces they
provide are in principle limited to less than 1 V, and consequently, they need
to be connected in series for practical use. In this study, photocatalyst layers
with thicknesses of 0.8−2.1 μm were applied to both electrodes. The primary
particle size of TiO2 was optimized (15−21 nm), and its performance was
further improved by doping with organic dyes, e.g., anthocyanins. The
electron conductivity of TiO2 was found to be a primary factor in the
performance of the cells, but the ﬁlm ﬂatness also reduced resistance and
improved cell performance. Interestingly, the eﬃciency of TiO2 could be
evaluated based on the exchangeable surface O atoms via its 18O2 exchange
tests to suppress the reverse reaction step in water photo-oxidation, which occurs on the anode. UV and visible light were
absorbed by TiO2 and the organic dyes, respectively, creating an electron ﬂow path from the valence band to the conduction
band of TiO2, then, the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) of
the organic dyes, then the anode, and ﬁnally the cathode via the external circuit. The ﬂow of electrons and holes (separated from
electrons in BiOCl on the cathode by UV−visible light) enabled a VOC value of 2.11 V and maximum power of 73.1 μW cm−2.
KEYWORDS: Solar cell, Photocatalyst, Open-circuit voltage, Organic dye, Anthocyanidin, Titanium oxide, Bismuth oxychloride,
Isotope tracing
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INTRODUCTION
The process of replacing fossil fuel energy sources with
renewable energy sources such as wind, waves, hydro,
geothermal, solar, and biomass is proceeding and cannot be
halted or reversed if a sustainable global environment is to be
realized.1 Solar cells (SCs) are a key technology for the eﬀective
conversion of renewable energy into electricity. Accordingly,
silicon (crystal-type and amorphous-type), dye-sensitized, and
perovskite SCs have been developed.2 In principle, the
electromotive force of a solar cell is determined by the
conduction band minimum (CBM), valence band maximum
(VBM), and/or reaction potential of the constituents, e.g., the
redox mediator.2,3 Accordingly, the values are mostly less than 1
V and do not vary signiﬁcantly for diﬀerent cell designs, and
thus, multiple cells must be connected in series for practical use.
Several researchers have reported the possibility of photoanodes4−13 or photocathodes14 incorporated into fuel cells
(FCs). The photoanodes consume fuels such as methanol,4,5
ethanol,5,6 hydrogen peroxide,7 urea,8 phenol,9 glucose,10−12
glycerol,5 or starch13 and constitute “photofuel” cells when they
are combined with conventional cathodes, e.g., platinum−
carbon. The electromotive force they provide is determined by
the diﬀerence between the CBM and the reduction potential of
O2 in the cathode and, thus, is typically less than 1 V.2,3,15 If
photocatalysts are used on both electrodes and excited by light,
© 2018 American Chemical Society

the electromotive force is primarily determined by the CBM and
VBM of the two photocatalysts. Zhang et al.10 rationalized the
superiority of cells that use photocatalysts on both electrodes3,15,16 in terms of the higher open-circuit voltages (VOC,
1.59−1.69 V) they provide compared to those provided by FCs
that comprise only a photoanode or a photocathode. SCs do not
require fuel, and acidic water in the cell behaves as a redox
mediator (eqs 1 and 2).
hv

2H 2O → 4H+ + 4e− + O2
hv

4H+ + 4e− + O2 → 2H 2O

(anode)

(1)

(cathode)

(2)

The energy levels in such SCs are tunable by the choice of the
two photocatalysts, with the only prerequisite for the choice is
that the common reaction potential for eqs 1 and 2 should be
positioned between the VBM and CBM on both the anode and
cathode.3,15,16 However, Zhang et al. reported FCs with
maximum power densities (Wmax) of 36−82 μW cm−2 prepared
using glucose or phenol as the fuel, far superior to the Wmax of
11−16 μW cm−2 achieved using acidic water as the fuel.10 This
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paper limits the comparison to SCs comprising two photocatalysts on both electrodes. If platinum is used at the cathode, a
VOC of 0.80−1.73 V and Wmax of 75−750 μW cm−2 are reported
using FCs with a TiO2-based17 or BiVO4-based photoanode.18
Furthermore, based on photosynthesis, FCs using a tylakoid-C
nanotube anode and Pt cathode generated a VOC of 0.4 V and
Wmax of 5.3 μW cm−2.19
In this study, to exceed a VOC of 2.0 V and achieve a Wmax
higher than 70 μW cm−2, higher-voltage-type SCs with
photocatalysts on both electrodes were investigated using
various nanocrystalline forms of TiO2. Thus far, a VOC of 1.91
V and Wmax of 42.2 μW cm−2 were the best values reported for
this type of SCs.3 A breakthrough is needed to ﬁll the gap as
compared to the theoretical VOC value of 2.75 V.3,15 To
overcome the breakthrough, very thin (0.8−2.1 μm) TiO2 and
BiOCl nanocrystalline photocatalyst ﬁlms were formed on the
anode and cathode to minimize the diﬀusion overvoltage.
Furthermore, to achieve the target performance values (VOC >
2.0 V and Wmax > 70 μW cm−2), the new method employed
organic dyes in the SC as a novel highlight of this study. The
TiO2 layers on the anodes were sensitized using anthocyanidintype organic dyes (Scheme 1a), such as pelargonidin,

Figure 1. UV−visible absorption spectra of (a) a 0.10 mM ethanolic
pelargonidin chloride solution, (b) a 0.030 mM ethanolic PEC-TOMP04 solution, and an ethanol extract (120 mg L−1) of (c) rosehip/
hibiscus ﬂowers (1/10 diluted), (d) rosehip ﬂowers (1/25 diluted), and
(e) hibiscus ﬂowers (1/25 diluted).

anode and simultaneously suppressing the diﬀusion overvoltage
within the photocatalyst layer. Consequently, the VOC and Wmax
values were increased to 2.11 V and 73.1 μW cm−2 (per cell),
respectively.

■

Scheme 1. Structural Formula of Anthocyanidin: (a) General
Formula and Three Typical Types of Anthocyanidin (b)
Pelargonidin, (c) Delphinidin, and (d) Cyanidina

EXPERIMENTAL SECTION

Synthesis of TiO2 and BiOCl and Preparation of Photoelectrodes. TiO2 (JRC-TIO-14; purity >93.4%)23 was supplied by
Ishihara Sangyo Co. TiO2 (JRC-TIO-15; purity >99.5%)23 and TiO2
(Aeroxide P25; purity >99.5%)24 were supplied by the Japan Aerosil
Co. TiO2 (PEC-TOM-P03) was purchased from Peccell Technologies
as an organic/aqueous suspension. TiO2 (JRC-TIO-6; purity >99%)
was supplied by the Sakai Chemical Industry Co.23 TiO2 (particle size <
5 μm, purity 99.9%) was purchased from Wako Pure Chemical and
denoted as “rutile-W”. These samples were used without further
puriﬁcation. The mean primary particle sizes and speciﬁc surface areas
(SAs) for these TiO2 samples are summarized in Table 1. The
Brunauer−Emmett−Teller SAs were measured based on N2 adsorption
at several pressure points between P/P0 = 0.05 and 0.35 at 77.4 K (P0
101.3 kPa).
The TiO2 powder (0.10 g) was well mixed with 1.0 mL of t-butanol,
and 0.05 mL of ethylene glycol was added as a thickener. The
suspension was agitated using ultrasoniﬁcation (430 W, 38 kHz) for 10
min, and pasted onto an indium tin oxide (ITO) coated (thickness
0.12−0.16 μm, sheet resistivity 8−12 Ω/square) Pyrex glass substrate
(area 2.5 cm × 2.5 cm, thickness 0.11 cm; Aldrich). In the ﬁlm
preparation of JRC-TIO-6 and P25, a slide method was also employed,
i.e., 10 g of ﬂat Pyrex glass plate (area 10 cm2) was slowly slid on the
pasted suspension. Each TiO2/ITO/Pyrex plate was dried in air at 373
K for 18 h and then the temperature was elevated to 573 K at 4 K min−1
where it was maintained for 30 min. The amount of TiO2 deposited on
the plate was 0.4 mg, and it covered an area of 1.0 cm × 1.3 cm. The
organic/aqueous suspension of PEC-TOM-P03 was directly pasted
onto an ITO-coated glass and treated following a similar procedure to
that used for the other TiO2 samples.
Pelargonidin chloride (compound 1; molecular weight 306.70;
ChromaDex, Inc., USA) ethanol solution (0.10 mM) was prepared as a
standard for the anthocyanidins. The solution was red. The organic
dye/ethanol solutions were used as received (1.0 mM; PEC-TOM-P04,
Peccell Technologies). The molar absorption coeﬃcient was similar to
that for compound 1 within a variation of 13%. The color was orange.
Three drops (0.036 mL, 36 nmol) were cast onto TiO2/ITO/Pyrex
plates. The dye-adsorbed TiO2 ﬁlm was yellow. Anthocyanins were
extracted from 1.0 g of rosehip and hibiscus ﬂower herbal tea
(Pompadour, Germany, No. 1519-88) using ethanol (10 mL) at 298 K
for 24 h. The hydroxy groups of the anthocyanin, e.g., at the 3- and/or 5position of the benzopyrylium ring (Scheme 1a), are dehydrated with
sugar. Rosehip and hibiscus ﬂowers contain delphinidin and cyanidin,
respectively. The extract solution was transparent red, and the

a

The pH dependence of the structure of pelargonidin is also
illustrated.

delphinidin, and cyanidin (Scheme 1b−d).20,21 These dyes
present colors between purple and orange and absorption peaks
of the complementary color range between 532 and 553 nm
(Scheme 1b−d and Figure 1). These absorptions are due to
HOMO−LUMO electronic transitions.22 As a result, organic
dyes work as an enhancer, increasing the electron ﬂow from the
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Table 1. Fundamental Physicochemical Properties of TiO2 and BiOCl Used on the Anode and Cathode, Respectively
ent

sample

a
b
c
d

TiO2
(0.4 mg)

e
f
g

JRC-TIO-6
rutile-We
BiOCl (0.6 mg)

a

JRC-TIO-14
JRC-TIO-15
P25
PEC-TOM-P03

b

mean primary
particle size (nm)

speciﬁc surface
area (m2 g−1)

7.4a,c
21a, 26b,c
21a,c
16a,c

308
50
60
82.7g

15a
61a,d

mean ﬁlm
thickness
(μm)f

2.0
2.1

96.4g
8.0g
10.5g

1.8
0.83

crystalline phase
anatase
anatase:rutile = 8:2
anatase:rutile = 8:2
anatase dominant, rutile
and brookite minor
rutile
rutile

photocurrent @ 1.0
V, SHE (μA)h

impedance
(MΩ)

60
79
79
68

247
137
137
85

23
23
24

101
77

91
120
108

23

ref

c

Fresh sample. Heated at 523 K. Based on XRD peak width (101 diﬀraction of anatase, d110 diﬀraction of rutile). eThe particle size was less than
5 μm. fBased on cross-sectional SEM. gBased on N2 adsorption at 77.4 K. hStandard hydrogen electrode (SHE).

concentration was 120 mg L−1. If the molar absorption coeﬃcient of
visible light absorption for these anthocyanidins (Figure 1) is equivalent
to that for compound 1, the concentration was 0.13 mM and the
average molecular weight was 920. Ten drops (0.12 mL, 16 nmol of the
anthocyanidin) were cast onto a TiO2/ITO/Pyrex plate. The dyeadsorbed TiO2 ﬁlm was light red (Figure S1b and the Supporting
Information). For comparison purposes, anthocyanins were also
extracted from rosehip herbal tea (Tree of Life Co., Ltd., Japan, No.
02-520-7340) and hibiscus herbal tea (Tree of Life Co., Ltd., Japan, No.
02-620-6650) using ethanol (10 mL) at 298 K for 24 h. The extracts
were cast onto a TiO2/ITO/Pyrex plate in a manner similar to that used
for the Pompadour herbal tea.
BiOCl was synthesized from an aqueous solution using bismuth
trichloride.25 The obtained BiOCl powder (6.0 mg) was suspended in
deionized water (60 μL; < 0.055 μS cm−1) supplied by a RFU424TA
system (Advantec) and agitated using ultrasoniﬁcation (430 W, 38
kHz) for 10 min. An aliquot of the suspension was pasted onto the ITOcoated Pyrex glass plate in a manner similar to that used to prepare the
TiO2/ITO/Pyrex anodes. The amount of BiOCl deposited on each
ITO-coated glass plate was 0.6 mg, and it covered an area of 1.0 cm ×
1.3 cm.
Characterization. Cross-sectional scanning electron microscopy
(SEM) images were obtained using a JSM-6510 scanning electron
microscope (JEOL) at an accelerating voltage of 15 kV. A tungsten
ﬁlament was used in the electron gun. The photocatalyst ﬁlm on the
ITO/Pyrex plate was cut and mounted on an aluminum sample holder
using an adhesive.26,27 The incident angle of electrons with reference to
the sample surface was between 5° and 15°. The magniﬁcation was
between ×500 and ×20 000.
Ultraviolet (UV)−visible absorption spectra were obtained in
transmission mode using a spectrophotometer (Model V-650,
JASCO) in the wavelength range 200−800 nm with D2 and halogen
lamps for wavelengths below and above 340 nm, respectively. The
ethanol solutions of pelargonidin chloride, organic dye (PEC-TOMP04), and herbal tea extract were set in quartz glass cells with 1.0 cm
sample thickness.
X-ray diﬀraction (XRD) patterns were obtained for the photocatalyst
ﬁlms. The XRD patterns were measured at a Bragg angle of 2θB = 20°−
80° with a scan step of 0.02° and scan rate of 4 s per step using a D8
ADVANCE (Bruker) operated at 40 kV and 40 mA with Cu Kα
emission (wavelength λ = 0.15419 nm) and a nickel ﬁlter. The mean
particle size (t) was determined using the Scherrer equation

t=

0.9λ
full width at half maximum × cos θB

used to allow UV−visible light irradiation. The voltage of the WE was
swept between −1.00 and 1.50 V versus Ag/AgCl at a rate of 50 mV s−1
using a potentio/galvanostat (VersaSTAT 3-100, Princeton Applied
Research) in a N2 atmosphere at a ﬂow rate of 30 mL min−1, either
under irradiation with UV−visible light or in the dark.
Impedance measurements were performed for several ﬁlm-form
samples of TiO2 (0.4 mg) and BiOCl (0.6 mg, mean thickness 0.8 μm)
on ITO/Pyrex plates using a potentio/galvanostat (VSP, Bio-Logic). A
square Cu plate (6 mm × 6 mm × 30 μm) was attached to these
photocatalyst ﬁlms, and the impedance between the Cu plate and ITO
ﬁlm was monitored using Au-coated Cu probes (KPRO-RY, Toyo
Corporation) in low-current mode. The applied alternative voltage was
100 mV, and the frequency was scanned between 10−1 Hz and 106 Hz.
18
O2 Exchange Photoreaction Tests. Isotope-labeled photoreaction tests were monitored using gas chromatography−mass
spectrometer (Model JMS-Q1050GC, JEOL).28 Helium (purity
>99.9999%) was used as the carrier gas. The sampling loop comprised
a Pyrex glass system vacuumed using rotary and diﬀusion pumps (10−6
Pa) and connected to the JMS-Q1050GC using 1.5 m of deactivated
fused silica tube (No. 160-2845-10, Agilent; internal diameter 250 μm)
maintained at 393 K.
A photocatalyst sample (0.135 g, Table 1a−f) was placed in a quartz
photoreactor and evaluated at 295 K for 2 h at 10−6 Pa.1,28−32 Then,
18
O2 photoexchange (0.55 kPa; 18O 97.8%, chemical purity > 99.9%,
Cambridge Isotope Laboratories, Inc.) with the photocatalyst was
monitored at 295 K under irradiation by UV−visible light from a 500 W
xenon arc lamp (Model SX-UID502XAM, Ushio). The distance
between the exit of the lamp window and the photocatalyst was 160
mm. The exchange with 16O atoms at the surface was monitored using a
packed column of 13X-S molecular sieves (GL Sciences, Inc.) set in the
JSM-Q1050GC.
Photodecomposition of H218O (0.25−1.8 kPa; 18O 97%, chemical
purity > 99.9%, Cambridge Isotope Laboratories, Inc.) with TiO2
samples (0.135 g) and those impregnated with silver nitrate (Wako,
purity 99.9%) was also monitored at 295 K using the JSM-Q1050GC
under irradiation from a Model SX-UID502XAM similar to the 18O2
photoexchange experiments.
SC Tests. The TiO2/ITO/Pyrex and BiOCl/ITO/Pyrex electrodes
were immersed in HCl solutions (40 mL in each compartment, initial
pH 2.0). The two compartments were separated by a 50 μm-thick H+conducting polymer ﬁlm (Naﬁon, DuPont; acid capacity > 9.2 × 10−4
equiv g−1).16,33,34 N2 (purity >99.999%) and O2 (purity >99.6%) were
bubbled 30 mm from each photoelectrode at a ﬂow rate of 100 mL
min−1. The SC was equipped with quartz windows (Φ = 80 mm) on
both sides. Both the TiO2 and BiOCl photocatalysts were irradiated
with UV−visible light through the quartz windows using a two-way
branched quartz ﬁber light guide (Model 5Φ-2B-1000L, San-ei Electric
Co.) from the model SX-UID502XAM. The distance between the light
exit (Φ = 5 mm) and the surface of the TiO2 and BiOCl ﬁlm was 46 mm.
The light intensity was 91.3 mW cm−2 at the center of the photocatalyst
ﬁlm on each electrode.
The dependence of the current (i)−voltage (V) curves on the
conﬁguration of the anode and cathode was assessed in front−rear

(3)

Photoelectrochemical Measurements. Cyclic voltammetry
(CV) measurements were performed for several samples of TiO2
(Table 1) as the working electrode (WE; TiO2/ITO/Pyrex and an
Au/Ni-coated stainless steel clip; Toyo Corporation), glassy carbon as
the counter electrode (CE; Model 002012, Φpolyetheretherketone 6.0 mm,
ΦC 3.0 mm; BAS Incorporation), and Ag/AgCl as the reference
electrode (RE; Model RE-1B, BAS Incorporation), immersed in a
hydrochloric acid solution (80 mL, pH 4.0). A quartz glass window was
11894
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Figure 2. Cross-sectional SEM images of TiO2 ﬁlms prepared from (a) PEC-TOM-P03, (b, b′) JRC-TIO-6, and (c) a BiOCl ﬁlm. The ﬁlm for b′ was
prepared via the slide method (see the Experimental Section).
conﬁguration with N2 and O2 ﬂows, respectively, by varying the
resistance between 500 kΩ and 0.3 Ω.3,15,16 The front and rear
conﬁgurations allow perpendicular UV−visible light irradiation from
the photocatalyst and Pyrex/ITO glass sides, respectively.3 For
comparison, a Xe arc lamp (300−500 W) and LED lights (BR244HK, SO-2123, Gentos Co.) at 3 W were also used for irradiation
from both sides. Some of the i−V tests were conducted by irradiating
the anode with visible light ﬁltered with a L39 sharp cut ﬁlter (thickness
2.5 mm, Kenko) and the cathode being irradiated with UV−visible light
as above.

samples. It should be noted that the dyes were used in SC in
acidic pH solutions (2.0). Under the same pH conditions, the
absorption peak for the cyanidin in rosehip should be between
532 nm (pelargonidin) and 553 nm (delphinidin) based on the
number of hydroxy groups (Scheme 1b−d).
The major peak at 532 nm for pelargonidin chloride
corresponds to the HOMO−LUMO gap of 2.33 eV. This
value is consistent with the previously reported energy levels of
the HOMO (+0.13 V) and LUMO (−2.11 V) relative to
standard hydrogen electrode (SHE) for pelargonidin extracted
from Ixara Flora.36 The absorptions for cyanidin (≈543 nm) and
delphinidin (553 nm) correspond to the very similar HOMO−
LUMO gap values of 2.28 and 2.24 eV, respectively. Conversely,
the major peak at 415 nm for the organic dye in PEC-TOM-P04
corresponds to the relatively larger HOMO−LUMO gap of 2.99
eV.
Cross-Sectional SEM Measurements for the Electrode
with TiO2. In a previous study,3 the bulk density for the ﬂat
TiO2 ﬁlm (2.0 mg) prepared from a PEC-TOM-P03 suspension
was calculated to be 3.3 ± 0.3 g cm−3 based on cross-sectional
SEM images (mean thickness 4.7 ± 0.5 μm). This value is 84%
of the density of anatase-type TiO2 crystals (3.89 g cm−3),37
demonstrating the formation of a dense, closely packed TiO2
ﬁlm on the ITO glass. In contrast, the mean thickness of the
TiO2 ﬁlm (0.4 mg) prepared from PEC-TOM-P03 in this study
is 2.1 ± 0.1 μm (Figure 2a and Table 1d), and the bulk density is
calculated as 1.47 ± 0.07 g cm−3 (Figure S2). This value is 38 ±
2% of the density of anatase-type TiO2 crystals,37 indicating the
formation of a relatively porous but suﬃciently ﬂat TiO2 ﬁlm on
the ITO glass.
The TiO2 ﬁlm (0.4 mg) prepared from JRC-TIO-06 is
inhomogeneous and comprises dispersed nanoparticles with
diameters of 2−20 μm (Figure 2b1), unlike the ﬂat ﬁlm prepared
from PEC-TOM-P03 (Figure 2a). The mean thickness is 1.8 ±
0.5 μm taking the uncovered ITO part of the ﬁlm area into
account (Figure 2b1−3 and Table 1e). Therefore, the bulk
density of these ﬁlms is 1.7 ± 0.5 g cm−3 (Figure S2). This value
is 40 ± 12% of the density of rutile-type TiO2 crystals (4.25 g
cm−3),37 indicating an extensively loose packing arrangement. In
comparison, a ﬁlm formed via the slide method starting from
JRC-TIO-6 became more ﬂat (mean thickness 2.4 ± 0.3 μm,
Figure 2b′) and the bulk density of the ﬁlm is 1.3 ± 0.2 g cm−3
(Figure S2). The slide method successfully controlled the ﬁlm so

■

RESULTS AND DISCUSSION
UV−Visible Spectra of Organic Dyes. UV−visible
absorption spectra were obtained for ethanol solutions of the
organic dyes to evaluate absorption wavelength for PEC-TOMP04 and the herbal tea extracts (Figure 1). Standard
pelargonidin chloride solution shows a major peak at 532 nm
and a shoulder peak at 430 nm in the visible-light range. The
color of the solution was complementary red and the molecule is
protonated at the 4′-position of the phenyl ring (Scheme 1b).
The 0.030 mM ethanol solution of PEC-TOM-P04 shows a
resolved peak at 415 nm in the visible-light region (Figure 1).
The ethanolic rosehip/hibiscus herbal tea extract shows a broad
peak at 553 nm accompanied by a shoulder feature at 452 nm in
the visible-light range.
The absorption peak position depends primarily on the
structure of the aglycone (Scheme 1b−d) and the pH of the
solution (b and b′). To check absorption peak position for each
anthocyanidin, absorption spectra of the ethanol extract of the
rosehip ﬂower and that of the hibiscus ﬂower were measured
independently (Figure 1d and e). A peak at 456 nm appeared for
the cyanidin in rosehip ﬂowers corresponding to a shoulder
feature at 452 nm in rosehip/hibiscus tea (Figure 1c). A peak at
547 nm appeared for the delphinidin in hibiscus ﬂowers
corresponded to the peak at 553 nm in rosehip/hibiscus ﬂowers
(Figure 1c).
The structural diﬀerences between pelargonidin, cyanidin,
and delphinidin is the number of hydroxy groups on the phenyl
ring, i.e., one, two, and three, respectively, and these lead to
diﬀerences in absorption peak position, i.e., 500 nm for
pelargonidin 3-O-glucoside, 510 nm for cyanidin 3-O-glucoside,
and 516 nm for delphinidin 3-O-glucoside.35 Thus, the
absorption peak shift of ∼100 nm in ethanol shown in Figure
1 could be attributed to the eﬀects of organic acid contained in
11895

DOI: 10.1021/acssuschemeng.8b02166
ACS Sustainable Chem. Eng. 2018, 6, 11892−11903

Research Article

ACS Sustainable Chemistry & Engineering
as to be more ﬂat and eﬀectively removed powders greater than
10 μm (Figure 2b and b′).
The bulk density of TiO2 could be controlled to ∼3.5 g cm−3
for the TiO2 ﬁlms of mean thickness greater than 4 μm, i.e. the
weight greater than 1.8 mg (Figure S2). However, if the TiO2
weight is less than 1.8 mg (Figure 2a and b), the bulk density of
TiO2 varied between 1.3 and 3.5 g cm−3 depending on the
degree of coagulation of primary and/or secondary nanoparticles and mixed polyethylene glycol (Scheme 2).
Scheme 2. Conceptual Explanations for the Eﬀects of Primary
Particle Size of TiO2 and Mixed PEG in the Photocatalyst
Film Used on the Anode of SC on the Photocurrent

Figure 3. CV results for several diﬀerent WEs in aqueous solutions of
pH 4.0 under N2 ﬂow with either irradiation by UV−visible light (red/
thin) or in the dark (blue/thick). The source of TiO2 in the
photocatalyst was (a) JRC-TIO-14, (b) JRC-TIO-15, (c) P25, (d)
PEC-TOM-P03, (e) JRC-TIO-6, and (f) rutile-W. The light was
applied perpendicularly from the photocatalyst side.

JRC‐TIO‐6 (101 μ A) > P25 (79 μ A)
∼ JRC‐TIO‐15 (79 μ A) ∼ rutile‐W (77 μ A)
> PEC‐TOM‐P03 (68 μ A) > JRC‐TIO‐14 (60 μ A)
(4)

The photocurrents shown above are not simply correlated to
the speciﬁc SA, mean primary particle size, or crystalline phase
(Table 1). The optimum mean particle size in terms of current is
15−21 nm due to the balance of two competing factors for the
electron conductivity in TiO2 ﬁlm, i.e., (a) fast electron
conductance in the primary particles of TiO2, for which larger
particles are favorable (Scheme 2a) and (b) eﬀective packing of
primary particles as a ﬁlm to minimize the resistance at their
interfaces, for which smaller particles are favorable (Scheme 2b).
Nonconducting polyethylene glycol (PEG) was added to the
PEC-TOM-P03 (Table 1d) and would be disadvantageous in
terms of electron conductivity (Scheme 2c) compared to the
polymer-free sources JRC-TIO-6, P25, JRC-TIO-15, and rutileW (Table 1b, c, e, and f).
An electrochemical increment in the oxidative wave in the
range >1.6 V for water oxidation is clearly observed using P25
(Figure 3c) and JRC-TIO-6 (Figure 3e) in the dark. However,
the peaks recorded in light become weaker and less clear than
those recorded in the dark because water oxidation proceeds
both electrochemically and photocatalytically in the range lower
than 1.6 V.
Impedance Measurements of Photocatalyst Films. The
impedance of the TiO2 ﬁlms was evaluated based on the Cole−
Cole plots (Figure 4a). The resistance values were evaluated
based on eq 5:

In a previous study,3 the bulk density of a relatively porous
BiOCl ﬁlm (2.5 mg) was 3.6 g cm−3 based on the cross-sectional
SEM images (mean thickness 5.4 μm). This value is 46% that of
tetragonal BiOCl crystals (7.784 g cm−3),38 demonstrating the
formation of a loose BiOCl ﬁlm on the ITO glass. In contrast, the
thinner BiOCl ﬁlm in this study (0.6 mg) is relatively dense and
ﬂat with a mean thickness of 0.83 ± 0.24 μm (Figure 2c and
Table 1g). The bulk density is thus 5.6 ± 1.8 g cm−3, which is 72
± 23% that of tetragonal BiOCl crystals,38 and 1.57-times that
reported from the previous study (2.5 mg).3
CV Measurements of Several Types of TiO2 Film. CV
measurements using several types of TiO2 ﬁlm under N2
atmosphere in the presence or absence of UV−visible light
irradiation were performed (Table 1a−f). In this study, in the SC
comprising photocatalysts on both the anode and cathode, the
electrons photoexcited to the CB in TiO2 at the anode ﬂow into
the VB in BiOCl at the cathode via the external circuit. Based on
the diﬀerence of the two levels, the electromotive force is always
greater than 1 V.3,15,16 Therefore, the diﬀerence in currents
recorded in the presence and absence of UV−visible light for the
CV region >1 V generally indicates the eﬃciency of charge
separation and the conductivity of photogenerated charges from
TiO2 to the cathode. An increment in current due to
electrochemical/photocatalytic oxidation of water is also
observed in the oxidation wave in the region above 1.6 V
(Figure 3).
The diﬀerence in currents recorded in the presence and
absence of UV−visible light at 1 V versus SHE is in the order:

(impedance real − a)2 + (impedanceimaginary − b)2
i resistance yz
zz
= jjj
2
k
{

2

(5)

If the sample behaves as an ideal equivalent circuit comprising a
parallel resistor and condenser, a perfect semicircle is drawn in
the ﬁrst quadrant. However, the impedance of TiO2 ﬁlms in this
study is aﬀected by the particle size distribution of TiO2 (Table
1) and the eﬀectiveness of the electric contact between TiO2
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reported for a TiO2 layer with no bias potential, as in this
study.39 The only exception is PEC-TOM-P03. In the previous
section on CV, the addition of PEG negatively reduced the
electron conductivity by more than 33 μA (order 4, Figure 3d,
and Scheme 2c). The ﬂatness of the photocatalyst ﬁlm would be
the other factor to reduce the resistance because the impedance
measurements were performed by attaching a ﬂat Cu plate to
photocatalyst ﬁlm. As is evident from the cross-sectional SEM
images, the PEC-TOM-P03 ﬁlm is signiﬁcantly more ﬂat and
smooth in comparison to the JRC-TIO-6 ﬁlm (Figure 2a and b).
Thus, while the CV performance of the TiO2 ﬁlm was
determined by the primary particle size (15−21 nm) in the
previous section (Scheme 2a and b), the eﬀects of the added
PEG and potential eﬀects of the ﬂatness of the TiO2 ﬁlm should
be essential for the impedance values for PEC-TOM-P03
(Scheme 2c and d).
Similarly, the resistances of the BiOCl ﬁlms were also
evaluated (Figure 4b). The value of 206 MΩ for the 2.5 mg
ﬁlm in a previous study3 was decreased to 108 MΩ for the more
ﬂat 0.6-mg ﬁlm prepared in this study (Table 1g).
18
O2 Exchange Reaction Rates. The time courses for the
exchange of 18O2 with O (oxo, hydroxy) and/or O of water on
diﬀerent TiO2 surfaces are summarized in Figure 5a−f. The
decrease in 18O2 balances with the sum of the increases in
18 16
O O, and 16O2, except in the case of PEC-TOM-P03, for
which the decrease in 18O2 is signiﬁcantly faster, suggesting

Figure 4. Cole−Cole plots for TiO2 (a) and BiOCl ﬁlms (b) and the
theoretical data ﬁtted to eq 5.

nanocrystals. Thus, the value b needs to be included in eq 5, and
we tried to ﬁt the plot data to a complete circle. The resulting
order of resistance was
PEC‐TOM‐P03 (85 MΩ) ∼ JRC‐TIO‐6 (91 MΩ)
< rutile‐W (120 MΩ) ∼ P25 (137 MΩ)
∼ JRC‐TIO‐15 (137 MΩ) < JRC‐TIO‐14 (247 MΩ)

(6)

This order generally corresponds to that of the CV measurements divided into three groups, (i) JRC-TIO-6, (ii) rutile-W,
P25, and JRC-TIO-15, and (iii) JRC-TIO-14 (see order 4). A
similar charge transfer resistance value (7.1 MΩ) has been

Figure 5. Results of 18O2 exchange experiments using several TiO2 and BiOCl photocatalysts (0.135 g) under irradiation by UV−visible light. Initial
18
O2 pressure: 0.55 kPa. (a) JRC-TIO-14, (b) JRC-TIO-15, (c) P25, (d) PEC-TOM-P03, (e) JRC-TIO-6, (f) rutile-W, and (g) BiOCl.
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Table 2. Results of 18O2 Exchange Experiments
Initial decrement/formation rate
(μmol h−1 gcat−1)
entry
a
b
c
d
e
f
g

18

sample
TiO2

O2

−445
−135
−156
−78
−6.0
−32
−3.2

JRC-TIO-14
JRC-TIO-15
P25
PEC-TOM-P03
JRC-TIO-6
rutile-W

BiOCl

18

O16O

315
103
106
17
6.4
34
1.9

16

O2

surface O
calculated O atom ratio in 18O2 introduced vs surface O

nm−2

μmol 0.135 g−1

1: 6.0 ± 0.2
1: 1.34 ± 0.02
1: 1.47 ± 0.02
1: 1.26 ± 0.05
1: >0.34 ± 0.02
1: 0.17 ± 0.01
1: >0.12 ± 0.01

8.3
11.4
9.9
6.5
>1.5
8.7
>4.7

560
130
140
120
>32
16
>11

154
20
39
3.0
0.98
1.4
0.13

excessive adsorption of 18O2 rather than a balanced exchange.
The formation rates of 18O16O are in the following order:

limit. Thus, the reverse reaction of the O2 formed on the TiO2
with protons and electrons, reforming water molecules, is
signiﬁcant. In this study, the SC utilizing photocatalysts on both
electrodes forms electrons as the result of water oxidation that
quickly transfer to the cathode via the external circuit, thus
eﬀectively suppressing the reverse reaction on the anode
(Scheme 3).

JRC‐TIO‐14 (315 μmol h−1 gcat−1) > P25 (106 μmol h−1 gcat−1)
∼ JRC‐TIO‐15 (103 μmol h−1 gcat−1)
> rutile‐W (34 μmol h−1 gcat−1)
> PEC‐TOM‐P03 (17 μmol h−1 gcat−1)
> JRC‐TIO‐6 (6.4 μmol h−1 gcat−1)

Scheme 3. Energy Diagram for a Solar Cell Comprising TiO2
Enhanced with Pelargonidin on the Anode and BiOCl on the
Cathode

(7)

This order is not directly correlated to that of speciﬁc SA.
However, O2 exchange is faster in general on anatase-type TiO2
than that on rutile-type TiO2 (Table 1).
When the ratio of the number of O atoms in the gas-phase
18
O2 (18O 97.8%) to the 16O species on TiO2 (natural
abundance 16 O 99.8%) is 1:n, the molar ratio of
18
O2:18O16O:16O2 reaches 1:2n:n2 at the equilibrium of the
exchange reaction. Thus, the n values were determined for six
types of TiO2 (Table 2). Furthermore, the number of O atoms in
the unit area (nm2) on the TiO2 samples was calculated to be
6.5−11.4 based on the n and speciﬁc SA values (Table 2a−d, f),
but this number is quite small (1.5) for JRC-TIO-6 because the
O2 exchange reaction in this case is extremely slow and does not
reach equilibrium within 28 h (Figure 5e). A simpliﬁed kinetic
equation for the 18O2 exchange rates is
r = kP(18 O2 )Nθ(16 O)

(8)
18

18

where k is the rate constant, P( O2) is the pressure of O2, N is
the total number of surface sites, and θ(16O) is the ratio of 16O
surface sites to N. P(18O2) and catalyst amount are constant in
the exchange tests in Figure 5, and the order of the formation
rates of 18O16O needs to be reinterpreted by dividing the rates
(μmol h−1 gcat−1) with the Nθ(16O) value (mol) based on the n
value given in Table 2.

i−V Dependence of SC Performance for Diﬀerent TiO2
Photocatalysts. First, i−V dependence was investigated for
several kinds of TiO2 photocatalysts (Table 1a−f). The
photocatalyst on the cathode was always BiOCl. In ref 3,
PEC-TOM-P03 (2.0 mg) and BiOCl (2.5 mg) formed on ITO
electrodes using water as the solvent (Figure 6a) provided a VOC
of 1.85 V. However, two problems remained in the previous
study:3 (i) non-negligible current leakage in the region below 0.7
V owing to electron ﬂow from the CB of TiO2 directly to oxygen
vacancy sites on/in BiOCl via the external circuit and (ii) linear
i−V dependence in the region 1.0−1.85 V (Wmax 42.2 μW cm−2,
Table 3i) in comparison to the typical convex curve for Si SCs,
increasing Wmax as the product area of the i and V values.
These two problems are well resolved using thinner
photocatalyst ﬁlms in this study. For the thinner TiO2 ﬁlms,
the electron diﬀusion overvoltage in the TiO2 and the electrons
ﬂowing from the anode eﬀectively coupled with holes remaining
in the VB of BiOCl for the rear conﬁguration of the cathode
(Scheme 3, right). Using PEC-TOM-P03 (0.4 mg) and BiOCl
(0.6 mg) formed on ITO electrodes, the current leakage is
negligible in the lower voltage region and a convex i−V

rutile‐W (0.30 h−1) > JRC‐TIO‐15 (0.11 h−1) ∼ P25 (0.10 h−1)
> JRC‐TIO‐14 (0.076 h−1) > PEC‐TOM‐P03 (0.020 h−1)
∼ JRC‐TIO‐6 (< 0.027 h−1)

(9)

The exchange reaction was even slower using BiOCl
compared to those with TiO2. The reaction did not reach the
equilibrium within 38 h elapsed, suggesting that the number of
O atoms per unit area (nm2) of BiOCl is more than 4.7 (Table
2g).
The photooxidation of H218O at 0.25−1.8 kPa using the TiO2
samples listed in Table 1 was assessed. The conversion is below
the detection limits for 18O2 and 18O16O using JSM-Q1050GC
(data not shown). Furthermore, when the TiO2 is impregnated
with 3.0 wt % Ag+, oxidation of H218O is still below the detection
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In other words, the Vmax values do not vary much, all falling in
the range 1.23−1.36 eV (Table 3a−f). The order of Wmax values
(order 8) is consistent with the order of photocurrents obtained
from CV measurements (order 4) except for that of PEC-TOMP03. The electron conductivity in the TiO2 ﬁlm, rather than the
number of active sites on the TiO2, is a critical factor for SC
performance in this study (Scheme 2a and b). However, the
homogeneity of TiO2 ﬁlms prepared from PEC-TOM-P03
(Figure 2A) is also critical (Scheme 2c and d) because it leads to
lower resistance (order 6 and Figure 4).
The VOC and Wmax values obtained using JRC-TIO-6 on the
photoanode and BiOCl on the photocathode (1.93 V and 56.1
μW cm−2) were moderately improved in comparison to
reported values of VOC of 1.91 V and Wmax of 42.2 μW cm−2.3
The Wmax value by the SC free from fuel (56.1 μW cm−2) is
comparable to that previously reported for a phenol-FC using
CdS on the photoanode and Cu2O on the photocathode (60 μW
cm−2) and slightly smaller than those reported for a phenol/
glucose-FCs using TiO2 on the photoanode and C/Cu2O/Cu
on the photocathode (73 μW cm−2) or W:BiVO4 on the
photoanode and polyterthiophene on the photocathode (82 μW
cm−2).10
The exchange of 18O2 with 16O2 or surface O species has been
correlated with catalytic activity in the total oxidation of
methane,40 N2O decomposition,41 NO x reduction with
alkanes,42 and the CO−NO reaction.43 Furthermore, fundamental studies of this exchange in terms of basic sites44 or
Raman shifts45 have also been reported. Interestingly, in the
current study, the Wmax values (order 8 and Table 3) are
negatively correlated to 18O16O formation rates in the 18O2
exchange tests (order 7 and Figure 7a). However, the Wmax
values did not correlate to the formation rates if the numbers of
surface O atom in photocatalyst (Table 2) are considered (eq 9)
in the kinetics (eq 8). Instead, the numbers of surface O atom
was plotted versus Wmax values and negative correlation was
clearly demonstrated (Figure 7b). Thus, water photooxidation

Figure 6. Current−voltage dependence using (a) PEC-TOM-P03 (2.0
mg, 0.4 mg ■) and (b) JRC-TIO-14 (◇), JRC-TIO-15 (□), P25 (○),
PEC-TOM-P03 (■), JRC-TIO-6 (△), and rutile-W (▲) TiO2
photocatalysts on the anode. BiOCl was used on the cathode.

dependence curve is formed, providing a Wmax of 53.7 μW cm−2
while keeping the VOC value the same, i.e., 1.85 V (Table 3d and
Figure 6a). Furthermore, using the same amounts of photocatalyst on the anode and cathode, the i−V curves are convex
and current leakage is negligible for all the types of TiO2
employed (Table 1a−f and Figure 6b). Thus, in the current
study, t-butanol as solvent and ethylene glycol as a thickener are
eﬀective for the formation of thin TiO2 ﬁlms. The VOC values are
divided into three groups: (i) JRC-TIO-6 (1.93 V), (ii) JRCTIO-15, JRC-TIO-14, P25, and PEC-TOM-P03 (1.88−1.85 V),
and (iii) rutile-W (1.76 V). However, the maximal diﬀerence
between them is only 8.8%. Conversely, the imax values are in the
same order as that for Wmax and the diﬀerence is as large as 30%.
The order of Wmax values is
JRC‐TIO‐6 (56.1 μ W cm−2) > PEC‐TOM‐P03 (53.7 μ W cm−2)
> rutile‐W (49.5 μ W cm−2) ∼ P25 (47.4 μ W cm−2)
∼ JRC‐TIO‐15 (45.6 μ W cm−2)
> JRC‐TIO‐14 (39.9 μ W cm−2)

(10)

Table 3. Summary of i−V Dependence Tests
Wmax

photocatalyst
entry
a
b
c
c’
c”
c”’
c””
d
e
f
g
g’
g”
g’’’
h
h’
h”
i

anode
JRC-TIO-14 (0.4 mg)
JRC-TIO-15 (0.4 mg)
P25 (0.4 mg)
P25 (0.4 mg) + PEC-TOM-P04
P25 (0.4 mg) + rosehip−hibiscus
ﬂowers
P25 (0.4 mg) + rosehip ﬂowersb
P25 (0.4 mg) + hibiscus ﬂowersb
PEC-TOM-P03 (0.4 mg)
JRC-TIO-6 (0.4 mg)
rutile-W (0.4 mg)
JRC-TIO-15 (0.4 mg)

P25 (0.4 mg)
P25 (0.4 mg) + PEC-TOM-P04
P25 (0.4 mg) + rosehip−hibiscus
ﬂowers
PEC-TOM-P03 (2.0 mg)

cathode
BiOCl (0.6 mg)

light source power (W)
Xe arc (500)

(450)
(400)
(300)
LED (3)
Xe arc (500), L39 ﬁlter

BiOCl (2.5 mg)

Xe arc (500)

iSC
(μA cm−2)

VOC
(V)

41.5
65.7
54.0
78.0
69.2

1.88
1.88
1.87
2.00
2.04

82.7
85.2
49.9
57.9
55.5
47.3
43.3
26.5
<0.01
21.0
21.6
24.4
65.4a

Wmax
(μW cm−2)

imax
(μA cm−2)

Vmax
(V)

39.9
45.6
47.4
73.1
64.7

31.9
34.5
34.9
53.5
45.5

1.25
1.32
1.36
1.37
1.42

2.04
2.11
1.85
1.93
1.76
1.86
1.86
1.82
0.23
1.77
1.82
2.05

64.5
72.9
53.7
56.1
49.5
36.8
33.2
18.6
<0.002
10.6
16.5
29.4

50.5
53.5
41.2
45.6
40.2
29.0
24.6
11.3
<0.01
8.65
12.7
20.1

1.28
1.36
1.30
1.23
1.23
1.27
1.35
1.65
0.20
1.23
1.31
1.47

1.85a

42.2a

41.9a

1.01a

a

Reported in ref 3. bA slide method was employed for pasted TiO2 suspension on ITO.
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increases from 47.4 to 73.1 μW cm−2, i.e., by a factor of 1.54,
mainly due to the increase in imax (53.5 μA cm−2).
The addition of 16 nmol of anthocyanin (delphinidin and
cyanidin) extracted from rosehip and hibiscus ﬂowers to P25
was also evaluated in the same way (Figure 9a2). The VOC value
further increases to 2.04 V (Table 3c”). Accordingly, the cell
power also increases from 47.4 to 64.7 μW cm−2, i.e., by a factor
of 1.36, mainly due to the increase in imax (45.5 μA cm−2).
The eﬀects of organic dye addition were also evaluated for an
anode under irradiation by light with a wavelength greater than
390 nm (Figure 9b). Most of the UV light is eliminated under
these conditions. The cell power falls to 22.4% that under full
UV−visible light (Table 3c and 3h) for the SC containing the
dye-free TiO2 (P25) and BiOCl. When PEC-TOM-P04 is added
to the TiO2 ﬁlm, the cell power falls to 22.6% that under full light
(Figure 9b1 and Table 3c’ and 3h’). Thus, the photoexcitation of
TiO2 is the major factor controlling the performance of the SCs,
and the PEC-TOM-P04 dye clearly promotes electron ﬂow
from/to TiO2.
In contrast, when the rosehip/hibiscus extract (16 nmol) is
added to P25, the cell power under visible-only irradiation falls
to 45.4% that under full light (29.4 μW cm−2, Figure 9b2 and
Table 3c” and h”), which is signiﬁcantly more than that observed
for the dye-free test (22.4%) or that using PEC-TOM-P04
(22.6%). Furthermore, the VOC value under UV−visible light is
maintained at 2.05−2.04 V under full visible light (Figure 9a2
and b2, blue). Thus, the dyes from the tea extract not only
promote electron ﬂow from/to TiO2, but enhance charge
separation in TiO2 and boost the Wmax value.
On the anode, the electrons in the VB in TiO2 are mostly
excited by UV light, whereas organic dyes, e.g., pelargonidin,
adsorbed on the TiO2 nanoparticles are excited by visible light
(Scheme 3). The theoretical electromotive force of the SC in
this study is the diﬀerence (2.75 V) between the CBM of TiO2
and the VBM of BiOCl.3,15,16,46 The theoretical electromotive
force is decreased by the overvoltage (0.23 V) due to electron
diﬀusion in the TiO2 layer (Scheme 3, left).3 The organic dyes
are well adsorbed in the TiO 2 and should distribute
homogeneously within a variation of 30% in the TiO2 layers
(Figure S1). If the excited electrons in the CB of TiO2 ﬂow into
the unﬁlled HOMO of organic dye molecules in which an
electron has already been excited to the LUMO and then the
ﬂow into the CB of TiO2 again (Scheme 3, left), the eﬀective
diﬀusion path is shortened from water photooxidation sites on
the TiO2−ITO layer to the dye-ITO layer. Thus, the VOC values
increase from 1.87 V to 2.00−2.04 V (Figure 9) upon the
addition of organic dyes.
If we compare the eﬀects of PEC-TOM-P04, rosehip ﬂowers
(cyanidin), and hibiscus ﬂowers (delphinidin), the Wmax values
were similar (73.1, 64.5, and 72.9 μW cm−2); however, a
progressive increase in Voc values was observed (2.00, 2.04, and
2.11 V, respectively; Table 3c’, c”’, and c””). Thus, the structural
diﬀerences between pelargonidin, cyanidin, and delphinidin in
the number of hydroxy groups on the phenyl ring (one, two, and
three, respectively; Scheme 1) appear to be related to the
electromotive force of SC in this study, e.g., to elevate the
potential of CBM due to the increase of hydroxy groups
(Scheme 3, left).
The increase of cell current by organic dyes (Figure 9) is
primarily due to the visible light, which is unutilized by TiO2
ﬁlm, contributing to HOMO−LUMO electron excitation in the
organic dyes, resulting in an increase in total electron ﬂow to the
anode (Scheme 3, left). Such eﬀects explain the increase in Wmax

Figure 7. Negative correlation between (a) 18O16O formation rate and
(b) surface O amount in photocatalyst in the 18O2 exchange reaction
and Wmax values generated using TiO2 on the anode.

proceeded faster and/or the reverse reaction from O2 to water
was eﬀectively suppressed over TiO2 comprising less exchangeable surface O atoms.
i−V Dependence of SC Output as a Function of
Incident-Light Power. The origin of cell power and the
dependence of cell power on incident-light power were
reconﬁrmed. Using JRC-TIO-15 and BiOCl photocatalysts, i−
V dependence tests were performed by changing the power (x)
of the incident Xe arc lamp (300−500 W) and also using LED
light (3 W) (Figure 8a). Based on the dependence observed, it is

Figure 8. (a) i−V dependence as a function of the power of UV−visible
light source using JRC-TIO-15 and BiOCl as the photocatalysts on
anode and cathode, respectively. (b) Current at 0.50 V as a function of
the power of UV−visible light source. Xe arc lamp with a branched ﬁber
light guide was operated between 500 and 300 W and LED lights were
operated at 3 W.

apparent that light energy is transformed into electricity, and the
current at 0.5 V was plotted because of a sudden current rise
below 0.3−0.4 V owing to current leakage and the fact that the
current at 0.5 V is a good representation of current due to
electron ﬂow from the CB of TiO2 on the anode to the VB of
BiOCl on the cathode (Scheme 3). The dependence was ﬁt to i =
0.000883x1.751 (Figure 8b). The power is nearly 2, suggesting
that the product of the concentration of electrons in the CB of
TiO2 and that of holes in the VB of BiOCl determines the
current based on formulation by reaction kinetics.16
Enhanced i−V Dependence of SC Performance by the
Addition of Organic Dyes. The eﬀect of the addition of
organic dyes to TiO2 (P25) upon cell voltage and current was
assessed. The i−V dependence for the SC using a P25 ﬁlm
supplemented with 36 nmol of organic dye (PEC-TOM-P04)
on the anode was compared to that for the SC using dye-free P25
ﬁlm on the anode under irradiation by UV−visible light (Figure
9a1). The VOC and iSC values increase from 1.87 to 2.00 V and
54.0 to 78.0 μA cm−2, respectively, upon the addition of the
organic dye (Table 3c and 3c’). Accordingly, the cell power also
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Figure 9. Current−voltage dependence obtained on the anode: (1) using P25 (○) and P25 mixed with PEC-TOM-P04 (◇), (2) using P25 (○) and
P25 mixed with ethanol rosehip/hibiscus extract (□), (3) using P25 (○) and P25 mixed with ethanol rosehip extract (□), and (4) using P25 (○) and
P25 mixed with ethanol hibiscus extract (□). BiOCl was used on the cathode. Irradiated under (a) UV−visible light and (b) visible light only.

per cell. As UV light excites electrons in the VB to the CB of
TiO2 while visible light excites electrons in the HOMO to the
LUMO of organic dyes, new electron paths from VB to CB to
HOMO to LUMO and then to electrode are created, improving
the performance of the SC. With organic dyes, the charge
separation in the TiO2 is improved and the diﬀusion overvoltage
in the TiO2 layer is suppressed. Finally, electrons transfer via the
external circuit to the cathode and eﬀectively combine with
holes gathered at the interface between the ITO electrode and
the BiOCl ﬁlm layer excited by UV−visible light.

by the addition of PEC-TOM-P04 to TiO2 irradiated by UV−
visible light (by 1.54 times) and by visible light only (λ > 390 nm,
by 1.56 times; Figure 9a1 and b1).
However, this interpretation does not totally explain the
increase in Wmax upon the addition of the rosehip−hibiscus tea
extract to TiO2 irradiated under UV−visible light (by 1.36
times) and under visible light only (λ > 390 nm, by 2.77 times;
Figure 9a2 and b2). The improved charge separation in TiO2 by
electron ﬂow from the CB of TiO2 to the HOMO then LUMO
of the organic dyes is one contributing factor.

■

■

CONCLUSIONS
Thin photoelectrodes were formed on ITO glass layers by
deposition of TiO2 to thicknesses of 1.8−2.1 μm for and BiOCl
to a thickness of 0.8 μm. The power eﬃciency of SCs containing
these photoelectrodes critically depends on the electron
conductivity of the TiO2 layer on the anode. TiO2 nanoparticles
of 15−21 nm were found to be favorable based on the balance
between the primary particle size, where larger is better, and the
particle−particle interface area, where smaller particles are
preferred. The electron conductance in commercial TiO2 for
dye-sensitized SCs was worse than those of TiO2 types with
comparable primary particle sizes, but its impedance is the best
among all the TiO2 types tested in this study because
nonconducting polyethylene glycol is added and thus the
resulting ﬁlm layer is quite ﬂat (thickness 2.1 ± 0.1 μm). The
eﬃciency of the TiO2 ﬁlm layer in SCs can be critically evaluated
based on the amounts of 18O2 exchange with surface O species
over the TiO2 because the number of exchangeable O sites on
TiO2 negatively correlates with the rate of water photo-oxidation
at the anode owing to the contribution to the reverse reaction
from O2 to water. Thinner TiO2 ﬁlm layers are favorable for SCs
with higher Wmax and VOC values, and the addition of organic
dyes, e.g., anthocyanins, on/in the TiO2 layer signiﬁcantly
increases the Wmax and VOC values, i.e., 73.1 μW cm−2 and 2.11 V

ASSOCIATED CONTENT

S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acssuschemeng.8b02166.
Color change of dropped organic dye extracted from
rosehip/hibiscus ﬂowers on TiO2 (P25) for 1 h and the
correlation between ﬁlm thickness and the bulk density of
TiO2 ﬁlms (PDF)

■

AUTHOR INFORMATION

Corresponding Author

*Phone +81-43-290-3696, fax +81-43-290-2783, e-mail
yizumi@faculty.chiba-u.jp.
ORCID

Yasuo Izumi: 0000-0001-8366-1864
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
The authors are grateful for the ﬁnancial support from the
Grant-in-Aid for Scientiﬁc Research C (17K05961) from the
Japan Society for the Promotion of Science and Leading
11901

DOI: 10.1021/acssuschemeng.8b02166
ACS Sustainable Chem. Eng. 2018, 6, 11892−11903

Research Article

ACS Sustainable Chemistry & Engineering

Using BiVO4 Electrodes. Phys. Chem. Chem. Phys. 2015, 17 (21),
13851−13859.
(19) Calkins, J. O.; Umasankar, Y.; O’Neill, H.; Ramasamy, R. P. High
Photo-electrochemical Activity of Thylakoid−Carbon Nanotube
Composites for Photosynthetic Energy Conversion. Energy Environ.
Sci. 2013, 6 (6), 1891−1900.
(20) Noda, Y.; Kaneyuki, T.; Mori, A.; Packer, L. Antioxidant
Activities of Pomegranate Fruit Extract and Its Anthocyanidins:
Delphinidin, Cyanidin, and Pelargonidin. J. Agric. Food Chem. 2002,
50 (1), 166−171.
(21) Kimura, Y.; Maeda, T.; Iuchi, S.; Koga, N.; Murata, Y.;
Wakamiya, A.; Yoshida, K. Characterization of Dye-Sensitized Solar
Cells Using Five Pure Anthocyanidin 3-O-Glucosides Possessing
Different Chromophores. J. Photochem. Photobiol., A 2017, 335, 230−
238.
(22) Kawamura, S.; Ahmed, N.; Carja, G.; Izumi, Y. Photocatalytic
Conversion of Carbon Dioxide Using Zn−Cu−Ga Layered Double
Hydroxides Assembled with Cu Phthalocyanine: Cu in Contact with
Gaseous Reactant is Needed for Methanol Generation. Oil Gas Sci.
Technol. 2015, 70 (5), 841−852.
(23) https://www.shokubai.org/com/sansyo/titania.html (accessed
July 26, 2018).
(24) https://products-re.evonik.com/www2/uploads/
productﬁnder/AEROXIDE-TiO2-P-25-EN.pdf (accessed July 26,
2018).
(25) Ye, L.; Deng, K.; Xu, F.; Tian, L.; Peng, T.; Zan, L. Increasing
Visible-Light Absorption for Photocatalysis with Black BiOCl. Phys.
Chem. Chem. Phys. 2012, 14 (1), 82−85.
(26) Kawamura, S.; Zhang, H.; Tamba, M.; Kojima, T.; Miyano, M.;
Yoshida, Y.; Yoshiba, M.; Izumi, Y. Efficient Volcano-Type Dependence of Photocatalytic CO2 Conversion into Methane Using Hydrogen
at Reaction Pressures up to 0.80 MPa. J. Catal. 2017, 345, 39−52.
(27) Zhang, H.; Kawamura, S.; Tamba, M.; Kojima, T.; Yoshiba, M.;
Izumi, Y. Is Water More Reactive Than H2 in Photocatalytic CO2
Conversion into Fuels Using Semiconductor Catalysts under High
Reaction Pressures? J. Catal. 2017, 352, 452−465.
(28) Anton Wein, L.; Zhang, H.; Urushidate, K.; Miyano, M.; Izumi,
Y. Optimized Photoreduction of CO2 Exclusively into Methanol
Utilizing Liberated Reaction Space in Layered Double Hydroxides
Comprising Zinc, Copper, and Gallium. Appl. Surf. Sci. 2018, 447, 687−
696.
(29) Ahmed, N.; Shibata, Y.; Taniguchi, T.; Izumi, Y. Photocatalytic
Conversion of Carbon Dioxide into Methanol Using Zinc−Copper−
M(III) (M = Aluminium, Gallium) Layered Double Hydroxides. J.
Catal. 2011, 279 (1), 123−135.
(30) Yoshida, Y.; Mitani, Y.; Itoi, T.; Izumi, Y. Preferential Oxidation
of Carbon Monoxide in Hydrogen Using Zinc Oxide Photocatalysts
Promoted and Tuned by Adsorbed Copper Ions. J. Catal. 2012, 287,
190−202.
(31) Yoshida, Y.; Itoi, T.; Izumi, Y. Preferential Photooxidation of CO
in Hydrogen Across the Crystalline Face Boundary over Spheroidal
ZnO Promoted by Cu Ions. J. Phys. Chem. C 2015, 119 (37), 21585−
21598.
(32) Kawamura, S.; Puscasu, M. C.; Yoshida, Y.; Izumi, Y.; Carja, G.
Tailoring Assemblies of Plasmonic Silver/Gold and Zinc−Gallium
Layered Double Hydroxides for Photocatalytic Conversion of Carbon
Dioxide Using UV−Visible Light. Appl. Catal., A 2015, 504, 238−247.
(33) Morikawa, M.; Ahmed, N.; Ogura, Y.; Izumi, Y. Polymer
Electrolyte Fuel Cell Supplied with Carbon Dioxide. Can Be the
Reductant Water Instead of Hydrogen? Appl. Catal., B 2012, 117−118,
317−320.
(34) Morikawa, M.; Ogura, Y.; Ahmed, N.; Kawamura, S.; Mikami, G.;
Okamoto, S.; Izumi, Y. Photocatalytic Conversion of Carbon Dioxide
into Methanol in Reverse Fuel Cells with Tungsten Oxide and Layered
Double Hydroxide Photocatalysts for Solar Fuel Generation. Catal. Sci.
Technol. 2014, 4 (6), 1644−1651.
(35) Han, F. L.; Xu, Y. Effect of the Structure of Seven Anthocyanins
on Self-Association and Colour in an Aqueous Alcohol Solution. South
Afr. J. Enol. Viticul. 2015, 36 (1), 105−116.

Research Promotion Program (2015−) from the Institute for
Global Prominent Research, Chiba University.

■

REFERENCES

(1) Izumi, Y. Recent Advances in the Photocatalytic Conversion of
Carbon Dioxide to Fuels with Water and/or Hydrogen Using Solar
Energy and Beyond. Coord. Chem. Rev. 2013, 257 (1), 171−186.
(2) Grätzel, M. Photoelectrochemical Cells. Nature 2001, 414, 338−
344.
(3) Yoshiba, M.; Ogura, Y.; Tamba, M.; Kojima, T.; Izumi, Y. A Solar
Cell for Maximizing Voltage up to the Level Difference of Two
Photocatalysts: Optimization and Clarification of the Electron
Pathway. RSC Adv. 2017, 7 (32), 19996−20006.
(4) Iyatani, K.; Horiuchi, Y.; Fukumoto, S.; Takeuchi, M.; Anpo, M.;
Matsuoka, M. Separate-Type Pt-Free Photofuel Cell Based on a Visible
Light-Responsive TiO2 Photoanode: Effect of Hydrofluoric Acid
Treatment of the Photoanode. Appl. Catal., A 2013, 458, 162−168.
(5) Lianos, P. Production of Electricity and Hydrogen by Photocatalytic Degadation of Organic Wastes in a Photoelectrochemical Cell
− The Concept of the Photofuelcell: A Review of a Re-emerging
Research Field. J. Hazard. Mater. 2011, 185 (2−3), 575−590.
(6) Sfaelou, S.; Antoniadou, M.; Dracopoulos, V.; Bourikas, K.;
Kondarides, D. I.; Lianos, P. Quantum Dot Sensitized Titania as
Visible−Light Photocatalyst for Solar Operation of Photofuel Cells. J.
Adv. Oxid. Technol. 2014, 17 (1), 59−65.
(7) Fujiwara, K.; Akita, A.; Kawano, S.; Fujishima, M.; Tada, H.
Hydrogen Peroxide-Photofuel Cell Using TiO2 Photoanode. Electrochem. Commun. 2017, 84, 71−74.
(8) Ren, K.; Gan, Y. X.; Young, T. J.; Moutassem, Z. M.; Zhang, L.
Photoelectrochemical Responses of Doped and Coated Titanium
Dioxide Composite Nanotube Anodes. Composites, Part B 2013, 52,
292−302.
(9) Wu, Z.; Zhao, G.; Zhang, Y.; Liu, J.; Zhang, Y.-n.; Shi, H. A SolarDriven Photocatalytic Fuel Cell with Dual Photoelectrode for
Simultaneous Wastewater Treatment and Hydrogen Production. J.
Mater. Chem. A 2015, 3 (7), 3416−3424.
(10) Zhang, B.; Fan, W.; Yao, T.; Liao, S.; Li, A.; Li, D.; Liu, M.; Shi, J.;
Liao, S.; Li, C. Design and Fabrication of a Dual-Photoelectrode Fuel
Cell towards Cost-Effective Electricity Production from Biomass.
ChemSusChem 2017, 10 (1), 99−105.
(11) Yan, K.; Yang, Y.; Okoth, O. K.; Cheng, L.; Zhang, J. VisibleLight Induced Self-Powered Sensing Platform Based on a Photofuel
Cell. Anal. Chem. 2016, 88 (12), 6140−6144.
(12) Nishikiori, H.; Isomura, K.; Uesugi, Y.; Fujii, T. Photofuel Cells
Using Glucose-Doped Titania. Appl. Catal., B 2011, 106 (1−2), 250−
254.
(13) Nishikiori, H.; Hashiguchi, S.; Ito, M.; Setiawan, R. A.; Fujii, T.
Reaction in Photofuel Cells Using Allophane−Titania Nanocomposite
Electrodes. Appl. Catal., B 2014, 147, 246−250.
(14) Yan, K.; Yang, Y.; Zhu, T.; Zhang, J. Highly Selective SelfPowered Sensing Platform for p-Nitrophenol Detection Constructed
with a Photocathode-Based Photocatalytic Fuel Cell. Anal. Chem. 2017,
89 (17), 8599−8603.
(15) Fujishima, Y.; Okamoto, S.; Yoshiba, M.; Itoi, T.; Kawamura, S.;
Yoshida, Y.; Ogura, Y.; Izumi, Y. Photofuel Cell Comprising Titanium
Oxide and Bismuth Oxychloride (BiO1−xCl1−y) Photocatalysts That
Uses Acidic Water as a Fuel. J. Mater. Chem. A 2015, 3 (16), 8389−
8404.
(16) Ogura, Y.; Okamoto, S.; Itoi, T.; Fujishima, Y.; Yoshida, Y.;
Izumi, Y. A Photofuel Cell Comprising Titanium Oxide and Silver(I/0)
Photocatalysts for Use of Acidic Water as a Fuel. Chem. Commun. 2014,
50 (23), 3067−3070.
(17) Liu, Y.; Li, J.; Zhou, B.; Chen, H.; Wang, Z.; Cai, W. A TiO2−
Nanotube-Array-Based Photocatalytic Fuel Cell Using Refractory
Organic Compounds as Substrates for Electricity Generation. Chem.
Commun. 2011, 47 (37), 10314−10316.
(18) Pilli, S. K.; Summers, K.; Chidambaram, D. Photoelectrochemical Generation of Hydrogen and Electricity from Hydrazine Hydrate
11902

DOI: 10.1021/acssuschemeng.8b02166
ACS Sustainable Chem. Eng. 2018, 6, 11892−11903

Research Article

ACS Sustainable Chemistry & Engineering
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