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ARTICLE INFO ABSTRACT

Keywords: A high-voltage type solar cell consisting of a TiO5 photocatalyst on the anode, an Ag-TiO; photocatalyst on the
Ag nanoparticle cathode, and the water/O, redox system is enabled and optimized by controlling the Ag size (~4 nm) and
Photocatalyst core-shell structure at the proximity of the indium tin oxide cathode, the photocatalyst film thickness (3.1 + 0.3
E?;S)s:ltogie pm), and the configuration of photoelectrodes in the solar cell (SC). The active sites for Oz photoreduction were
Solar cell Ag® in situ formed on cathode irradiated by UV-visible light as evidenced by Ag K-edge extended X-ray ab-
EXAFS sorption fine structure. Ag-Ag coordination number increased from 1.6 under aqueous HCl electrolyte to 9.6-11

under the conditions of SC tests, suggesting homogeneous Ag size distribution and maximized Ag® active sites.
The effective Ag® shell was present only under the irradiation of UV-visible light; Ag® sites were transformed into
Ag»0 sites when the light was turned off. By the optimization of Ag content and Ag-TiO, film thickness on
photocathode and light irradiation configuration from photocatalyst/electrode side on anode/cathode, an open-
circuit voltage of 1.55 V exceeding most of the SC reported so far. Furthermore, cell power of 18.7 yW em ™2 was

also achieved.

1. Introduction

Solar cells (SCs) and fuel cells (FCs) are key technology for a sus-
tainable society. In their applications, the electromotive force is, in
general, less than 1 V per cell, and stacking of the cells is inevitable to
realize the voltage required for practical purposes. In particular, the
photocathode has been intensively studied for water splitting to produce
Hp [Paracchino et al., 2011; Jia et al., 2012]. In this paper, SC utilizing
thin TiO5 photocatalyst on anode and thin Ag-TiO5 photocatalyst on
cathode is demonstrated to realize an electromotive force of 3.00 V per
cell in principle (Scheme 1). The principle is to obtain a maximum
electromotive force between the conduction band (CB) minimum of
TiO; and the valence band (VB) maximum of [Ag-]TiO,, in clear
contrast to the electromotive force below 1 V between the oxidation and
reduction reaction potential at anode and cathode that is obtained for
silicon SCs, dye-sensitized SCs, and FCs [Fujishima et al., 2015].

The reactions occurring on anode and cathode are as follows. The
reaction potential E° is 1.11 V at standard hydrogen electrode (SHE), pH
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2 for these reactions.
2H,0 + 4 h" — Oy + 4H" m
0, + 4H" 4 4e~ - 2H,0 2

The reactions (1) and (2) proceed on TiO3 and Ag-TiO5 photocatalyst
films, respectively (Scheme 1). In contrast that the theoretical electro-
motive force is limited to 2.75 V when thin TiO5 and BiOCl films were
used in the system controlled by the CB minimum of anatase-type TiO»
(—0.11 V @SHE, @pH 2) and VB maximum of BiOCl (2.64 V @SHE,
@pH 2) [Fujishima et al., 2015; Yoshiba et al., 2017; Urushidate et al.,
2020], greater theoretical electromotive force is expected up to 3.00 V
when thin TiO, and Ag-TiO, films are employed controlled by the CB
minimum of anatase-type TiO3 (—0.11 V) and VB maximum of [Ag-]
TiO (2.89 V). Furthermore, based on the crystal size and shape control
of TiO,, stable, flat, very thin Ag-TiO5 film can be easily formed in
contrast to fragile, flat, thin film of flake-like crystal of BiOCI [Fujishima
et al., 2015; Yoshiba et al., 2017; Urushidate et al., 2020].
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Scheme 1. Conceptual illustration of SC utilizing TiO» on anode and Ag-TiO»
on cathode to enable 1.55 V per cell.

Furthermore, the size and core-shell structure of Ag nanoparticles
were completely monitored by X-ray spectroscopy on the photocathode
of a high voltage (HV)-type SC. The configuration of two photo-
electrodes was optimized and the stability of the photocatalyst was
demonstrated. The effects of the optimum (mean) distance between the
Ag core-shell nanoparticles and the cathode electrode in the HV-type SC
were evaluated by performing SC tests irradiating the photocatalyst side
or the transparent electrode side, and active site analysis by extended X-
ray absorption fine structure (EXAFS). The advantage to use EXAFS to
monitor the Ag sites is to discriminate the composition of core and shell,
and further to understand the active shell site structure under operation
conditions of the SC.

2. Experimental section
2.1. Catalyst preparation

To prepare the Ag-TiO5 photocatalyst, Ag nitrate was impregnated
with TiOy [P25, Evonik, Essen, Germany; anatase/rutile phase = 8/2,
specific surface area (SA) 60 m? g~'] from an aqueous suspension, dried
at 373 K for 24 h, and heated in air at 673 K for 2 h [Misra et al., 2017].
The yellow color suggested the exclusive Ag® state. The Ag content was
1.0, 3.0, and 5.0 wt%. This sample is denoted as Ag-TiO,. After exposure
to air overnight, the color changed to purple due to slow oxidation of
metallic Ag® to Agl,0.

Next, 0.4 mg of Ag-TiO5 powder was well mixed with 1.0 mL of t-
butanol, and ethylene glycol was added as a thickener. The suspension
was ultrasonicated (430 W, 38 kHz) for 10 min. The paste (36 pL) was
extended to a thin film (thickness, 3.1 pm; area, 1.0 x 1.3 cm?) on an
indium tin oxide (ITO; thickness, 0.12-0.16 pm,; sheet resistivity, 8-12
Q/square)-coated Pyrex glass plate (Sigma-Aldrich, St. Louis, MO, USA)
by slide method [Urushidate et al., 2020, 2018]. The Ag-TiOy/ITO/
Pyrex plate was dried in air at 373 K for 18 h. The temperature was then
increased to 573 K at a rate of 4 K min ! and maintained at 573 K for 30
min. The photocatalyst area (1.3 crnz) was adjusted to the size of
UV-visible light spot on cathode photocatalyst in SC (see the Section
2.3). The mean thickness of Ag (3.0 wt%)-TiO; film was varied between
1.0 and 10 pm for optimization. The bulk density of Ag-TiO; (1.0 g
cm ™) was relatively low and advantageous for the use in SC in com-
parison to value for BiOCI photocatalyst (5.6 + 1.8 g cm™>) on cathode
[Urushidate et al., 2018]. Thus-prepared Ag-TiO2/ITO/Pyrex plate was
used as cathode while TiOy/ITO/Pyrex plate prepared in a similar pro-
cedure starting from TiOy (P25) was used as anode.

TiOy (JRC-TIO-6, purity >99%) was supplied by Sakai Chemical
Industry Co. (Osaka, Japan). It was rutile crystals, and the specific SA
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was 96.4 m? g~!. It was used to prepare Ag-TiO, film in comparison to
using P25 TiO,.

2.2. Characterization

Transmission electron microscopy (TEM) observations were per-
formed using a model JEM-2100F (JEOL, Tokyo, Japan) equipped with a
field emission gun at an acceleration voltage of 200 kV. Ag-TiO5 powder
(10 mg) was dispersed in a t-butanol (5 mL) and ethylene glycol (0.06
mL) solution. The suspension was dropped and dried on a Cu mesh (150
meshes per inch) coated with a copolymer film of poly(vinyl alcohol)
and formaldehyde (Formvar, Monsanto, St. Louis, MO, USA), and coated
with carbon in a similar manner to the film formation via slide method
on the ITO/Pyrex plate.

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. The incident
angle of electrons with reference to the sample surface was between 5°
and 15°. The magnification was between x500 and x20,000.

Ag K-edge EXAFS spectra were obtained at 290 K using a Si (311)
double-crystal monochromator in the Photon Factory Advanced Ring at
the High Energy Accelerator Research Organization (Tsukuba, Japan)
on beamline NW10A [Zhang et al., 2019a]. The storage ring energy was
6.5 GeV and the ring current was 42.2 mA. A Si(311) double-crystal
monochromator and Pt-coated focusing bent cylindrical mirror was
inserted into the X-ray beam to obtain a beam of 1 mm (vertical) x 2 mm
(horizontal) size. X-ray intensity was maintained at 67% of the
maximum flux using a piezo translator attached to the crystal to sup-
press higher harmonics. A photocatalyst film on ITO/Pyrex plate was
placed in a sealable thin transparent Nylon bag and taken to a Lytle
detector for fluorescence detection measurements [Lytle et al., 1984].
The conditions of atmosphere (air, No, and/or aqueous HCl electrolyte of
pH 2.0) and UV-visible light irradiation/darkness were varied for each
measurement.

The EXAFS data was analyzed using XDAP software package [Vaar-
kamp et al., 2006]. The empirical parameters for curve fit analyses were
obtained for Ag metal (interatomic distance R of 0.2889 nm and the
coordination number N of 12) [Lamble and King, 19861, AgCl (0.2775
nm and N of 6 [Beccara et al., 2002], and Ags0 (0.2044 nm and N of 2)
[Liu and Bassett, 1973] (Table 1a).

2.3. SC tests

Using thin films of TiO3 on the ITO anode and Ag-TiO; on the ITO
cathode, the current (i)-voltage (V) characteristic was investigated in
the SC (Scheme 1). Each photoelectrode was immersed in aqueous HCL
(40 mL, initial pH 2.0), and the two compartments were separated by a
proton-conducting polymer film (Nafion, Dupont, Wilmington, DE, USA;
50-pm thick). N2 and Oy, respectively, were bubbled at a distance of 30
mm from the photoelectrode at a flow rate of 100 mL min~'. Both
photocatalysts were irradiated with UV-visible light through the quartz
windows of the SC from a 500-W Xe arc lamp (SX-UID502XAM, Ushio,
Japan) using a two-way V-shaped branched quartz fiber light guide (5¢-
2B-1000L, San-ei Electric Co., Japan) [Fujishima et al., 2015; Yoshiba
et al., 2017; Urushidate et al., 2020, 2018]. Furthermore, light irradia-
tion from photocatalyst side (front configuration) and that from ITO
electrode side (rear configuration) were compared both for photoanode
and photocathode in the SC.

3. Results
3.1. TEM observation

The high-angle annular dark field scanning TEM (HAADF-STEM)
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Table 1
Best curve fit results of Ag K-edge EXAFS for an Ag (3.0 wt%)-TiO, film formed
on ITO/Pyrex under several conditions.

Entry  Sample Ag-O Ag-Cl Ag-Ag Goodness Ref
of fit
R (nm)
N
Ac® (107° nm?)
a 573 K heated 0.206 - 0.284 14
in air (pale 1.3 1.6
brown) 2.3 -1.7
b Under aq. 0.207 0.266 - 0.72
HCI (yellow) 0.2 2.9
-3.6 —6.2
c Under light, 0.215 0.260 0.288 33
aq. HCl, and 0.3 2.9 11
N, for 30 min -16 -13 —-2.8
(pale yellow)
d Under light, - 0.259 0.291 136
aq. HCl, and 1.9 9.6
N, for 45 min -16 —4.7
(pale yellow)
e Under 0.213 0.264 0.290 91
darkness and 1.1 2.3 9.7
aq. HCl, and —-0.12 -16 —5.4
O (pale
brown)
f Ag foil 0.2889 Lamble
12 and King,
1986
AgCl 0.2775 Beccara
6 et al.,
2002
Ag>0 0.2044 0.334 Liu and
2 12 Bassett,
1973

image of Ag (3.0 wt%)-TiO is shown in Fig. la. Brighter Ag nano-
particles (arrows) were homogeneously dispersed in/on the matrix of
TiOs. Ag La and Lp fluorescence lines were detected in the energy
dispersive X-ray spectra in almost equivalent intensity ratio to that of the
Ti Kg line over all the film area shown in Fig. 1a within various beam
spots of @ = 100 nm, suggesting homogeneous distribution of Ag
nanoparticles in the TiO5 matrix.

The high-resolution (HR)-TEM image was also recorded (Fig. 1b).
The lattice fringes (0.246 and 0.171 nm intervals) observed in the
nanoparticle regions of ~ 4 nm corresponded to Ag>0 (200) and (220)
planes [Wei et al., 2011; Li et al., 2016]. The lattice fringes in the wider
region in Fig. 1b, left (0.351 nm interval) corresponded to anatase-type
TiO5 (101) planes.

The particle size distribution was examined mainly based on HR-
TEM images, but also employing HAADF-STEM images to clarify the
distribution of Ag,0 over TiO; (Fig. 1c). The mean particles size was 3.3
+ 0.7 nm and the most probable size was between 2.75 and 3.00 nm.
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3.2. Cross-sectional SEM observation

SEM images of Ag-TiO- films are shown in Fig. 2 formed on ITO/
Pyrex plates via slide method. Based on the side view (Fig. 2a), the mean
film thickness was 3.1 + 0.3 pm. Based on Eq. (3), the bulk density p of
the Ag-TiO» film was calculated to be

(0.40 +0.03) x 107

= =1.0402, -3
P = 0% 13) x (3.1£03) x 10+ gem

3

The Ag-TiO, film was relatively flat based on the top view (Fig. 2b).

3.3. EXAFS monitoring

For a fresh Ag (3.0 wt%)-TiO; thin film heated at 573 K in air, the
Fourier-filtered angular photoelectron wavenumber k-weighted EXAFS
y-function was fitted with two shells of Ag-O and Ag-Ag at 0.206 and
0.284 nm (Table 1a). The associated N value was 1.3 and 1.6, respec-
tively, demonstrating major Ag,0 (N for bulk: 2) and minor metallic Ag®
phases (N for bulk: 12; Table 1f). This result is in accord with the color
change of the fresh Ag-TiO> film from purple due to Ag20 to pale brown
after calcination (Fig. 3a), which corresponds to the mixture of Ag,O
(purple, major) and Ag°® (yellow, minor). The average particle size of
Ag50 and Ag® was small for thin films (3.1 pm + 0.3 pm) because the N
values of both Ag-O and Ag-Ag shells (1.3 and 1.6, respectively) were
significantly smaller in comparison to values for bulk (2 and 12).

Next, the Ag-TiOj thin film on the ITO/Pyrex plate was immersed in
aqueous HCI under Ny. The film color changed to yellow (Fig. 3b), and
an Ag-Ag peak in air shifted slightly toward the Ag-Cl peak [Beccara

Fig. 2. Cross-sectional SEM images for Ag (3.0 wt%)-TiO. (A) Side view and
(B) top view.

"N
3 4 5

Particle size (nm)

Fig. 1. (a) HAADF-STEM, (b) HR-TEM images, and the particle size distribution histogram of Ag,0 of the Ag (3.0 wt%)-TiO, film formed on a Cu mesh coated with

Formvar and carbon.
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Minor

dispersed on TiO,

Fig. 3. Images displaying the changes of the Ag-TiO, thin film and model
composition of Ag species (a-d) formed on an ITO/Pyrex glass plate under
various conditions for SC test.

et al., 2002] in aqueous HCI. The N value for Ag-Cl was 2.9 (Table 1b).
Although the Ag-O peak remained, the N value became as small as 0.2.
In contrast, the Ag-Ag peak completely disappeared (Fig. S1). Accord-
ingly, it can be concluded that most of the Ag,0 and Ag® nanoparticles
under air reacted predominantly with HCl to form AgCl (white or
transparent). AgCl was inert for the photoreduction of Oy on photo-
cathode on SC, and the color change (Fig. 3) were nice indicator of
reactivity because they were critically related photoreduction activity. A
small amount of Ag,0 nanoparticles (purple) remained in the core of the
AgCl shell, which explains the yellow color of the film (Fig. 3b).

In this study, the Ag-TiO5 film thickness on ITO was as small as 3.1 +
0.3 pm and Ag nanoparticles comprised of homogeneous size in the
Ag-TiOg thin film: no Ag-Ag interatomic pair was found in the thin film
under aqueous HCl (Table 1b).

Then, the Ag-TiO thin film on the ITO/Pyrex plate was irradiated by
UV-visible light from a 500-W xenon arc lamp at beamline. After 30
min, an Ag-Ag interatomic pair significantly evolved in the Fourier
transform, and the N value became as great as 11 (Table 1c and Fig. S1),
demonstrating the fast photoreduction of Ag'Cl to active Ag® species for
water photooxidation to Os.

The photoreduction to metallic Ag® was similar to reported Ag,0
photoreduction to Ag’ utilizing separated charge in TiO, by light
[Albiter et al., 2015]. Because Ag0 is electrochemically favorable than
Ag+ under the conditions of EXAFS measurements and SC tests (Section
3.5) [Van Cleve et al., 2016], experimental comparison of between Ago
and Ag" on O, reduction activity is difficult. However, as the catalytic
role of Ag is to accept electrons from the CB of TiO and to provide them
to O or the other oxidizing agent [Zhang et al., 2019a; Kawamura et al.,
2017], electroconductive Ag0 shell is essential (Fig. 3c) and also ad-
vantageous by forming Schottky barrier to hold electrons from TiO2
[Ogura et al., 2014]. In other words, the core of Ag component negli-
gibly affected the photocatalysis on cathode.

The Ag-O shell in the Fourier transform (N of 0.3) that partially
remained at 30 min completely disappeared at 45 min, whereas the
minor Ag—Cl shell still remained (N of 1.9; Table 1d and Fig. S1) as the
core for Ag® shell (Fig. 3c).

The photocatalyst film color became pale yellow, reflecting the
predominant metallic Ag° shell. Although minor AgCl remained as the
core (Fig. 3c), the N value changes for Ag-Ag pair by light were great
(from 1.6 t0 9.6-11, Table 1a, ¢, and d) related to enough thin film of 3.1
+ 0.3 pm well in contact with gas phase.

After the light was turned off, the sample bag was purged with O,.
The N value of Ag-Ag remained virtually unaltered; however, the Ag-O
peak became evident due to the oxidation of Ag® nanoparticles in Oy (N
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of 1.1, Table 1e). The film color became pale brown, as a passivation
indicator due to the partial oxidation to AgyO (purple) over the
AgCl@AgP core-shell structure (Fig. 3d), similar to the fresh film sample
(Fig. 3a).

In summary, surface Ag sites changed the valence state adapting the
environment: air, aqueous HCl, and sufficient electrons under light to
exhibit the O photoreduction activity. The resultant core-shell struc-
ture (Fig. 3c) is not optimization but adaption for the O, photoreduction.
Conversely, active Ag® shell was formed on cathode under UV-visible
light, suggesting that the preparation conditions of Ag-TiO, composite
negligibly affect the SC performance because any Ag and/or Ag;O
nanoparticles formed are transformed into AgCl and then to active Ag®
shell for the O, photoreduction (Fig. 3).

3.4. UV-visible spectra

Diffuse reflectance UV-visible spectra were measured for Ag (3.0 wt
%)-TiO2/ITO/Pyrex under various conditions during the SC test (Fig. 4).
The data were the convolution of phase components of Ag core-shell
nanoparticles (Fig. 3) and TiO. A broad peak ranging from 340 to 650
nm appeared for the fresh film, corresponding to the complementary
color (green and blue) of sample color (pale brown; Fig. 3a and a). Next,
a narrower peak from 350 to 570 nm appeared for the thin film treated
with aqueous HCl and dried in Ny due to the loss of Ag® component
(Fig. 4b), corresponding to the complementary color (purple) of sample
color under the conditions (yellow; Fig. 3b).

Then, a red-shifted major peak ranging from 400 to 580 nm attrib-
utable to Ag® (Fig. 4c) appeared for the thin film irradiated by UV-vi-
sible light, corresponding to the complementary color (pale purple) of
sample under the conditions (pale yellow; Fig. 3c). The peak became
weaker (Fig. 4c) because the data was taken after UV-visible light
irradiation, and a part of Ag® would re-oxidize in the UV-visible
spectrometer.

Finally, a broader peak appeared in the range from 340 to 620 nm
due to the presence of both Ag’ and Ag,0 (Fig. 4d) for the thin film
subjected to darkness and dried in Oy gas after irradiation, corre-
sponding to the complementary color (green and blue) of sample color:
pale brown under the conditions (Fig. 3d).

3.5. SC tests

First, UV-visible light was irradiated from the photocatalyst side
both at anode and cathode, i.e., in a front-front configuration [Yoshiba
et al., 2017]. The open circuit voltage (V) value was 1.45 V (Table 2a).
When the cell voltage decreased to 0.3 V, the i value gradually increased
to 5 pA cm 2 (Fig. 5a, [1). When the voltage became less than 0.2 V, the

2 T T T T
(b) ag. HCI
<15 (d) Dark, O, |
C
>S5
=
g 1 J
X
K9]
Ke]
205 |
(c) Light, N,
400 500 600 700 800

Wavelength (nm)

Fig. 4. Diffuse reflectance UV-visible spectra measured for Ag (3.0 wt%)—
TiO,/ITO/Pyrex under the following conditions: fresh (a), under aqueous HCl
pH 2.0 and dried in N5 gas (b), under UV-visible light and dried in N, gas (c),
and under darkness and dried in O, gas (d).
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current sharply increased from 7 to 27.8 uA cm™2 (short-circuit current,
isc) as a leakage current due to the electron flow from anode to cathode
[Yoshiba et al., 2017], then directly to Ag nanoparticles, and finally to
reduce O3 in combination with protons on surface Ag site (Fig. 3c). The
maximum cell power (Wpay) value was 2.8 uyW cm 2 (@0.92V, 3.1 A
cm’z; Table 2a).

Next, the front (anode)-rear (cathode) configuration was tested
(Fig. 5a, o). The performance was significantly improved, drawing an
ideal convex curve for the SC in the wider voltage range of 0.35-1.55 V.
However, the current increased linearly up to 34.9 yA cm ™2 below 0.3 V
(Fig. 5a, o and Table 2b) due to the leakage current. The voltage (0.27 V)
was the difference between the CB of TiO, (—0.11 V) and the Fermi level
of Ag (+0.16 V versus SHE). Thus, the V,. value of 1.55 V and Wy«
value of 18.7 pyW cm™2 were demonstrated using TiO, on anode and
Ag-TiO5 on cathode in the front and rear configuration, respectively.

In contrast, the cell performance values were minimal in the rear
(anode)-front (cathode) configuration (Fig. 5b, [] and Table 2c). The
performance in the rear-rear configuration was slightly less than that in
the front-rear configuration. The order of Wp,ax values was

front — rear > rear — rear>front — front > rear — front,

demonstrating that rear configuration at cathode was essential. Sec-
ondly, front configuration at anode was favorable. Due to unknown
reason, the V. value in rear-rear configuration was unexpectedly low
(1.27 V; Fig. 5b, o and Table 2d). The lower photo-oxidative perfor-
mance of rear configuration at anode may lower the V, value.

For the further optimization of SC, the Ag loading in photocatalyst
was varied between 1.0 and 5.0 wt% (Table 2b, g, and h). The V. and
Whax values were maximal at Ag 3.0 wt% (1.55 V and 18.7 pW cm™2).
Conversely, the igc values progressively increased nearly proportional to
the amount of Ag in photocatalysts. Apparently, the electromotive force
in this SC originates from the energy difference of CB of TiO2 on anode
and VB of [Ag-]TiO» on cathode (Scheme 1). The electromotive force
originates from the charge separation in TiO, on both electrodes, but the
excited electrons on anode transfer to cathode while the ones on cathode
were injected to Ag then to Oy [Ogura et al., 2014, 2015].

In this context, the electron trapping efficiency and the number of
active site for O photoreduction are improved as the Ag amount in-
creases. For a SC test using Ag (5.0 wt%)-TiO4 photocatalyst on cathode,
cell current density sharply increased at less than 0.5 V (Fig. 5¢) in
comparison to moderate increase using photocatalysts of Ag 1.0 and 3.0
wt%. This is due to short-cut electron flow (current) starting from anode
to ITO film of cathode, then directly Ag nanoparticles [Yoshiba et al.,
2017]. Based on two control factors, The V,. and Wpx values were
maximal at Ag 3.0 wt%.

Furthermore, Ag (3.0 wt%)-TiO; photocatalyst film mean thickness
on ITO cathode was varied between 1.0 and 10 pm (Table 2b, e, and f).
The performance (Vo and Wpax) was nearly optimal when the mean
thickness was 3.1-10 pm while the Wp.x value was significantly lower
when the thickness was 1.0 pm (Fig. 5d). Instead, short-cut current
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became significant at the voltage lower than 0.4 V, strongly suggesting
direct electron insertion from ITO cathode into Ag nanoparticles for the
thinner Ag-TiO, film. In comparison, negligible dependence of TiO,
photocatalyst film thickness on anode was reported between 0.8 and
14.1 pm [Yoshiba et al., 2017].

We also tried to optimize this SC by using different type of TiO,
(rutile crystals, specific SA 96.4 m? g’l) in comparison to P25 (anatase/
rutile = 8/2, specific SA 60 m? g~1) to prepare the photocatalyst used on
cathode. The V,. and Wy, values 89-98% of values using P25
(Table 2b, i). The polarizability of crystal in photocatalyst film on
cathode should be critical similar to TiO, film used on anode [Urush-
idate et al., 2018], but simple correlation between crystal phase, specific
SA, and SC performance) was not found.

Furthermore, The other advantage of the Ag (3.0 wt%)-TiO» pho-
tocatalyst used on the cathode was demonstrated in repeated i~V tests at
the interelectrode resistance between 500 kQ and 0.3 Q (Fig. 6). Using
the combination of TiO3 and Ag-TiO, on anode and cathode of the HV-
SC, the Wpax value gradually increased after three cycles and then
converged to 18.7 uW cm ™2 after five cycles (Table 2b), whereas the
combination of TiOy and BiOCl [Fujishima et al., 2015; Yoshiba et al.,
2017; Urushidate et al., 2020] decreased the Wpx value by 7% after
three cycles (Fig. 6b). The gradual increase of Wy« value using Ag-TiO»
on cathode (Fig. 6a) suggested optimum thickness of in situ formed Ag®
shell for O photoreduction (Fig. 3c). Under the test conditions, Ag-TiO»
became stable after several cycles in contrast to gradual decreasing trend
for BiOCl from the very early cycles.

The difference of Wpax values using BiOCl rather than Ag-TiO5 on
cathode was 4.6 times under each best condition (Table 3). The differ-
ence is apparent, however, the increasing trend of power in 110 h is
hopeful for better stability of Ag-TiO, for practical use rather than
BiOCL.

4. Discussion
4.1. Advantage of thin Ag-TiO, film on cathode of SC

Thin TiO5 and Ag-TiO> films (3.1 + 0.3 pm) were employed on ITO
anode and cathode, respectively, in SC using photocatalysts. The elec-
tromotive force due to the energy difference between CB minimum of
TiOg and VB maximum of [Ag-]1TiO, (Scheme 1) was experimentally
confirmed, associated with minimum overvoltage. The reasons of the
overvoltage should be similar to SC using BiOCl on ITO cathode: charge
(electrons, holes) diffusion in photocatalyst layer and at the interface
between photocatalyst and ITO and the energy difference between CB
minimum of TiO5 (—0.11 V) and Fermi level of ITO (0.31 V@SHE)
[Yoshiba et al., 2017; Sugiyama et al., 2000].

The primary motivation of this study was to form thin homogeneous
thickness film of TiO, and homogeneous sized Ag nanoparticles to
maximize the catalysis on photoelectrodes (Scheme 1). TiO5 thickness of
3.1-10 pm (Fig. 5d) and mean 4 nm of Ag nanoparticles (Figs. 1 and 5c)

Table 2

Best results of current (i)-voltage (V) tests for the high voltage-type SC.
Entry  Photocatalyst on anode Photocatalyst on cathode Configuration of photocatalysts Voe ise (WA Wnax (UW

Type Ag wt Mean thickness (anode-cathode) W em ) em )
% (pm)

a TiO, (P25, mean thickness Ag-TiO, (P25) 3.0 3.1 Front-Front 1.45 27.8 2.8
b 3.1 pm) Front-Rear 1.55 34.9 18.7
c Rear—Front 0.53 22.5 1.3
d Rear-Rear 1.27 39.2 12.4
e 1.0 Front-Rear 1.54 60.7 10.6
f 10 1.53 48.9 17.5
g 1.0 3.1 1.23 12.1 4.8
h 5.0 1.42 49.5 10.0
i Ag-TiO, (JRC- 3.0 1.52 28.6 16.7

6)
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Fig. 5. Current (i)-voltage (V) dependence for a
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high voltage-type SC immersed in a HCl solution at
pH 2.0, which comprises TiO; (mean thickness 3.1
pm) on the anode in front configuration (a) and rear
i configuration (b) and Ag (3.0 wt%)-TiOy (mean
thickness 3.1 pym) on the cathode in front configu-
. ration (a, b, [J) or rear configuration (a, b, o); TiOy
(mean thickness 3.1 pm) on the anode in front
configuration and Ag-TiO, (Ag 1.0, 3.0, and 5.0 wt
%; mean thickness 3.1 pm) on the cathode in rear
configuration (c); and TiO, (mean thickness 3.1 pm)
on the anode in front configuration and Ag-TiO (Ag
3.0 wt%; mean thickness 1.0, 3.1, and 10 pm) on the
cathode in rear configuration (d).
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Fig. 6. Time course change of the W, value of the solar cell using TiO, (P25)
on the anode (common) and Ag (3.0 wt%)-TiO- (a) or BiOCl (b) on the cathode.
The interelectrode resistance changed from 500 kQ to 0.3 Q and back, consti-
tuting a cycle. Three cycles were repeated for the stability check of the
photocatalysts.

were optimal for the SC. The key was to maintain stable Ag nano-
particles in TiO5 matrix even the phase was consecutively converted in
air (oxidized), in aq. HCI (chloridated), and under light (reduced to Ago)
(Fig. 3). Fragile hollow Ag nanosphere should be inappropriate.

We also formed photocatalyst film of Ag®-TiO, just heated in air at
673 K under argon (without contact to air) and/or Ag-TiO2/ITO/Pyrex
film just heated in air at 573 K was used in aqueous HCl in SC. In fact, the
best SC performance in Fig. 5a (front-rear configuration) negligibly
changed. Thus, core-shell structure was not the aim and the active Ag°
shell was always formed irradiated by light in contact with TiO2 on
cathode (Fig. 3c), but the ultimately small mean 4 nm of Ag

0O 04 08 1
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nanoparticles were the objective that was enabled in the enough thin
homogeneous 3.1 pm thick of TiOy matrix.

The best V, value of 1.55 V and a cell power of 18.7 pW cm 2 were
achieved (Table 2b), superior to those obtained for similar SCs including
TiO4 and polyterthiophene (0.62, 0.90 V) [Zhang et al., 2017, 2019b],
W—doped BiVO4/Bi4V2011 and undoped BiVO4/Bi4V20]1 (1.54 V) [dOS
Santos et al., 2018] (Table 3).

Furthermore, stable increasing Wpax values as a function of time
were observed using thin Ag-TiO; film on cathode (Fig. 6a), demon-
strating the stability of Ag-TiO photocatalyst in comparison to that of
BiOCl (Fig. 6b). The stability of the active sites for the O, photoreduction
reaction (Fig. 3c) is related to the different time course trend. The AgO
sites were quickly in-situ formed on the shell under the SC test condi-
tions (Table 1c and Fig. 3c). In contrast, proposed active site for the
photoreduction reaction on BiOCl photocatalyst film, i.e. oxygen va-
cancy site, would be unstable depending on SC test conditions.

Conversely, the maximum V,. value using TiO; and Ag-TiO; set
(1.55 V) was unexpectedly lower than that using TiO, and BiOCl (1.96
V) [Urushidate et al., 2020] (Table 3) in contradiction to these theo-
retical values: 3.00 V and 2.75 V, respectively. One of the reasons is that
Schottky barrier of <0.8 V [Walter et al., 2010; Zhang et al., 2012;
Cowley et al., 1965] when the electrons should move from n-type TiO5
matrix to Ag nanoparticle (further then to Oy molecules combined with
protons) should add extra overvoltage using TiOp and Ag-TiO;
employed in this study. The diffusion overvoltage was estimated to be
0.23 V for thicker TiO» films [Yoshiba et al., 2017], accounting for an
overvoltage of 1.4 V in total.

In the comparison to the other SCs (Table 3), high voltage (1.55 V)
per cell and no need to add fuel are the significant scientific advance-
ment of this study. However, cell performance was lower compared to
our SC using TiO, and BiOCI photocatalysts (Table 3). In this study, rear
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Table 3
The comparison of solar cells and/or fuel cells using photocatalysts on both electrodes.
Photoanode Photocathode Fuel Voe (V) Winax (W cm~2) Ref.
TiOy BiOCl Acidic water 1.69 16.2 Fujishima et al., 2015
1.91 42.2 Yoshiba et al., 2017
1.96 56.1 Urushidate et al., 2018
1.94 85.2 Urushidate et al., 2020
Ag-TiO, 1.55 18.7 This work
Cds Cux0 Phenol 0.62 60 Wu et al., 2015
TiO2 C/Cuz0/Cu 0.41 73 Wu et al., 2015
W:BiVO4 Polyterthiophene Glucose 0.62 82 Zhang, 2017
TiO, Alkaline water 0.90 222 Zhang et al., 2019b
W-BiVO,4/BisV2011 BiVO4/BisV2011 NaySO4 aq 1.54 dos Santos et al., 2018
BiVO,4/TiO, Cuy0/TiO, Tetracycline hydrochloride 0.17 Lu et al., 2019
Ni-Fe LDH/BiVO4 Cuy0/Cu Methylene blue 0.65 74 He et al., 2019

configuration of photoanode significantly reduced V,. value of SC and
overvoltage due to the electron injection from TiO, CB into Ag was also
suggested. These factors are not directly related to the principle of SC
illustrated in Scheme 1 that proceeds via eqs (1) and (2). Thus, if the
photocatalysts (TiO2 on anode and the nanocomposite of TiO5 and metal
nanoparticles on cathode) are improved to maximize the rates of Egs. (1)
and (2) and for greater polarizability of photocatalyst films (Urushidate
et al., 2020), even better SC performance is expected using TiO, and
metal nanoparticles-TiO2 compared to that using TiOz and BiOCl.

4.2. Optimization of the configurations of two photoelectrode

On the cathode of SC, electrons are excited at the band gap of TiO2
irradiated by UV-visible light and trapped at Ag nanoparticles (Ogura
et al., 2014). Metallic Ago sites are effective for the O, photoreduction,
and in situ formation of Ag® sites from Ag'Cl and Ag,0 under UV-visible
light was demonstrated by EXAFS (Fig. 3 and Table 1c).

The difference of photoelectrode configuration as demonstrated in
SC tests (Fig. 5) can be explained based on the diffusion length of
electrons and holes (Scheme 2). In the front—front configuration (Fig. 5a,
), the oxygen reduction reaction occurred basically at the entire region
in the thin Ag-TiO; photocatalyst films by charge-separated electrons
created by UV-visible light irradiation, and the associated holes due to
UV-visible light irradiation also populated the entire film region from
the surface of the film to the interface between Ag-TiO, and ITO
(Scheme 2a). Therefore, the electrons transferred from the anode must
travel half the film thickness (1/2 x 3.1 pm = 1.5 pm) in average to
combine with holes at the cathode, or travel even longer if the Oy
reduction site populates relatively near the film surface (Scheme 2a) for
the generation of the electromotive force.

In clear contrast, in the front-rear configuration (Fig. 5a, o), the
remaining holes due to Oy photoreduction over Ag nanoparticles in
proximity to the ITO electrode surface should combine very quickly with
the electrons transported from the anode as illustrated in Scheme 2B.

(a) Front configuration
OFf,H\ site

cathode

long diffusion path

According to the comparison of the photoelectrode configurations to
incident light, the O, photoreduction step proceeded faster than the
electron diffusion in the Ag-TiOs film and/or at the interface between
ITO and the Ag-TiO; films (Scheme 2). Therefore, the difference of the
Voc values (1.55 V in the front-rear configuration versus 1.45 V in the
front—front configuration = 0.10 V; Table 2a, b) is exclusively due to
electron diffusion overvoltage.

5. Conclusions

We prepared a 3.1 + 0.3-pm-thick Ag-TiO; film on the photocathode
of a SC while TiO; film of similar thickness was used on the photoanode.
The combination of TiO; on anode and Ag-TiOy on cathode, thinner
films, optimized loading amount of Ag, and the homogeneous size dis-
tribution of the Ag nanoparticles allowed to transform most of the AgCl
nanoparticle into AgCl@Ag® core-shell structure maintaining the active
AgP sites at the shell during the SC operation under UV-visible light
based on the monitoring of Ag K-edge EXAFS, HR-TEM, and HAADF-
STEM, resulting in a V, of 1.55 V and a Wyx of 18.7 pW cm 2 per
cell. The yellow color owing to the active Ag® sites was a critical indi-
cator of the photoreactivity in comparison to pale brown and white color
due to the inert Ag»0 and AgCl sites, respectively. The gradual increase
of Wpax of SC containing Ag-TiO, on the cathode to converge to 18.7
UW cm ™2 was demonstrated by repeated i-V tests in several hours, in
contrast to 7% decrease of Wpax for a cell containing BiOCl on the
cathode in 2 h. The configuration of front-rear for the photoanode and
photocathode, respectively, was also the key factor of cell power opti-
mization due to the efficient charge coupling of SC at the interface be-
tween Ag-TiOz film and ITO film on the cathode.
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