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High Temperature Crystallization of Free-Standing Anatase
TiO, Nanotube Membranes for High Efficiency Dye-

Sensitized Solar Cells

Jia Lin, Min Guo, Cho Tung Yip, Wei Lu, Guoge Zhang, Xiaolin Liu, Limin Zhou,

Xianfeng Chen,* and Haitao Huang*

Despite the one-dimensional ordering of anodic TiO, nanotube arrays
(TNAs), the electron diffusion towards the substrate in TNA-based dye-
sensitized solar cells (DSSCs) is comparably slow. The improvement of
electron mobility by enhancing TNA crystallinity under high-temperature
annealing, however, is infeasible with the existence of Ti metal substrate.
Herein, it is shown that, by high temperature (up to 700 °C) crystallization

of high-quality free-standing TNA membranes, the TNAs can maintain their
structure integrity and phase (anatase) stability as a result of the absence

of the nucleation sites and the high quality of the membrane obtained by a
self-detachment method. The electron transport is much faster (=4 times) in
the 700 °C-annealed TNA membranes than that in the 400 °C-treated ones for
20 um-length nanotubes, which is mainly attributed to the improved crystal-
linity and reduced electron trap states. In spite of slightly reduced dye loading
capacity (decreased by ~30%) in the 700 °C-annealed membranes, the supe-
rior electron transport leads to a significantly improved efficiency of 7.81%
(enhanced by ~50%). The strategy of manipulating the electron transport

1. Introduction

One-dimensional TiO, nanotube arrays
(TNAs) prepared via electrochemical ano-
dization have attracted much attention for
use as the photoanodes of dye-sensitized
solar cells (DSSCs).'®) As compared
with the randomly packed and disordered
TiO, nanoparticle (TNP) networks with
numerous particle—particle interfaces, the
“vectorial transport” of photogenerated
electrons along the TNA tube walls was
thought to lead to higher charge mobility,
which is crucial for the improvement of
DSSC performances.[*1% Recent studies
have, in fact, demonstrated that the
electron transport in typical TNAs is as
slow as that in TNP films, although the
underlying mechanisms are quite dif-
ferent (exciton-like trap states in TNA

films and structural disorder in TNP
films).['13] As a result of the existence of
these states, which suppresses the elec-
tron mobility, the improvement of TNA-
based DSSCs is limited and the highest
efficiency of DSSCs consisting of the
pure TNAs (without further surface treatment) is only about
5% (around 7-9% for mixed systems), which is still lower than
that achieved with the TNPs.[b14]

Crystallization by thermal annealing at high temperature in
oxidative atmosphere is an effective way to enhance the elec-
tron mobility in TNAs, since the annealing leads to lowered
density of both bulk and surface trap states by reducing the
number of defects and oxygen vacancies/Ti3" existing in the
band gap induced by amorphous domains, grain boundaries,
and impurities embedded during anodization.'>'>] However,
investigations show that the photoanodes consisted of TNAs
attached to Ti substrate (TNAs-Ti) exhibit the highest effi-
ciency at relatively low annealing temperatures ranging from
400 to 500 °C (with the pure anatase crystal phase).'®'”] The
efficiency decreased markedly with further increase in the
annealing temperature due to the “substrate effect’—the Ti
substrate which supports TNA overlayer greatly influences the
crystallization process. As the metallic Ti substrate is directly
oxidized to rutile, a thin compact (rutile) layer at the interface
region forms, and gradually becomes thicker.'’-'% This ini-
tiates the geometry change and phase transformation of the

dynamics by high temperature treatment on high-quality TNA membranes
may open new route for further improvement in the performances of TNA-
based DSSCs.
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TNAs, from the substrate to the top side. Step |

This substrate effect of TNA-Ti samples is = misTeDRgis
severe and occurs at various annealing con-
ditions.?22] In fact, in literature reports,
the temperature at which rutile can be
detected, and also the fraction of rutile, vary
greatly due to the difference in the nano-
tube layer thickness. As rutile is thermally
grown from the underlying substrate, the
detection becomes increasingly difficult
for longer tubes (at 500-550 °C for thick
TNA layers!'®1721] and 400-450 °C for thin
TNA layers[?3l). Furthermore, the TNA layer
is gradually densified from the interface,
accompanied by dramatically lowered sur-
face area, and gradually disappearing tube
structure. The complete compactization
occurs at 700 °C for short tubes?% and 750~
800 °C for micrometer-long tubes!*?°! with
annealing duration of 1-2 h. The substrate
effect, connected with the compact rutile
layer at the interface between TNAs and
Ti substrate, introduces a strong increase
of the resistance and structural destruc-
tion under high annealing temperatures,
which hinders the electron transport to the
external circuit and reduces the available
internal surface areas, respectively, both det-
rimental to DSSCs. Thus, eliminating the
influence of the underlying rutile layer is
essential for DSSC applications using TNA
photoanodes.

In order to eliminate the substrate effect
at high temperatures, thus enhancing the
DSSC performance, several attempts have
been tried to detach the TNAs from the Ti
substrate and anneal them at high temperatures!?6-28! before
being transferred to a fluorine doped tin oxide (FTO) glass
substrate to form the photoanode. However, those free-
standing TNA membranes were easily broken and no intact
membranes were obtained. To obtain high-quality TNA
membranes without any crack, a self-detaching method[?’!
was developed, avoiding additional ultrasonication or acid
treatment steps to peel off the TNA membranes from the
Ti metal substrate. Based on the high quality and flexible
manipulation of the self-detached TNA membranes, we
have already created the periodically structured TNA films,
and coupled these membranes to DSSCs.3032 Here, we
find that these high-quality TNA membranes can main-
tain phase stability (anatase) and structural integrity under
high temperature crystallization (up to 700 °C, much higher
than the commonly used crystallization temperatures). The
crystallized TNA membranes were used as photoanodes of
DSSCs and, as benefited from the substantial improvement
in the efficiency of electron transport after the elevated tem-
perature crystallization, the photovoltaic conversion effi-
ciency (PCE) of DSSC was improved significantly (=50%),
reaching a value as high as 7.81% (with the best efficiency
over 8%).
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Figure 1. Schematic diagram of the detaching and transfer process of the TNA membrane and
photographs of the large-area as-detached membrane (400 °C annealed) and high temperature
crystallized (700 °C annealed) membrane, showing the slight color change of the TNA mem-
branes. The right column shows the integrated photoanode with membranes attached to the

2. Results and Discussion

The fabrication sequence of the self-detached TNA membrane
photoanode for DSSCs is shown in Figure 1. This process
mainly includes two steps: I) high-quality TNA membranes
were obtained by self-detachment (see the Experimental Sec-
tion) during the fabrication of anodic TNAs with different
thicknesses, and II) the free-standing TNA membranes were
annealed at different temperatures and then reliably attached
onto FTO glass substrates by thin layers of TNPs, forming the
photoanodes for front-side illuminated DSSCs. It is noteworthy
that during the high temperature crystallization process, the
large-area free-standing TNA membrane maintained the high
quality with no cracks (Figure 1, bottom). The photograph of
the integrated photoanodes is also shown.

The grains at the tube sidewalls of the TNAs were found to
be gradually coarsened with increased temperatures, showing
microcracks at the gain boundaries (Figure 2a—d). This varia-
tion of wall morphology has been observed to appear at a tem-
perature as low as 450 °C.23] However, as the further grain
growth was constrained by the tube borders, the aligned tube
structure and the overall regular morphology of TNAs were
retained during annealing process at a higher temperature.
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Figure 2. Field-emission scanning electron microscopy (FESEM) images
of a) 500, b) 600, c) 700, and d) 800 °C-annealed samples showing the
morphological evolution. e) The enlarged view of the TNA structure
annealed at 800 °C. f) The sideview of the photoanode consisted of the
700 °C-annealed TNA membrane. The densification of the tubes from the
bottom to the top side: g) partial densification and h) full densification.

Figure 2e shows the close-up image of the inner part of TNAs.
After annealing at 800 °C, the outside tube wall appeared to be
layered and corrugated, and started to coalesce together, while
the inner channels remained open, with the ordered pore mor-
phology. The transmission electron microscopy (TEM) images
in Figure 3 show that during the crystal growth, TNAs kept
the tube morphology in the entire temperature region and
the tube wall became thicker (from =10 to 20 nm), leading to
a reduction of the inner surface area to a certain extent. The
annealed TNA membranes with excellent quality were suc-
cessfully integrated to FTO substrate for DSSCs. The cross-
sectional view of the photoanode consisted of 700 °C-annealed,
13 um-thick TNAs and a thin TNP adhesion layer of =1 um is
shown in Figure 2f, revealing tight attachment of TNAs to the
FTO glass. Compared with the TNA-Ti samples with severe
densification of tubes from the bottom to the top, and eventu-
ally disappeared tube geometry by transforming into a compact
layer (Figure 2gh), the destruction of the nanotubes under
high temperature annealing was prevented by eliminating the

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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substrate effect. By using this configuration, the highly crystal-
lized TNA membrane-based photoanode can be synthesized by
the high temperature annealing process.

The TNA membranes maintained in anatase phase when
annealed at 400-700 °C, and rutile started to emerge in the
800 °C-annealed membranes (Figure 4a). For the membrane
annealed at 800 °C, 2.7% rutile was estimated from X-ray dif-
fraction (XRD) on the top side, while the rutile peak was more
evident at the bottom (rutile fraction 16.7%, Figure 4a inset).
This indicates that in the absence of the Ti substrate, rutile also
started to form from the bottom side of TNAs, where more
densely packed tubes and thicker tube walls were found. For
700 °C-annealed membranes, no rutle peak was found on both
sides of the membrane, indicating the tubes in pure anatase
phase. The phase transition temperature of free-standing TNAs
was also demonstrated to be >600 °C in their powder form.['”]
For comparison, the phase stability of TNPs (=20 nm size,
coated on quartz glass) and TNAs-Ti was investigated under
the same condition. Both anatase and rutile phases were found
in 600 °C-annealed TNP and TNA-Ti samples (Figure S1 and
Table S1, Supporting Information). When annealed at 800 °C,
the TNPs completely transformed from anatase to rutile, and
the fraction of rutile in TNAs-Ti was as high as 38.6%. The
gradual narrowing of the prominent anatase (101) diffraction
peaks and the increasing of peak intensity of TNA membranes
with increasing annealing temperatures mean larger crystal-
line sizes and better crystallinity (Figure S2, Supporting Infor-
mation). The crystalline sizes of TNA membranes, TNPs and
TNAs-Ti are summarized in Table S1, Supporting Information.
For TNA membranes, the average grain size slowly increased
from 27.5 to 34.2 nm (increased by 24%) at 400-800 °C. Actu-
ally, the sidewall is consisted of elongated grains aligned along
the tube axis with lengths >100 nm (TEM image in Figure 3f).
In the case of TNPs, significant enlargement of the crystalline
size was observed (13.7-22.6 nm at 400-700 °C, increased by
65%).

Figure 4b is the high-resolution Raman spectra in the range
of 100-180 cm™!, showing the lowest-frequency E, mode of
anatase arising from the external vibration. It is apparent that
with increasing annealing temperatures from 400 to 800 °C,
the Raman spectra narrowed significantly and corresponding
peak intensities increased. This implies that the crystallinity
was greatly enhanced by raising the annealing temperatures
and the number of oxygen vacancies in the TNA films was
greatly decreased.’*3* The variation of the oxygen vacancy
number was further demonstrated by XPS measurement
(Figure S3, Supporting Information). The main peak of Ols
core level spectra, which was located at 529.7-529.8 eV, is sim-
ilar for both annealing temperatures. A decrease of the inten-
sity at 531.5 eV, after annealing at 800 °C, could be attributed
to the decreased number of oxygen vacancies/Ti*" states in the
surface regions."”

The photocurrent density-voltage (J—V) characteristics of
DSSCs based on TNA membranes annealed at 400-800 °C
are shown in Figure 5 and Table 1. With the retarded phase
transformation in TNA membranes, the short-circuit current
density (J,.) increased with increasing annealing temperatures
from 400 to 700 °C and then decreased at 800 °C for 20 pm
TNAs (Figure 5b). The open-circuit voltage (V,.) increased in

Adv. Funct. Mater. 2013, 23, 5952-5960
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Figure 3. TEM images of a—e) TNAs annealed at 400-800 °C and f) high-resolution view of the
grain in the tube wall at 700 °C.

the whole temperature range, from 0.71 V at 400 °C to 0.76 V
at 800 °C, with a 50 mV increment. As annealing itself has neg-
ligible effect on the intrinsic energy band structure of anatase
TiO,, the enhancement could be ascribed to the decreased
trap densities. In the entire range the fill factor (FF) changed
slightly, due to the comparable overall series resistances. The
incident photon to current conversion efficiency (IPCE) spectra
are also shown and provide further evidence to the photocur-
rent enhancement (Figure S5, Supporting Information). It
can be found that the high temperature crystallization signifi-
cantly increases the IPCE over the entire visible wavelength
range. As a result of the enhancement in both J, and V,, the
overall PCE at 700 °C reached the maximum value of 7.81%
for 20 um TNAs (Figure 5¢, a high value for TNA-based DSSCs
without TiCl, treatment). Compared with 400 °C-annealed sam-
ples, the values of PCE increased by =50%. The better perfor-
mance should directly result from the higher crystallinity of
the nanotubes sintered at a higher temperature. At the highest
annealing temperature of 800 °C, the PCE started to decrease.
However, the value was still relatively high (PCE = 6.16%). As
mentioned above, at 800 °C, the tube structure started to col-
lapse and the rutile phase emerged, resulting in smaller sur-
face area and lower electron conductivity. Moreover, we also
fabricated TNA-based DSSCs with different lengths annealed at
the temperature of 700 °C. By further increasing the thickness
of the TNA layer (up to =50 um with intact top surface),*” a

Adv. Funct. Mater. 2013, 23, 5952-5960
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maximum efficiency of 8.00% was obtained
at a tube length of =30 um (Figure S6,S7 and
Table S2, Supporting Information), which is
thicker than conventional low-crystallinity
tube layers suitable for DSSCs (=15-20 um).
The J, first increased with longer tubes
and then slowly decreased, and V. continu-
ously decreased, as a result of the competi-
tion between enhanced light harvesting and
recombination.

As discussed above, direct annealing of
TNAs-Ti samples leads to the densification
of upper TNA layer and significantly low-
ered surface areas (close to 100% at high
temperatures, Figure 2h). In contrast, as
the TNA membranes maintain the regular
morphology of aligned tubes and porous
structures, the variation of the surface area
is much smaller. Figure 6a compares the
adsorption—desorption isotherms and corre-
sponding pore size distribution of the TNA
membranes annealed at low and high tem-
peratures (400 and 800 °C). By increasing
the annealing temperature, the loops shift
to the higher relative pressure (P/P,) region
while the loop position gradually decreases,
indicating the decreased surface areas of
the TNA films. The Brunauer-Emmett-Teller
(BET) specific surface area slowly decreased
from 20.09 m? g~! at 400 °C to 13.60 m? g™
at 800 °C, a reduction by a factor of 32%. The
pore sizes show similar wide distributions
over the range of 10-100 nm, indicating that
no severe aggregation and collapse of tubes occurs during the
high temperature crystallization. This is consistent with the dye
loading measurement, which shows that the adsorbed amounts
of dye molecules decreased by 30% for 20 um TNAs (Figure 6b
and Table 1). Considering the lower dye loading values and
hence decreased light harvesting, a smaller J,. would be
expected. However, the J. values increased gradually with ele-
vated temperature, indicating the presence of other dominant
factors for higher J, values.

To better understand the underlying mechanisms, the elec-
trochemical properties of the photoanodes with TNA mem-
branes annealed at various temperatures were demonstrated by
electrochemical impedance spectroscopy (EIS) measurement
in the dark at different applied bias voltages. The impedance
spectra were fitted by a transmission line modell®® to deter-
mine the kinetics parameters describing the electron transfer
and transport inside the DSSCs. The variation of the density
of sub-bandgap traps was further confirmed by the chemical
capacitance (C,) of the TNA films.*” Figure 7a shows C,
as a function of applied bias voltage, which increases expo-
nentially with increasing voltage. This is in accordance with
the trap-limited transport model, since the density of traps is
higher at the band edge and decreases exponentially towards
the band gap. The curves for samples annealed at different
temperatures show similar slopes over the bias range. The sub-
stantial decrease in the number of oxygen vacancies/Ti*" states,
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Figure 4. a) The XRD patterns of TNA membranes attached onto FTO.
The inset compares the detailed XRD patterns at the top and bottom
sides of the 800 °C-annealed free-standing membrane. b) Raman spectra
of the lowest-frequency E, mode in the TNA membranes.

as mentioned above, leads to enormously decreased C, values
by =1/6 (from 16.5 to 2.8 mF cm™ at 0.72 V) after the high
temperature annealing of the TNA films. The slight increase
of the crystalline size and decrease of surface area at elevated
temperature may also contribute a small part to decreased trap
sites. The improved crystallinity leads to a lower chance of
electron recombination through surface trap sites, and conse-
quently higher V,. values. This is also obvious from the varia-
tion of the recombination resistance (R), which is associated
with the charge transfer process across the interface. The high
temperature crystallized TNAs own larger R, (Figure 7b), and
thus denotes slower recombination rate of the interfacial pro-
cess. The transport resistance (R,) of electron is comparable in
all types of photoanodes (Figure 7c). The resistances of R and
R, also show an exponential dependence on the bias voltage
(inversely proportional to the electron concentration).

The electron properties were analyzed in terms of effective
diffusion coefficient (D), recombination time (t,), and dif-
fusion length (L,), which are critical for the evaluation of the

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) The J-V characteristics of DSSCs based on 20 um-thick TNA
membranes annealed at different temperatures. b,c) Photovoltaic para-
meters, including Js., Vo, and PCE of DSSCs.

photovoltaic performance and can be calculated from the meas-
ured C,,, Ry, and R, as follows:(0]

D, = dz/(thpL)s Th = Rctcp.’ L,= (Dn-’:n)l/2 (1)

where d is the thickness of the film. For the same applied bias,
the electron diffusion rate in the TNA membranes is greatly
enhanced with increased crystallinity. The D, increased from
1.4 t0 6.1 x 107 cm? s7! at 0.72 V by increasing the annealing

Adv. Funct. Mater. 2013, 23, 5952-5960
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Table 1. The photovoltaic parameters of DSSCs based on TNA mem-
branes annealed at different temperatures and the dye amounts
adsorbed by the photoanodes.

Temperature Jsc Ve FF PCE Dye amount
[°q [mA cm™2] W\ [%] [107 mol cm™2]
400 10.93 0.71 0.67 5.22 1.36

500 12.71 0.72 0.66 6.10 1.19

600 14.29 0.75 0.66 7.10 1.00

700 16.02 0.76 0.64 7.81 0.97

800 12.52 0.76 0.64 6.16 0.93

temperature from 400 to 700 °C (Figure 8b), which is a signifi-
cant improvement (=4 times). It is well-known that the photo-
injected electrons in the conduction band normally undergo
trap-mediated diffusion before reaching the collecting elec-
trode.?%#0 As a large number of electron traps exist in conven-
tional low crystallinity TNAs, these states strongly influence
the transport and recombination kinetics of the photoinjected
electrons. The fewer traps throughout the electron pathways
facilitate the electron movement in the conduction band with a
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Figure 6. a) BET surface areas and pore size distribution. b) The variation
of dye amounts adsorbed by the photoanodes.
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Figure 7. The kinetics parameters measured at different applied bias
voltages: a) chemical capacitance, b) recombination resistance, and
c) transport resistance. The data is obtained by fitting the EIS.

smaller number of trapping/detrapping events. This results in
faster electron diffusion towards the substrate and thus higher
Jsc in TNAs annealed at higher temperatures, as depicted in
Figure 8a. The promoted electron diffusion in DSSCs, based
on high temperature crystallized TNAs, was confirmed by the
stepped light-induced transient photocurrent investigation
(Figure S8, Supporting Information). It is noteworthy that the
opposite trend of diffusion coefficient D,, under any photon
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Figure 8. a) Schematic representation of the reduced traps for the faster electron diffusion. Comparison of b) diffusion coefficient, c) electron recom-
bination time, and d) diffusion length of DSSCs as a function of the annealing temperature.

flux has been reported in the TNA-Ti systems,['®!7] which
may originate from the significantly slower electron transport
through the rutile interface layer annealed at higher tempera-
tures. As shown in Figure 8c, the apparent recombination time
of the electrons (t,) with the tri-iodide ion at TiO,/electrolyte
interfaces is shortened with the enhanced crystallinity, which
is mainly due to the variation of trap densities. The decreased
average response time of both trapped and untrapped elec-
trons as measured, however, does not imply an enhancement
in recombination flux. In fact, lower dark current was observed
for TNAs crystallized at higher temperatures (Figure S9, Sup-
porting Information). This is consistent with the above dis-
cussion that the probability of electron back transfer at the
interface is lowered by reduced surface traps. Overall, by
increasing the annealing temperature, the greatly decreased
number of traps in the films leads to longer effective diffusion
length of electrons as compared with low crystallinity TNAs
(Figure 8d). The improved diffusion length is consistent with
the above results that the effective tube layer becomes thicker
under high temperature crystallization. For crystallization tem-
perature up to 700 °C, the reduced trap density in the TNA film
is the dominant factor (over the amount of dye-loading in this

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

case) influencing the performance of the DSSCs, while above
that temperature, collapse of tube layers and lowering of sur-
face area become more severe.

3. Conclusions

The structures, anatase to rutile phase transformation, photo-
voltaic performance, and electron transport and recombination
dynamics of the front-side illuminated DSSCs were studied
based on the high-quality self-detached TNA membranes. In
comparison to TNAs-Ti, the self-detached TNA membranes
demonstrated a much better thermal stability with the retention
of tube geometry in the annealing temperature range of 400—
800 °C, and only minor rutile phase appeared at 800 °C due to
the removal of the “substrate effect”. The electron transport was
much faster in the 700 °C-annealed TNA membranes than the
400 °C-treated ones (=4 times), which was mainly attributed to
the enhanced crystallinity and reduced number of electron trap
states within the photoanodes under elevated annealing tem-
peratures. As a result of the superior electron transport prop-
erties, the performance of TNA-based DSSCs was significantly
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improved, and the 20 um TNAs annealed at 700 °C showed
the improved solar energy conversion efficiency of 7.81%
(enhanced by =50%, as compared with the one annealed at
400 °C). The excellent electron transport properties of the TNA
membranes with high temperature annealing can be of great
importance to the further improvement of the performance of
TNA-based DSSCs and devices for other applications.

4. Experimental Section

Preparation of TNA Membranes: Self-detached free-standing TNA
membranes (bottom closed) were synthesized as reported previously.?’)
Briefly, regular TNAs were synthesized by a two-step anodization of
Ti foil (0.125 mm thickness, 99.7% purity, Strem Chemicals) at room
temperature (=20 °C) in an ethylene glycol electrolyte (containing
0.5 wt% NH4F and 3 vol% water) at an applied potential of 60 V using
a computer controlled sourcemeter (Model 2400, Keithley, USA). TNAs
with different tube lengths were obtained by prolonged anodization. The
as-anodized samples were annealed at 400 °C and then anodized again
at 60 V and 35 °C for =1-2 h (dependent on tube layer thickness) to
detach the TNA membranes. The membranes were cleaned in ethanol
repeatedly and then dried in air. After that, the crack-free membranes
were annealed in the temperature range of 400-800 °C for 2 h in air with
a heating and cooling rate of 3 °C min~'. During the thermal treatment,
upward curvaturing of the thin TNA membranes sometimes may occur
and can be avoided by covering with quartz glasses.

Fabrication of DSSCs: The TNA membranes were attached to FTO
glasses (15 Q per square) coated with hydrothermally prepared anatase
TNPs (average size 20 nm and thickness =1 pum, as received from
Wuhan Geao Instruments Science and Technology Co. Ltd., China) using
a doctor-blade technique. The active area of the solar cells was 0.16 cm?
(defined by a template) with the actual area of each cell measured
separately and used for the calculation of short-circuit current. After
dried under ambient conditions, they were annealed again at 400 °C for
2 h to ensure good electrical connectivity between TNA membranes and
FTO substrate. Then the photoanodes were immersed in dye solution
(N719, 0.3 mwm in ethanol, Solaronix) at room temperature for 24 h.
A sandwich-type configuration was employed with a hot-melt spacer
(SX1170, 25/60 um thickness, Solaronix) and Pt coated FTO glass (by
thermal decomposition of H,PtClg/isopropanol solution at 380 °C for
30 min) as the counter electrode. The interspace of the DSSCs was filled
with a liquid electrolyte (1.0 m 1,2-dimethyl-3-propyl imidazolium iodide
(DMPI1), 0.12 m diiodine (1), 0.1 w lithium iodide (Lil), and 0.5 m 4-tert-
butylpyridine (TBP) in 3-methoxypropionitrile (MPN)).

Characterizations: The surface area was characterized by BET analysis
via N, adsorption-desorption isotherm (ASAP 2020, Micromeritics
Instruments, USA). The dye amount was measured by desorbing the
anchored dye in 0.1 m NaOH aqueous solution, and the absorbance was
measured by UV-vis spectrophotometer (Model UV-2550, Shimadzu,
Japan). X-ray diffraction analysis (XRD, Rigaku 9KW SmartlLab, Japan)
was preformed for crystal phase identification. Raman spectrum
(confocal Raman microscope, Senterra R200-L, Bruker Optics) was also
used to compare the crystallinity. The surface states were analyzed by
X-ray photoelectron spectroscopy (XPS, AXIS Ultra, Japan) measurement
using Al Ko. monochromatized radiation. Morphological and structural
variations of the TNAs were observed by a field-emission scanning
electron microscope (FESEM, FEI Sirion 200) and a transmission
electron microscope (TEM, JEOL JEM-2100F). The J-V characteristics
were measured by a sourcemeter (Model 2420, Keithley, USA) under AM
1.5G illumination (100 mW cm™2) provided by a 300 W solar simulator
(Model 91160, Newport-Oriel Instruments, USA) with an AM 1.5 filter.
The light intensity was calibrated using a silicon reference cell (NIST)
equipped with KG5 window and a readout power meter. The IPCE was
measured by an IPCE measurement kit (Newport-Oriel Instruments)
with a 300 W Xe lamp (Model 66902), a monochromator (Model 74125),
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and a power meter (Model 2931-C) equipped with a Si detector (Model
76175_71580). EIS was performed in the dark at various bias voltages
with the CHI 660C electrochemical workstation (CH Instruments, USA).
The magnitude of the alternative signal was 10 mV and the frequency
ranged from 107 to 10° Hz.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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