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Organized mesoporous TiO, Bragg stacks (om-TiO, BS) consisting of alternating high and low refractive
index organized mesoporous TiO, (om-TiO,) films were prepared to enhance dye loading, light harvesting,
electron transport, and electrolyte pore-infiltration in dye-sensitized solar cells (DSSCs). The om-TiO, films
were synthesized via a sol-gel reaction using amphiphilic graft copolymers consisting of poly(vinyl chloride)
backbones and poly(oxyethylene methacrylate) side chains, i.e., PVC-g-POEM as templates. To generate
high and low index films, the refractive index of om-TiO, film was tuned by controlling the grafting ratio of
PVC-g-POEM via atomic transfer radical polymerization (ATRP). A polymerized ionic liquid (PIL)-based
DSSC fabricated with a 1.2-pm-thick om-TiO, BS-based photoanode exhibited an efficiency of 4.3%, which
is much higher than that of conventional DSSCs with a nanocrystalline TiO, layer (nc-TiO, layer) (1.7%). A
PIL-based DSSC with a heterostructured photoanode consisting of 400-nm-thick organized mesoporous
TiO, interfacial (om-TiO, IF) layer, 7-pm-thick nc-TiO,, and 1.2-pm-thick om-TiO, BS as the bottom,
middle and top layers, respectively, exhibited an excellent efficiency of 7.5%, which is much higher than that
of nanocrystaline TiO, photoanode (3.5%).

ince Gratzel’s breakthrough discovery in 1991, dye-sensitized solar cells (DSSCs) have received great

attention as promising alternatives to traditional silicon-based photovoltaic devices. These DSSCs are

especially attractive because of their high power conversion efficiency, low cost, and facile eco-friendly
fabrication'. A standard DSSC consists of a wide band gap semiconductor nanocrystalline film deposited on a
fluorine-doped tin oxide (FTO) glass as the photoanode, a photosensitizer (dye), a platinum-coated FTO glass as
the counter electrode, and a liquid redox electrolyte typically based on an iodide/triiodide (I7/15 ) redox couple in
an organic solvent. Although high photovoltaic conversion efficiencies have been reported, these DSSCs typically
utilize liquid electrolytes as a redox mediator®’, which presents serious limitations such as leakage and iodine (I,)
corrosion and consequently impedes the practical applications of these devices. Significant efforts to replace
liquid electrolytes with solid materials have been devoted; examples include quasi-solid or solid polymers®?,
conducting polymers'®"* and organic ionic plastic crystal electrolytes'*". In addition, there has been active
progress in recent years in fabricating high efficiency solid/quasi-solid DSSCs with perovskites'*™'®. In addition
to these developments involving solid-state electrolytes, further improvements in the design of mesoporous TiO,
photoanode could potentially lead to highly efficient solid/quasi-solid DSSCs. In this regard, well-organized
mesoporous TiO, that our group has developed represents an excellent photoanode material because of its
inherent high porosity, ordered pores, and interconnectivity'.

In addition to using organized mesoporous TiO, photoanode, an additional method to enhance the perform-
ance of DSSCs is to enhance the light harvesting by incorporating photonic structures into the devices. For
example, one-dimensional photonic crystals, such as Bragg stacks (BS), have been applied to liquid-based and
solid-state DSSCs to enhance their light harvesting properties and in turn the power conversion efficiency****. In
previous reports, BS were prepared directly on top of the photoanode or positioned behind the counter electrode
so that light transmitted through the photoanode would be reflected back into the electrode, which in turn
improves the likelihood of successful harvesting*.

SiO, and TiO, constitute the most common pair of nanomaterials used to achieve high quality BS layers
because they have large refractive index contrast (SiOp; 1.45, TiO,; 2.44) and can be prepared simply from liquid
phases by spin or dip coating®>**. However, the use of BS structures based on SiO,/TiO, pairs in the DSSC
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Figure 1| Schematic representation of the preparation route for the om-TiO, layer using PVC-g-POEM graft copolymers.

applications has some limitations in achieving high cell performance
because of increased charge recombination in the non-conducting
SiO;, layers. The increased charge recombination results in a signifi-
cant reduction in the open circuit photovoltage (V,,). Furthermore,
the penetration of polymeric electrolytes into photoanode through
the BS presents an additional challenge. Incomplete pore filling by
the electrolyte inhibits sufficient interfacial contact between the
photoanode and the electrolyte, and results in poor photovoltaic
performance. An ideal BS structure would constitute TiO, for both
the high and low index layers. Although, refractive index-tunable
TiO; layers have been used as building blocks to prepare all-TiO,
BS and these structures showed interesting photoconductivity and
optical properties, its solar cell application has not been presented
Yet27’28.

In this report, we present the fabrication of an organized meso-
porous TiO, Bragg stack (om-TiO, BS) for use as a photoanode in
DSSCs to improve power conversion efficiency. The combination of
the reflective property and the high surface area makes these om-
TiO, BS ideal candidates for photoanode applications in DSSCs with
excellent electron transport and electrolyte infiltration properties.
An om-TiO, BS, which comprises of high (2.0) and low (1.7) refract-
ive index om-TiO, layers, is prepared via a sol-gel process using two
copolymer templates with different graft ratios. The enhancement in
the light harvesting properties and electrochemical performance of
DSSCs through the incorporation of the om-TiO, BS was character-
ized by scanning electron microscopy (SEM), UV-Vis spectroscopy,
incident photon-to-electron conversion efficiency (IPCE), electro-
chemical impedance spectroscopy (EIS), and intensity modulated
photocurrent/voltage spectroscopy (IMPS/IMVS). We discuss the
underlying mechanism behind the device performance improve-
ment based on these results. To our best knowledge, our work is
the first report describing the use of all om-TiO, BS as a photoanode
in DSSCs.

Result and Discussion

An om-TiO, BS reflector was prepared by alternate casting of a high
refractive index om-TiO, layer and a low refractive index om-TiO,
layer. The two types of om-TiO, layers of different porosity were
deposited on FTO glass via alternating spin coating (Figure 1). The

refractive index of each om-TiO, layer was controlled by using PVC-
g-POEM graft copolymers with different grafting density, which
were synthesized via the atomic transfer radical polymerization
(ATRP) method®**. When PVC-g-POEM graft copolymers and a
titanium precursor, titanium(IV) isopropoxide (TTIP), are com-
bined, the hydrophilic TTIP selectively incorporates in the hydro-
philic domains of POEM. TiO, crystallites are formed in situ during
calcination confined to the POEM domains, while the mesopores are
produced upon the removal of the hydrophobic PVC domains. The
average pore size of om-TiO, films prepared with a high grafting
density copolymer (weight ratios of PVC:POEM were 1: 6, referred
to as typel) was approximately 30 nm, whereas that of om-TiO,
films templated with a low grafting density copolymer (weight ratios
of PVC:POEM were 1:1.5, referred to as type2) was 70 nm. Also,
the porosity of om-TiO, films prepared with the high grafting density
copolymer was lower than that of those with the low grafting density
copolymer, as shown in Figure 2.

The position of a Bragg diffraction peak, which is directly related
to the optical properties and structure of the reflector, is determined
by the refractive index and thickness of each om-TiO, layer in the
om-TiO, BS. The position of the Bragg reflection peak was calculated
using the following equation (1). The central wavelength of the Bragg
reflection of order m is

m/13=2(n1d1+n2d2) (1)

where m is diffraction order, n; is the refractive index of each layer,
and the d; is the thickness of each layer®'. In addition, the refractive
index is directly correlated with porosity. If each layer is assumed to
be composed of anatase phase, porosity can be calculated using the
following equation (2):

Porosity=1—(n* — 1) /(nj — 1) (2)

where 7 is the refractive index of each om-TiO, layer and #, is the
refractive index of the pure anatase TiO, layer®>. Using ellipsometry,
the refractive index, thickness, and porosity of the high refractive
index om-TiO, layers were determined to be 2.0 = 0.05, 125 *
5 nm, and 0.38 = 0.02, respectively. The corresponding values for
the low refractive index om-TiO, layer were 1.7 = 0.05, 130 = 5 nm,
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Figure 2 | FE-SEM image of om-TiO, BS consisting of nine alternating
layers of high refractive index om-TiO, and low refractive index om-TiO,,
(a) cross-section of om-TiO, BS on FTO glass, (b) plane-view of high
refractive index om-TiO, layer derived from type 1 (PVC-g-POEM with
high grafting degree), and (c) plane-view of low refractive index om-TiO,
layer derived from type 2 (PVC-g-POEM with low grafting degree). Cross-
section of the om-TiO, BS was obtained by fracturing FTO glass.

and 0.62 *= 0.02, respectively. The fabricated om-TiO, BS was
adjusted to have one of the higher order reflectance peaks at approxi-
mately 480 nm.

Figure 2(a) shows a cross sectional FE-SEM image of the om-TiO,
BS templated by PVC-g-POEM graft copolymers, and Figures 2(b,c)
show a plan-view FE-SEM image of high and low refractive index
om-TiO; layers, respectively. The plan-view FE-SEM images clearly
demonstrate that porosity and pore size distribution (refractive
index) of each om-TiO, layer can be controlled using the two graft
copolymer templates with different grafting density. The cross sec-
tional FE-SEM image confirms the long range order and crack-free
structure of the high and low refractive index om-TiO, layers used to
generate the BS reflector. Although spin-coating conditions were
identical for each om-TiO, layer, the first layer deposited on the
FTO glass was thicker than the subsequently deposited om-TiO,
layer likely due to the different surface wetting properties of the
FTO glass and om-TiO, layers®.

The om-TiO, BS reflector deposited on FTO glass function as a
highly efficient back reflector as well as the dye adsorbable active
layer. This combination likely increases the beam path of solar irra-
diation within the photoanode due to reflection at each interface
between high and low-index layers, which we believe improves the
light harvesting efficiency of the photoanode. Compared to conven-
tional TiO, nanoparticle-based nanocrystalline (nc-TiO,) layers
(D20, Solaronix), the om-TiO, BS has a larger specific surface area
due to high porosity, which also enhances the amount of dye loading.
The surface area of the om-TiO, BS prepared with high (84.1 m*/g)
and low (75.3 m®/g) refractive index om-TiO, layers was larger than
that that of the photoanode prepared with nc-TiO, layers (56.1 m*/
g), as determined using N, adsorption-desorption measurements.
The om-TiO, BS with high porosity is expected to improve electron
transport and solid electrolyte infiltration, which eventually would
lead to lower charge recombination and enhanced interfacial prop-
erties in DSSCs.

Next, we characterized the photonic properties of the om-TiO, BS
photoanode. An om-TiO, BS with high uniformity and quality was
fabricated over a large area of at least 2 X 3 cm® without striations
and cracks, as shown in Figure 3(a). The photonic performance was
compared with that of a control cell based on commercial nanocrys-
talline TiO, nanoparticles (nc-TiO, cell). The thickness of two types
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Figure 3| (a) Photograph of the om-TiO, BS, and (b) reflectance spectra
obtained from the om-TiO, BSand nc-TiO, layer before dye adsorption
without electrolytes under frontal illumination.

of photoanode was maintained at approximately 1.2 pim, and at least
three cells were prepared and tested for comparison. Figure 3 (b)
shows the reflectance spectra of the nc-TiO, layer and om-TiO,
Bragg stack. The nc-TiO, layer showed low reflectance in the entire
visible wavelength region, which indicated that unabsorbed light
passed through the nc-TiO, layer. However, the om-TiO, BS exhib-
ited high reflectance in the entire visible wavelength region, which is
a direct consequence of the structure of the om-TiO, layers. As
expected from the Bragg condition (equation 1), the om-TiO, BS
has the Bragg reflectance peak around 480 ~ 520 nm, which overlaps
with one of the strong absorption peaks of ruthenium N719 dye****.
The maximum reflectance value of om-TiO, BS was 50% higher than
nc-TiO, layer when nine stacks of alternating high and low refractive
index om-TiO, layers were deposited. Based on these results, it is
expected that the beam path of the incident light is extended within
the om-TiO, BS photoanode, which is expected to improve the light
harvesting efficiency of DSSCs.

We tested the device performance of a solid PIL-based DSSC
fabricated with the om-TiO, BS as the photoanode and compared
its light harvesting efficiency to that of a DSSC generated with a nc-
TiO;, layer as its photoanode. Poly((1-(4-ethenylphenyl)methyl)-3-
butyl-imidazolium iodide) (PEBII)"*** was synthesized via free rad-
ical polymerization and utilized as the solid electrolyte without any
additives. The synthesized PEBII showed high mobility and ionic
conductivity (2.0 X 107* S/cm at 25°C) due to facile ion transport
through well-organized structures with nt-n stacking interactions and
low glass transition temperature (~—4°C). The IPCE measurements
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Figure 4| (a) IPCE curves and (b) Nyquist plots of a solid PIL-based
DSSCs fabricated with om-TiO, BS and nc-TiO; layers measured under an
illumination of 100 mW/cm®. (Inset is equivalent circuit. Details of
components are described in the text.).

were performed under normal incident light from the front side as a
function of wavelength from 400 nm to 800 nm. The IPCE efficiency
(n1pce) was determined for each device and is closely related to light
harvesting efficiency (1;,) through

Nipce = M Ninj Neol (6)

where 1,,; is electron injection efficiency and 7., is electron collec-
tion efficiency**. Figure 4 clearly shows that DSSCs based on the om-
TiO, BS have significantly higher IPCE over the entire spectrum
compared to the nc-TiO,-based DSSCs. The higher light harvesting
efficiency resulting from enhanced dye adsorption (high specific
surface area) and extended beam path length are the major contri-
butors to the enhanced IPCE in the DSSCs based on the om-TiO, BS.
In addition, the IPCE spectra in Figure 4a show that maximum
efficiency is located at approximately 520-540 nm, which corre-
sponds to the absorption peak of the N719 ruthenium dye. We also
believe that using highly interconnected om-TiO, BS layers with high
porosity and large pores will have positive effects on the electron
collection efficiency (77..;). Such enhancement will be discussed more
in depth in our analyses of recombination resistances (R...) and
electron lifetime (t,).

EIS measurements were carried out to demonstrate the effects of
om-TiO, BS on the performance of DSSCs. Figure 4b shows the EIS
Nyquist plots of the DSSCs with om-TiO, BS and nc-TiO, layers at

open circuit under one sun illumination. Internal/interfacial impe-
dances were determined by fitting experimental data with an equi-
valent circuit (inset image), which consists of an Ohmic series
resistance of the substrate (Rg, starting point of the first semicircle
in the EIS Nyquist plot), charge transport resistance at the Pt counter
electrode (Ry, first semicircle in the EIS Nyquist plot), charge transfer
resistance at the TiO, photoanode/dye/electrolyte (R,, second semi-
circle in the EIS Nyquist plot), Warburg diffusion in the electrolyte
(R3, third semicircle in the EIS Nyquist plot), and constant phase
element of capacitance corresponding to R; (CPE1) and R, (CPE2)*.
Here, we focused on the second semicircle of the plot to investigate
charge transfer characteristics at the TiO, photoanode/dye/electro-
lyte. R, values determined from the real component (Z,) of the
om-TiO, BS-based DSSC (16 Q) were less than 2/3 of nc-TiO,
layer-based DSSCs (25 ), as shown in Figure 4b. This result likely
is because the om-TiO, BS has high porosity, large pores, and suf-
ficient interconnectivity to allow pore-infiltration of solid electrolyte.
Complete pore filling facilitates efficient ion transport and dye regen-
eration. The EIS Nyquist result also implies that the incorporation of
an om-TiO, BS decreased charge transfer resistance at the TiO,
photoanode/dye/electrolyte, which improves the fill factor (FF)
value. The mechanism underlying the photovoltaic performance
improvement of the om-TiO, BS-based DSSCs was further investi-
gated by measuring the recombination resistance (Rye.) and electron
lifetime (t,,) of the devices as a function of bias voltage as shown in
Figure 5. The product of the recombination resistance and the elec-
tron transfer capacitance represents the electron lifetime (t,) of the
DSSC. Larger recombination resistance and longer electron lifetime
were obtained in the om-TiO, BS-based DSSCs, indicating sup-
pressed recombination process with more efficient electron transfer.
This result is attributed to the high porosity and large pores of the
om-TiO, BS layer, which was templated by the two PVC-g-POEM
graft copolymers. In short, the om-TiO, BS-based DSSC exhibited
efficient electron transport due to the suppression of charge recom-
bination, which in turn improves its V,. compared to the nc-TiO,
layer based cell*>**.

The photovoltaic performance of om-TiO, BS-based cells with
N719 dye and PEBII solid electrolyte was measured under a simu-
lated AM 1.5 G illumination intensity of 100 mW/cm?, as shown in
Figure 6. Table 1 summarizes photovoltaic parameters such as open-
circuit voltage (V,,.), short-circuit current density (J.), fill factor (FF),
light-to-electricity conversion efficiency (1), and amount of dye load-
ing. The Beer-Lambert law was used to determine the amount of
ruthenium dye (N719) chemisorbed onto different types of photo-
anodes”. As expected, a large enhancement was attained for J;. and
FF for the DSSC with om-TiO, BS compared to the commercial TiO,
nanocystal-based cell (nc-TiO, photoanode). The V,,, J,., FF, and 5
of the DSSC using a nc-TiO, photoanode were determined to be
0.83 V, 3.8 mA/cm?, 0.54, and 1.7%, respectively. In contrast, the
om-TiO, BS photoanode-based DSSC had a V,. of 0.84 V, ] of
8.2 mA/cm?, FF of 0.62, and 7 of 4.3% with a 1.2 pm photoanode
thickness. The V. was slightly improved for the om-TiO, BS photo-
anode-based DSSC, which is attributable to its well-organized inter-
connected structure. This structure results in a more effective
electron transport pathway and reduces the possibility of electron
trapping for charge recombination. The enhanced J;. for the om-
TiO, BS photoanode-based DSSC is attributed to improved light
harvesting efficiency derived from (1) increased light reflection
caused by a periodic Bragg stack structure and (2) better dye adsorp-
tion due to high specific surface area. As a result of both contribu-
tions, J,. was enhanced up to 115% compared to the control cell.
There was also an enhancement in FF for the om-TiO, BS photo-
anode-based DSSC, which resulted from the high porosity structure
of the photoanode. This structure allowed facile and sufficient pen-
etration of solid state electrolyte into TiO, nanopores without affect-
ing cell kinetics.
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Figure 5| (b) Diffusion coefficient (D,), (c) electron lifetime (t,), and
(d) electron diffusion length (L,,) of a solid PIL-based DSSCs assembled
with the om-TiO, BS and nc-TiO, layer measured by IMPS and IMVS as a
function of Jsc.

Further enhancements in photovoltaic performance were
achieved when the photoanode was prepared with 0.4 um om-
TiO, IF, 7 pm NC-TiO,, and 1.2 pm om-TiO, BS as the bottom,
middle and top layers, respectively. The om-TiO, IF/NC-TiO,/om-
TiO, BS photoanode gives the highest light-to-electricity conversion
efficiency of 7.5%, which is an increase of 341% compared to the 1.2-
pm-thick nc-TiO, (1.7%)-based DSSC and 74% compared to the
1.2 um-om-TiO, BS photoanode-based DSSC (4.3%). Also, we note
that a DSSC with only a 7-pum-thick nc-TiO, photoanode exhibited
an energy conversion efficiency of 3.5% (Figure S1, Table S1)**. The
obtained efficiency of 7.5% is even higher than those obtained from
the solid PIL-based DSSCs involving Bragg stacks with TiO, and
SiO, layers as summarized in Table S2****. The enhanced J value
obtained with om-TiO, IF/nc-TiO,/om-TiO, BS photoanode-based
DSSCs is attributed primarily to enhanced light harvesting by TiO,
films. The increased surface area of om-TiO, IF/nc-TiO,/om-TiO,
BS photoanode-based DSSCs allows more dye molecules to anchor
on the surface of TiO, films, leading to better optical absorbance. As
shown in Table 1, the amount of dye loading on TiO, films was
10.5 nmol/cm? for nc-TiO,, 18.3 nmol/cm? for om-TiO, BS, and
91.3 nmol/cm? for the om-TiO, IF/nc-TiO,/om-TiO, BS photoa-
node. The J,. of the om-TiO, IF/nc-TiO,/om-TiO, BS photoanode
structure provides approximately 40% enhancement compared to
the z highly reflective om-TiO, BS layer allows not only reflection
as well as scattering of the unabsorbed photons back into the cell but
also high dye loading (Figure S1, Table S1), resulting in a noticeable

N
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Figure 6 | Photocurrent density-voltage (J-V) curves of a solid PIL-based
DSSCs assembled with three kinds of thin TiO, photoanodes under
conditions of simulated AM 1.5 global solar radiation at 100 mW/cm?®.

improvement of efficiency. This results in an increase of the pho-
tovoltaic light harvesting performance without any adverse effects.

The effectiveness of the om-TiO, BS layer can be more clearly
demonstrated by characterizing the transmission properties of the
ssDSSCs assembled with 7 micron-thick nc-TiO, photoanode and
the PIL electrolyte (Figure S2). The spectrum clearly shows that
rather significant transmission (about 20%) exists between 480 and
520 nm, which is close to one of the absorption peaks of the N719
ruthenium-based dye. This result implies that more than 20% of light
is not absorbed by the 7 micron-thick nc-TiO, photoanode in the
target wavelength region and that the om-TiO, reflects unabsorbed
photons back to the photoanode. The use of Bragg stacks which have
reflection peaks around 480 ~ 520 nm have also been shown to
enhance the performance DSSCs by redirecting the unabsorbed
photons back to the photoanodes**'.

Conclusions

We proposed the use of the om-TiO, BS layer, composed of high and
low refractive index of om-TiO,, as a means to improve the not only
light harvesting efficiency but also electron transport and electrolyte
infiltration in solid-state DSSCs. The om-TiO, layers with different
refractive indices were prepared via a sol-gel process using graft
copolymers as templates. Inspired by their multifunctional structure,
the om-TiO, BS layer based DSSCs (1.2 um) with solid state elec-
trolyte demonstrate increased light reflection, improved dye loading,
reduced charge recombination, and decreased interfacial resistance
than DSSCs made with NC TiO, layer photoanodes, and conse-
quently high # of 4.3%, a 150% improvement compared to the NC
TiO, layer-based DSSCs. Moreover, the DSSCs based on the om-
TiO, IF/NC TiO,/om-TiO, BS heterostructured photoanode shows
an of 7.5% accompanyinga V,.0f0.83 V,aJ,0f16.5 mA/cm? and a
FF of 0.55, which is much higher than that of conventional nano-
crystaline TiO, photoanode (3.5%). This work clearly shows that the
BS based on om-TiO, layers is a very promising material which has
good potential for application in optical sensing, radiation shielding,
and energy field.

Methods

Materials. Poly(vinyl chloride) (PVC, M,, = 97,000 g mol ™', M,, = 55,000 g mol '),
poly(oxyethylene methacrylate) (POEM, poly(ethylene glycol) methyl ether
methacrylate, M,, = 475 g mol '), 1,1,4,7,10,10-hexamethyltriethylene tetramine
(HMTETA, 99%), copper(I) chloride (CuCl, 99%), titanium(IV) isopropoxide (TTIP,
97%), hydrogen chloride solution (HCI, 37 wt %), sodium hydroxide (NaOH),
1-butylimidazole, 4-chloromethylstyrene, lithium iodide (Lil), magnesium sulfate
(MgS0O,), 2,2"-azobisisobutyronitrile (AIBN), and chloroplatinic acid hexahydrate
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100 mW/cm? (AM 1.5)

Table 1 | Photovoltaic properties and dye loading values of a solid PlL-based DSSCs fabricated with three kinds of photoanodes at

Thickness of the TiO, photoanode layer was approximately 1.2 pm.

Photoanode Voe (V) Jie (MA/cm?) FF 1 (%) Dye loading (nmol/cm?)
nc-TiO,® 0.83 3.8 0.54 1.7 10.5
om-TiO, BS® 0.84 8.2 0.62 4.3 18.3
om-TiO5 IF/ncTiO5/om-TiO, BSP 0.83 16.5 0.55 7.5 91.3

Heterostructured photoanode consisted of 400-nm-thick om-TiO IF, 7-um-thick nc-TiO2, and 1.2-um-+thick om-TiO, BS as the bottom, middle, and top layers, respectively.

(H,PtClg) were purchased from Sigma-Aldrich (St. Louis, MO). Tetrahydrofuran
(THF), N-methyl pyrrolidone (NMP), methanol, 2-propanol, chloroform,
acetonitrile, diethylether, and ethyl acetate were purchased from J.T. Baker.
Deionized water (>18 MQ-m) was obtained with a water purification system made
by the Millipore Corporation. Ruthenium dye (535-bisTBA, N719) and TiO,
colloidal paste (Ti-Nanoxide, D20) were purchased from Solaronix, Switzerland.
Fluorine-doped tin oxide (FTO) conducting glass substrate (TECS, 8 ohms/sq,

2.3 mm thick) was purchased from Pilkington, France. The purities of chemicals
employed in this work were higher than 99%, and all chemicals were utilized without
additional purification.

Synthesis of the two kinds of graft copolymer templates (PVC-g-POEM). The two
kinds of graft copolymer templates were synthesized via an atomic transfer radical
polymerization (ATRP) process according to our previously reported method*. In
brief, PVC (6 g) was dissolved in 50 mL of NMP by stirring at 90°C for 4 h. After
cooling the solution to room temperature, various amounts (9 g and 36 g) of POEM,
0.1 g of CuCl, and 0.23 mL of HMTETA were added to the solution. The green
mixtures were stirred until homogeneous and then purged with nitrogen for 30 min.
The reaction was carried out at 90°C for 18 h. After polymerization, resultant
mixtures were diluted with THF. After passing the solutions through a column with
activated Al,O5 to remove the catalyst, the solutions were precipitated into methanol.
The graft copolymer templates were purified by dissolving THF and reprecipitating
into methanol three times. Then, the graft copolymer templates were dried in a
vacuum oven overnight at room temperature. By using different weight ratios of
PVC:POEM, graft copolymer templates for different refractive index were obtained.

Preparation of the TiO, sol-gel solution using two kinds of graft copolymer
templates. The TiO, sol-gel solution based on graft copolymer template was prepared
via a previously reported simple sol-gel process using titanium isopropoxide (TTIP),
THEF, HCl solution, and deionized water at room temperature for 3 hours*. As a brief
synthetic procedure, 0.05 g of two kinds of PVC-g-POEM graft copolymer templates
(weight ratios of PVC: POEM were 1:6 and 1: 1.5, referred to as type 1 and type 2)
were first dissolved in 3 ml of THF. Separately, a titanium precursor containing sol
was obtained by slowly adding concentrated HCI (0.15 ml, 37 wt. %) to TTIP

(0.3 mL) under vigorous stirring. An additional 0.15 ml of DI water was slowly added
to the TTIP solution. In this case, the volume ratio of [TTIP] : [HCI] : [H,O] was
2:1:1. After aging for 15 min, the TTIP solution was slowly added to the PVC-g-
POEM graft copolymer solution under stirring. This solution was subsequently aged
under mild stirring at room temperature for 3 hours to prepare two kinds of om-TiO,
layer structures.

Fabrication of om-TiO, BS layer based on photoanode. In a previous report, we
showed that SiO, colloidal suspensions and TiO, sol-gel solution form a uniform and
transparent om-TiO, BS layer by the spin coating method®. In the current
experiment, two types of materials (high and low refractive index TiO, sol-gel
solution) for om-TiO, BS were prepared separately. Before fabricating an om-TiO,
BS layer, the FTO glasses were ultrasonically cleaned sequentially in isopropanol and
chloroform for 30 min each and then dried in air. The om-TiO, BS multilayer
structure was constructed by alternate deposition of a high refractive index om-TiO,
structure based on type 1 (PVC-g-POEM graft copolymer with a high grafting degree)
and low refractive index om-TiO, structure based on type 2 (PVC-g-POEM graft
copolymer with a low grafting degree). These were deposited on as-prepared clean
FTO glasses by spin coating at 1500 rpm. Between each layer deposition, heat
treatment was performed in a furnace at 500°C for 1 hour to remove water bonded to
the TiO, nanoparticle surfaces and mechanically stabilize the entire structure. The
sequence of om-TiO, BS deposition was usually high refractive index om-TiO; layer,
low refractive om-TiO; layer, high refractive index om-TiO, layer, and so on. Finally,
om-TiO, BS was slowly heated at 450°C for 30 min under air conditions to
decompose the graft copolymer templates and ensure interconnection between TiO,
nanoparticles.

Dye adsorption of photoanode. To adsorb the dye molecules, the prepared
photoelectrode based on om-TiO, BS layers were immersed into 10~* M ruthenium
dye (N719) solution in ethanol, and sensitized for one night at 50°C in a dark room.
Afterward, this photoanode was rinsed with absolute ethanol in order to remove
physisorbed ruthenium dye molecules.

Preparation of counter electrode. Transparent glasses coated with FTO glass were
used for counter electrodes. The glasses were cleaned by sonication in isopropanol
and then in chloroform. The counter electrodes were fabricated by thermal depositing
H,PtClg solution (4 wt% in isopropanol) onto the conductive FTO glass followed by
thermal sintering at 450°C for 30 min and cooling to 30°C over 8 h.

DSSC assembly using om-TiO, BS layers. Our previous method was used to
fabricate solid PIL-based DSSCs with poly(1-((4 ethenylphenyl)methyl)-3-butyl-
imidazolium iodide) (PEBII)'*****. The solid electrolyte solution deeply infiltrated
into the photoanode and covered the counter electrode according to a previously
reported procedure™. In brief, dilute PEBII electrolyte solution (2 wt. %) was first cast
onto a photoanode based on om-TiO, BS and slowly evaporated for facile infiltration
of electrolytes through the DSSCs. A dense PEBII electrolyte solution (10 wt. %) was
then cast onto the photoanode to reduce the time required to evaporate solvent while
preventing the formation of cavities between the two electrodes during solvent
evaporation. Next, cells were placed in a drying oven at 40°C for 24 h to ensure
complete solvent evaporation. The DSSCs were placed in a vacuum oven for one day
to permit complete evaporation of the solvent and then sealed with an epoxy resin.

Materials characterization. Ellipsometric data (Thickness and refractive index) were
taken on a spectroscopic ellipsometer (Alpha-SE) and the instrument software
(Complete EASE software package, J.A. Woollam) was used to analyze the data. Field
emission-scanning electron microscope (SUPRA 55VP, Carl Zeiss) was used to
investigate the surface morphology and cross-section of the om-TiO, BS layers. The
diffused reflectance spectra and absorption spectra were measured on a UV-visible
spectrophotometer (Hewlett- Packard, Hayward, CF) to analyse the diffuse
reflectance of films and dye amounts detached from films, respectively.

Solar cell characterization. The incident photo to current conversion efficiency
(IPCE) spectra were measured with a spectral resolution of 5 nm using a 300 W
xenon lamp and a monochromator equipped with order sorting filters (K3100). The
IPCE value was calculated using the following equation 3.

IPCE=hel/Jp 3)

where h and ¢ represent Planck’s constant and the speed of light in a vacuum,
respectively. I is the photocurrent density (mA/cm?). 4 and P are the wavelength (nm)
and the intensity (mA/cm?) of the incident monochromatic light, respectively. The
EIS data were measured with a compactstat electrochemistry analyzer (IVIUM
Technologies), with a frequency range from 0.01 Hz to 0.1 MHz and a potential
modulation of 0.2 V under AM 1.5 (100 mW/cm?) light illumination. Current—
voltage (I- V) characteristics of DSSCs were measured under an illumination (AM1.5,
1 Sun) using a Keithley Model 2400 (1000 W xenon lamp, Oriel, 91193). A typical cell
had an active area of ca. 0.16 cm” and was masked using an aperture of the same area
during the I-V measurements. A correction for the spectral mismatch between the
simulated light and natural sunlight was made against a certified reference Si solar cell
(Fraunhofer Institute for Solar Energy System, Mono-Si + KG filter, Certificate No.
C-ISE269) for a sunlight intensity of one (100 mW/cm?). This calibration was verified
with an NREL-calibrated Si solar cell (PV Measurements Inc.). The DSSCs
temperature was maintained at 25°C throughout the measurement time using peltier
cooling apparatus. The photoelectrochemical performances were calculated by the
following equations.

FF= Vmax']mux/voc']sc (4)

7(%) = Vinax Jnax 100/ Py = Vo Jo" FF-100/ Py, (5)

where J is a short-circuit current density (mA/cm?), V,, is an open-circuit voltage
(V), P;, is an incident light power, FF is the fill factor, 7 is an overall energy conversion
efficiency and J,,,o, (mA/cm?®) and V,,,,, (V) are the current density and voltage in the
J-V curve, respectively, at the point of maximum power output.
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