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Dye-sensitised solar cells (DSCs) are a promising substitute for conventional silicon solar cells. A scattering
layer of submicrometer pores or particles has been widely introduced to achieve a high light-harvesting
efficiency. However, many such fabrication processes require high temperatures and multiple steps to
prepare the scattering layer. Here, we have developed an in-situ fabrication process for a macroporous (MP)
scattering film. The macropores were formed inside the assembled cell via the dissolution of polystyrene
(PS) spheres from a PS/TiO, composite layer caused by exposure to an electrolyte solution. Specifically, the
in-situ MP scattering layer decreased the transmittance of the electrode film from 58% to below 1%. The
DSCs using these MP scattering layers exhibited an increase in the efficiency of 22%. Moreover, the
dissolution of the PS improved the cell stability because of the gelation of the electrolyte solution; the
efficiency of the DSCs was maintained at 80% of its initial value after ageing for 20 days, whereas the
efficiency of the bare-electrode DSCs was found to have decreased by 50%. We believe that in-situ porous
scattering layers show great promise for next-generation flexible DSCs. Moreover, this approach can be
extended to various applications that utilize porous film/liquid systems.

ye-sensitised solar cells (DSCs) are a promising substitute for conventional silicon solar cells because of

their relatively high photon-to-electric efficiency and their low fabrication and materials costs™. A

nanoparticlulate TiO, electrode film whose surface is functionalised by sensitising molecules (e.g., Ru-
based dyes, organic dyes or recently perovskites) to permit the absorption of a wide range of sunlight wavelengths
has been commonly used as a photon-absorbing electrode'*"*. Upon exposure to light, the sensitisers absorb the
light and release electrons into the TiO, electrode film*. Thus, a light-management strategy that maximises the
optical density of the sensitized electrode is required to achieve high conversion efficiency. A simple approach is to
utilise a thick electrode film; in this manner, the volumetric density of the sensitising dye molecules can be
increased accordingly. However, this method is limited because the photogenerated electrons can only diffuse
through a finite length due to the electron-hole (e.g., electrolyte ion) recombination®. The development of
sensitising molecules that possess a large extinction coefficient and the capability of absorbing a wide range of
wavelengths of light has been pursued as an alternative method. Recently, remarkable efficiency enhancement has
been achieved using inorganic-organic hybrid perovskite structures that possess molar extinction coefficients that
are approximately 10 times larger than those of the conventionally used Ru-based dye structures®*®.

On the other hand, there is an indirect but facile and efficient approach to enhancing the efficiency by
introducing optical scattering; the scattering enhances the optical density by elongating the optical path of the
light inside the electrode film, thereby increasing the light absorption by the sensitised electrode film”>'°. The size
of the particles that comprise the conventional TiO, electrode film is approximately 20 nm; these particles induce
only a weak Rayleigh scattering. Therefore, submicrometer particles or pores where the size is comparable to the
wavelength of light are introduced to induce a strong Mie scattering'*'®. It should be noted that most reported
DSCs with an efficiency of greater than 10% have employed a submicrometer-sized particulate (PT) TiO,
scattering layer on top of the electrode film''~**. Previously, the PT scattering layer have been formed by coating
the TiO, particles either on top of the conventional electrode film or embedded in the electrode film'*"*. The
submicrometer pores have been produced via the selective removal of polymer spheres that had been incorpo-
rated into the electrode®®?'. Many efforts have been made to optimise scatterer morphologies as well as the
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Figure 1 | In-situ fabrication of a macroporous scattering layer.

position of the scattering layer over the electrode film'®'¢?%
However, many of the fabrication processes for DSCs of this type
require multiple steps to introduce the scattering layer, particularly,
high temperature treatment.

In this paper, we demonstrate a novel approach to produce a
submicrometer porous scattering layer for DSCs. This submicrom-
eter layer was constructed using polymer sphere templates as similar
to the previous approach®>*!, but the removal of polymer spheres was
obtained inside the assembled DSCs. Thus, this approach allows low-
temperature and in-situ fabrication of the porous scattering layer.
Specifically, a mixed layer of submicrometer polystyrene spheres and
TiO, nanoparticles was coated onto a conventional electrode film,
and the in-situ dissolution of the polymer spheres caused by the
introduction of an electrolyte solution inside the cell resulted in
submicrometer cavities in the TiO, matrix. The macroporous scat-
tering layer enhanced the photocurrent density by 19% and the effi-
ciency by 22%, which was comparable to the performance of
commercially available PT layer, although the fabrication was
achieved at a low temperature and inside the cell. It should be also
noted that this approach not only allows the in-situ fabrication of the
porous layer but also promotes the enhancement of the cell stability
through the formation of a physical gel electrolyte via the dissolution
of the polymer spheres. The long-term stability of the DSCs was also
enhanced by 60% in comparison with liquid-electrolyte DSCs
through 20 days of ageing. This in-situ fabrication of a macroporous
layer is facile and cost effective, and it is feasible for use in applica-
tions of next-generation DSCs, for example, flexible DSCs on plastic
substrates. Moreover, this approach can be extended to various
applications that utilize porous film/liquid systems, including photo-
electrochemical devices, energy storage devices, microfluidics, and
separation.

Results

In-situ formation of a macroporous scattering layer inside the
assembled cell. Figure 1 shows the procedure for the in-situ for-
mation of the macroporous (MP) scattering layer for DSCs. The
polystyrene (PS)/TiO, nanoparticle composite layer was coated
onto the top of the conventional nanoparticle (NP) TiO, electrode

Dissolution of
PS sphere

, &

P gelation of
# * electrolyte solution

Macroporous layer

film. Subsequently, these layers were sensitised with a conventional
ruthenium-based dye (N719)*. The DSC was assembled by com-
bining the dye-sensitised film with the counter electrode and
subsequently injecting an electrolyte solution. At this time, the PS
particles incorporated in the PS/TiO, layer were dissolved by the
solvent of the electrolyte solution, which resulted in the creation of
submicrometer macropores. Previously, the high-temperature pro-
cess is required for the formation of a porous layer, whereby pores are
produced by the removal of polymer particles that had been incor-
porated in the electrode layer. In contrast, our in-situ fabrication
process, which self-produces the porous scattering layer inside the
cell after cell assembly, allows low-temperature as well as one-step
fabrication of the scattering layer.

Cross-sectional SEM images of the NP TiO, film (5 pm in thick-
ness) and the PS/TiO, composite layer on the NP film are shown in
Figure 2a and 2b, respectively. The PS/TiO, composite layer of 5 pm
in thickness was formed by coating a colloidal mixture of TiO, part-
icles and PS spheres (850 nm in diameter). Here, the TiO, colloids
were prepared by mixing commercial anatase TiO, particles (P25,
Degussa, average of 20 nm in diameter) and TiO, nanoparticles
(average of 5 nm in diameter) that were synthesised through a sol-
gel reaction (see Figure S1). The addition of TiO, nanoparticles was
required to enhance the electron-transport properties of the TiO,
scattering layer, which was prepared at low temperature®. Figure 2¢
shows a cross-sectional SEM image of the PS/TiO, composite film
deposited on the NP TiO, film after the DSC assembly. Notably, the
PS spheres were fully dissolved, which resulted in macropores with
an approximate diameter of 800 nm in the TiO, film. Here, the real-
time PS dissolution caused by the electrolyte solution was recorded
by utilising PS spheres dyed with chlorophyll-a*. Figure 3 shows
snapshot fluorescence images of the PS/TiO, composite layer after
exposure to the electrolyte solvent, which was an acetonitrile/valer-
onitrile solution (85 : 15, v/v). The chlorophyll-a-dyed PS displayed a
red colour upon UV excitation. Figure 3 reveals that after 60 s, the
dissolution of PS spheres had begun, and it was completed at
approximately 300 s. Here, the fraction of the PS mass to the solvent
volume was estimated to be 8 X 107> mg/ml. We experimentally
measured the solubility of the synthesised PS particles to be approxi-

Figure 2 | Cross-sectional SEM images of (a) the conventional NP TiO, film, (b) the PS/TiO, composite layer on the NP film and (c) the MP TiO, film.
The scale bars are 5 pm. The insets in figure a and figure c are photographs of each film on an FTO substrate (the area of the substrate is 2 cm*2 cm).
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Figure 3 | Real-time fluorescence images of PS/TiO, composite layer after its exposure to the electrolyte solvent for the indicated duration.

mately 0.01 mg/ml in the acetonitrile/valeronitrile solution. Mean-
while, the pore fraction could be directly controlled by the PS
concentration in the PS/TiO, colloid mixture. Figure S2 shows sur-
face SEM images of PS-dissolved TiO, films with different PS frac-
tions. The areal fraction of the macropores on the surface was
increased by increasing the PS content.

Optical properties of the macroporous scattering layer. In com-
parison with conventional TiO, electrode film (the inset image of
Figure 2a), the addition of PS-dissolved TiO, makes the film more
translucent because of the increased light scattering, as seen in the
inset image of Figure 2c. A UV-Visible spectrometer was used to
evaluate the light-scattering characteristics of the MP layer. First,
we compared the transmittance and the diffuse reflectance spectra
of the MP layers fabricated with low and high PS concentrations, as
shown in Figure 4a and 4b, respectively. The diffuse reflectance and
transmittance of the TiO, layer prepared without PS addition (i.e.,
non-porous) on the NP TiO, film were also measured for compari-
son. These layers were soaked with the acetonitrile/valeronitrile
mixture to simulate the scattering behaviour inside the cell. While
the non-porous/NP film exhibited a transmittance of 60% over the
wavelength range of 400-700 nm, the low- and high-PS-dissolved
MP films exhibited average transmittances of 1.5% and 0.5%, re-
spectively. Accordingly, the diffuse reflectance of the PS-dissolved
MP films increased with increasing macropore fraction. The low-
and high-PS-dissolved MP films exhibited average diffuse
reflectances of 25% and 30%, respectively, while the non-porous/
NP film displayed a reflectance of 10%. Thus, the low transmit-
tance of these MP films is attributed to an increase in scattering.
Meanwhile, considering the fact that the visible-light absorption by
the TiO, film and the electrolyte solution was weak, the diffuse
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reflectance of these films was relatively low, although little
transmitted light was measured. Because the diffuse reflectance
incorporates both the backward scattering by the film and the
Fresnel reflection at the air/film interface, the difference between
the diffuse reflectance and the normal transmittance yields the
forward scattering. Thus, the relatively low reflectance is attributed
to the forward scattering. The Mie scattering has a characteristic of
strong forward scattering'*.

Secondly, the diffuse reflectance and transmittance of the PS-
dissolved MP layers are also compared with those of a scattering
layer prepared using commercially available particulates (PT scatter-
ing layer) in Figure 4a and 4b. The PT layer was composed of TiO,
particles with an average diameter of 400 nm, and its thickness was
controlled to be similar to that of the MP layer, as shown in Figure S3.
In Figure 4a, the transmittance of the MP scattering layer averaged
0.5-1.5% over the measured wavelength range, and the PT scattering
layer exhibited 0.3% transmittance. Figure 4b shows that the MP and
the PT scattering layer averaged 30% and 35% reflectances over the
measured wavelength range, respectively. These results may reveal
that the MP layer possesses comparable scattering properties to the
PT scattering layer. The low transmittance of these films in compar-
ison with their reflectance was likewise attributed to forward scatter-
ing as mentioned above.

Scattering effect of the macroporous layer on the DSC efficiency.
We characterised the effect of the MP scattering layer on the DSC
efficiency and compared this effect to that of the PT scattering layer.
First, the current-voltage (J-V) characteristics of the DSCs with or
without the incorporation of the MP scattering layer on the
conventional NP electrode are compared in Figure 5a. Table 1 lists
the photovoltaic parameters of the short-circuit photocurrent
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Figure 4| (a), (b) Normal transmittance and diffuse reflectance of the non-porous/NP film, the MP layer with a low PS concentration and the
macroporous layer with a high PS concentration. The normal transmittance and diffuse reflectance of the conventional particulate TiO, film is also

shown.
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Figure 5| (a) J-V characteristics of DSCs assembled using various electrode films. (b) The normalised J,. measured at specific wavelengths for the MP/
NP-electrode DSC. The normalisation was performed based upon the J;. of the bare-NP-electrode DSC.

density (J,.), the open-circuit voltage (V,,.), the fill factor (FF) from
the J-V curve and the calculated photon-to-electric conversion
efficiency. First of all, comparison of the J-V characteristics of the
MP/NP electrode and the bare NP electrode demonstrates that the
addition of the MP layer enhanced J,. by 19%, from 8.97 mA/cm? to
10.67 mA/cm?. This increase in J. can be attributed to the additional
specific area and the scattering-enhanced light absorption
contributed by the MP layer. Meanwhile, a nonporous layer
prepared without PS incorporation was also prepared on an NP
electrode, and their J-V characteristics are presented in Figure 5
and Table 1; the addition of this nonporous layer, which only
increased the specific area of the electrode, increased J,. by 4%.
Thus, the additional 15% increase in ], observed for the MP layer
can be attributed to the enhancement of the light absorption caused
by the scattering of the MP layer. Figure 5b shows the ], values
measured at specific wavelengths of light for the MP/NP-electrode
DSCs normalised to the J,. of the bare-NP-electrode DSC. In
particular, a considerable enhancement was observed for the MP/
NP-electrode cell in the wavelength range of 550-700 nm. This result
confirms the J;. enhancement attributable to both the light scattering
of the MP layer and the increase in the specific area. Previously,
scattering layers have effectively enhanced the light-harvesting
efficiency for near-IR light wavelengths, where N719 molecules
possess a low extinction coefficient'**.

Second, we evaluated the performance of the MP layer by com-
paring the characteristics of MP/NP-electrode and PT/NP-electrode
DSCs. Because the scattering layer is a part of the electrode, the
morphological characteristics (e.g., specific area) and the electron-
transport properties should also be considered in addition to the
scattering efficiency'’. A large specific area is preferred for the attain-
ment of higher sensitiser adsorptions. When the specific areas of the
MP and PT TiO, films were compared by measuring the dye adsorp-
tion of these films, the MP layer was found to possess twice the dye-
adsorption capability, or specific area (77 pumol/cm?®), of the PT layer
(40 pmol/cm?). The high specific area of the MP layer can be attrib-
uted to the fact that the macroporous matrix was composed of TiO,
particle assemblies with mesopores around the particles, which is
similar to the composition of the NP TiO, layer.

The photovoltaic performance of the MP/NP-electrode DSC is
compared with the PT/NP-electrode DSC in Figure 5a and
Table 1. In the case of the PT layer, J,. was enhanced by 34%. This
enhancement was approximately 15% greater than the J;. enhance-
ment caused by the MP scattering layer. Considering that the MP
layer possessed twice specific area than the PT layer, this result was

unexpected. This may be attributed to the fact that the performance
of the MP layer was obtained without the high-temperature treat-
ment that was conducted to obtain the PT layer*. The heat treatment
reduces defective sites of the TiO, particles as well as purifies the PT
layer, which enhances the charge-transport properties and thereby
improves the /7.

Meanwhile, the presence of PS in the electrolyte solution may have
caused a loss of ] in the case of MP/NP-electrode DSC. Here, NP-
electrode DSC was prepared with an electrolyte solution in which PS
had been dissolved prior to its addition to the cell, and the perform-
ance of this cell was compared with that of the NP-electrode DSC
without PS-dissolved electrolyte as also shown in Figure 5a and
Table 1. It was observed that the J;. value was decreased by 11% in
the dissolved-PS-containing cell, which was attributed to the PS
dissolution. Thus, it may be concluded that the MP layer, when
considering the loss of ] by the dissolved PS, demonstrated a com-
parable J,. enhancement to that of the conventional PT layer.

Effect of PS dissolution in the electrolyte solution on the
photovoltaic parameters. The dissolution of PS in the electrolyte
solution may result in the PS forming a physical gel with the solvent
molecules®®*. A polymer-gelled electrolyte can be used to enhance
the long-term stability of the DSCs*~*'. In the case of liquid-
electrolyte DSCs, the evaporation of the liquid solvent is difficult to
prevent, and the loss of the solvent results in a loss of the photovoltaic
parameters, increasing the operation time.

First, the effect of PS dissolution on the photovoltaic parameters
was analysed via electrochemical impedance spectroscopy (EIS)***.
We compared the EIS spectra of the NP-electrode DSCs with and
without the MP layer, as shown in Figure 6. The DSC that contained
the NP electrode with the PS-dissolved electrolyte was also investi-
gated to confirm the effects of PS dissolution. The interfacial resis-
tances were obtained by fitting the impedances using the equivalent

Table 1 | The photovoltaic parameters and calculated efficiencies
of DSCs assembled using various electrode films

Sample Jie [mA/cm?] V. [V] FF Eff. [%]
NP 8.97 0.75 0.70 4.71
MP/NP 10.67 0.75 0.72 576
Non-porous/NP 9.35 0.73 0.70 4.78
PT/NP 12.00 0.75 0.70 6.30
NP-PS electrolyte 8.10 0.76 0.69 4.25
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Figure 6 | Nyquist plot of the EIS measurements for DSCs assembled
using various electrode films. The solid lines indicate the fitting results
obtained for the equivalent circuit R-R/CPE-R/CPE.

circuit of R;-R./CPE-R,/CPE; the resistances R;, R, and R, are
related to the electrochemical reactions at the Pt/electrolyte inter-
faces, the electrochemical reactions at the sensitised TiO,/electrolyte
interfaces and the diffusion of I” in the electrolytes, respectively, and
they are listed in Table 2°**. In comparison with the bare-NP-elec-
trode DSC, the MP/NP-electrode DSC displayed an increase in R,
and a decrease in R,,. A similar change in these resistances was also
observed in the NP-electrode cell with the PS-dissolved electrolyte.
Thus, the dissolution of PS into the electrolyte solution decreases the
diffusivity of electrolyte ion and increases the recombination reac-
tion. It is reasonable to conclude that the gelation of the electrolyte by
the PS increases the solution’s viscosity and thereby decreases the ion
diffusivity, and simultaneously, the slow diffusion of I~ ions induces
a higher rate of recombination reactions***. Meanwhile, the dissolu-
tion of PS in the electrolyte increased the value of R;, and a similar
increase was also observed in the NP electrode with the PS-dissolved
electrolyte. The PS dissolution may have led to polymer adsorption
on the counter electrode, which would increase the resistance.

Finally, the relative stability of the MP/NP-electrode DSC was
evaluated; the photovoltaic parameters of the MP/NP- and bare-
NP-electrode DSCs were recorded over time, as shown in Figure 7.
It is notable that among the photovoltaic parameters, the ] of the
liquid-electrolyte cell decreased considerably over time, whereas the
NP/MP-electrode cell maintained its J,.. The V,. and FF values of
both DSCs remained relatively stable. The J,. of the NP-electrode cell
with the PS-dissolved electrolyte was also maintained. These results
support the hypothesis of the effective physical gelation of the dis-
solved PS and the liquid electrolyte as mentioned above. It should be
noted that the NP/MP cell possessed superior stability in efficiency;
after 20 days of ageing, 80% of the initial efficiency was maintained,
whereas the liquid-electrolyte DSC maintained only 50% of its initial
efficiency.

Discussion

We have developed an in-situ and low-temperature process for the
dissolution of polystyrene (PS) spheres inside an assembled cell,
which creates a porous scattering layer and simultaneously induces
the gelation of the electrolyte solution, enhancing the light-
harvesting efficiency and the stability of the DSC. We directly
observed in-situ dissolution via florescence imaging. The transmit-
tance and diffuse reflectance measurements indicated the occurrence
of Mie scattering caused by the macroporous scattering layer; the
macroporous TiO, scattering layer possessed comparable scattering

Table 2 | The interfacial resistances of DSCs assembled using vari-
ous electrode films

Sample R; R Ry
NP 11.2 39.1 3.0
MP/NP 14.3 28.5 3.7
NP-PS electrolyte 14.2 35.2 3.9

efficiency to that of a conventional particulate scattering layer. Upon
their application to DSCs, the macroporous scattering layers
enhanced the photocurrent density of the DSCs by 19%, and the
photon-to-electric conversion efficiency increased accordingly. It
should be noted that this improvement was comparable to the
improvement that has been reported in previous results, although
our macroporous film was fabricated in-situ and using a low-tem-
perature process. The dissolution of PS in the liquid electrolyte
induced physical gelation, which enhanced the long-term stability
of the DSCs. The long-term stability was enhanced by 60% with
respect to liquid-electrolyte DSCs after duration of 20 days.
Moreover, this in-site dissolution-induced gelation has the advant-
age of overcoming the difficulty of infiltrating the polymer gel elec-
trolyte into the porous electrode. Further improvements in the
macroporous morphologies, including the pore size and the pore
density, as well as in the charge-transport properties of the TiO,
matrix are expected to allow the development of a highly efficient
low-temperature scattering layer. We believe this in-situ fabrication
of a macroporous layer will prove advantageous for application to
flexible-substrate DSCs, for which low-temperature processing is of
critical importance. Moreover, this approach can be extended to
various applications that utilize porous film/liquid systems, includ-
ing photoelectrochemical devices (e.g. photocatalysts and water-
splitting devices), various energy storage devices (e.g. supercapaci-
tors), microfluidics, and separation.

Methods

Preparation of PS-dispersed TiO, colloid mixture and formation of PS/TiO,
layer. A PS/TiO, colloid mixture was prepared by mixing polystyrene spheres,
commercially available TiO, particles (P25, average diameter = 25 nm, Degussa) and
synthesised TiO, nanoparticles with a volume ratio of 1:1:1-3:1:1. The
monodispersed PS particles were synthesised via dispersion polymerisation using
styrene (1 M in ethanol, Aldrich) as a monomer, 2,2’ -azobis(2-methylbutyronitrile)
as an initiator (1 wt% of monomer, Aldrich) and poly(N-vinylpyrrolidone) (10 g/L,
Mw = 49,000, Junsei Chemicals Co.) as a stabiliser. The PS colloids were purified by
washing with ethanol and were redispersed in ethanol at a concentration of 15 wt%.
Meanwhile, TiO, nanoparticles were synthesised via a sol-gel reaction with a titanium
(IV) isopropoxide precursor (TTIP, 97%, Aldrich). Briefly, 0.5 M TTIP was diluted in
isopropanol (DAEJUNG) and added drop-wise into a 5%-acetic-acid/water solution
for 12 hrs. Colloidal TiO, nanoparticles with an average diameter of 5 nm were
obtained at a concentration of approximately 15 wt%. The commercial TiO, particles
were dispersed in ethanol at a concentration of 15 wt%. The PS/TiO, colloid mixture
was doctor-bladed onto the substrate and subsequently baked at 100°C for 1 hr.

Assembly of dye-sensitised solar cells. The TiO, film was cast onto the fluorine-
doped SnO, (FTO) substrate and was sensitised by immersion in a dye solution,
0.5 mM N719 dye (Dyesol) in anhydrous ethyl alcohol (99.9%, Aldrich), for 40 hrs.
The counter electrode was prepared by coating the FTO substrate with a 0.7 mM
H,PtClg solution in anhydrous ethanol. The dye-sensitised TiO, electrode, with an
active area of 13-15 mm?, was assembled with the counter electrode, and the gap
between the two electrodes was maintained using a 60-pum-thick polymer resin film
(Surlyn, Dupont). Finally, the cell was filled with the redox electrolyte solution; the
electrolyte solution was prepared by mixing 0.7 M 1-butyl-3-methylimidazolium
iodide, 0.03 M iodine, 0.1 M guanidinium thiocyanate and 0.5 M tert-butylpyridine
in a solution of acetonitrile and valeronitrile (85 : 15 v/v).

Characterisation. The surface/cross-section morphologies were measured via SEM
(Hitachi). The fluorescence images were collected using a UV light source (365 nm,
Vilber Lourmat) and a 500-nm long-pass filter (Thorlabs) with a digital camera. The
transmission spectra were measured using a UV-Vis spectrometer (JASCO V550),
and the diffuse reflectance was measured using the same spectrometer with an
integrating sphere. The photocurrent and voltage of the DSCs were measured using a
SourceMeter (Keithley Instruments) under simulated solar light that was produced by
2150 W Xelamp (Oriel) and AM 1.5 G filters. The intensity of the lamp was adjusted
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Figure 7 | Normalised photovoltaic parameters obtained during the long-term storage of DSCs assembled using various electrode films.

using a Si reference cell (BS-520, Bunko-Keiki) to a power density of 100 mW/cm?®.
The impedance was measured using an impedance analyser (Versastat, AMETEK).
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