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ABSTRACT: Recently, the synthesis of fine TiO, paste with organic-free
binder emerged as an indispensable technique for plastic photovoltaics due to
the low temperature processing requirement. In this study, pure anatase TiO,
nanoparticles and organic-free TiO,-sol were successfully synthesized
individually in organic-free solution. By mixing the pure anatase TiO, with
the newly developed TiO,-sol binder, mechanically robust and well-
interconnected TiO, films were prepared via UV-irradiation at low
temperature for applications in plastic dye-sensitized solar cells (p-DSSCs).
The structural, electrical, and photovoltaic properties of the films as well as the
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prepared anatase TiO, paste (A-TiO,) exhibits much smaller charge transport
resistance and lower electron recombination rate than the P25 film, while the introduction of TiO,-sol into the paste can further
remarkably decrease the resistance of the produced film (AS-TiO,). The p-DSSCs employing AS-TiO, photoanode yield a high
efficiency up to 7.51%, which is 86% higher than the P2S reference cells and also 31% higher than the A-TiO, cell. As a proof of
concept, the newly developed AS-TiO, paste was also applied to low temperature processed perovskite solar cells (PSCs), and a

promising high efficiency up to 9.95% was achieved.
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1. INTRODUCTION

Owing to the increasingly severe energy-shortage and environ-
mental problems, photovoltaic technology has attracted a great
deal of attention. Among various kinds of photovoltaics, dye-
sensitized solar cells (DSSCs) and perovskite solar cells (PSCs)
have demonstrated their potentials as promising alternatives to
silicon based solar cells, because of their low cost, relatively high
efficiency, and simple fabrication processes.' ™ Till now, high
efficiency up to 12.3% and 19.3% has been achieved for the
transparent conductive oxide (TCO) coated glass based rigid
DSSCs and PSCs, respectively.”> Though the flexible DSSCs
and PSCs, which are fabricated on flexible substrates, exhibit
relatively lower efficiency than the rigid ones, intensive research
has been focused on them recently, since they offer some
significant advantages over the conventional rigid ones.”~"” For
example, the flexible solar cells are normally lightweight, are
easily portable, and can be installed quickly even on nonflat
surfaces, expanding the application range significantly."'
Besides, the plastic devices are usually prepared at low
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temperature, which not only reduces the production cost
significantly but also enables a roll-to-roll mass production."’
Fine TiO, films for both DSSCs and PSCs are usually
deposited on TCO glass by a high temperature sintering
procedure employing organic binder contained pastes. The
organic binder is used to increase the viscosity of the TiO,
paste and improve the wettability of the paste to the substrate,
enabling the formation of a crack-free film with desirable
thickness. A subsequent high temperature sintering at around
450 °C is indispensable for removing the binder and achieving
better electric contact between TiO, particles.”'” However, for
flexible substrates, such as ITO coated PEN (polyethylene
naphthalate, ITO/PEN) or PET (polyethylene, ITO/PET), the
thermal treatment should be restricted to be below 150 °C.
Hence the low temperature processing of fine semiconductor
photoanodes becomes a big challenge for flexible photovoltaics.
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As a key to the low temperature fabrication of crack-free and
mechanically robust semiconductor films with good electric
connection among particles and tight adhesion to the substrate,
the preparation of organic-free TiO, paste turns out to be the
major challenge faced by high performance plastic photovoltaic
devices."'~'® Recently, several attempts have been tried on the
preparation of organic binder-free TiO, paste for plastic
DSSCs. Miyasaka et al. proposed a “chemical sintering”
technique by mixing TiO, particles of various sizes to prepare
TiO, paste,'®"” where the small particles act as interparticle
connection agents to enhance the electrical connection in the
deposited film. Ko et al. also reported the addition of TiO,
nanoglue (containing S nm sized TiO, particles) into the TiO,
colloid to form a viscous slurry.'” The flexible DSSCs derived
from this kind of TiO, slurry yielded an efficiency of 5.4%."”
Another method to increase the interconnection among TiO,
particles was realized by adding a small amount of Ti-
monomers into the TiO, pastes.'®"” During the drying process
or post-treatment, the Ti-monomers could transfer into TiO,,
forming firm chemical bonding among TiO, particles in the
deposited film.'®'” By carefully selecting the solvent and
additive, highly viscous and printable TiO, pastes were
prepared by Park and Cheng, respectively.””*' In our previous
work, a kind of gel-like TiO, paste using a novel (Sb, In)-doped
SnO, sol as the binder was also developed.'”'* Owing to the
incorporation of the in situ formed (Sb, In)-doped SnO,
nanocrystals with high conductivity, the obtained photoanodes
exhibit significant improvement in both mechanical and
electrical properties, leading to 49 and 76% increases in
power conversion efficiency (PCE) for liquid and quasi-solid
state plastic DSSCs, respectively.'”'* Even though some
promising results have been achieved, the PCE of the obtained
plastic DSSCs is still relatively low, when compared with the
TCO glass based devices. One of the main reasons is the
relatively poor electric property of the semiconductor film
obtained under low temperature processing. Another reason
responsible for the poor cell performance is the commercial
P25 powder (with a mixed phase of rutile and anatase at a ratio
of 2:8) used. In general, rutile exhibits a much lower capacity to
anchor carboxyl (—COOH) group based dyes than ana-
tase,”” > which results in a low dye-loading amount for P25
photoanodes and a low PCE of the cell.**™° To the best of our
knowledge, the highest reported PCE of the plastic DSSC
derived from pure P25 is 6.6%.”” Frank et al. compared the
performance of the DSSCs with rutile and anatase based
photoanodes and found that the anatase based photoanode
showed not only a 35% increase in dye-loading but also faster
electron transport.”* Hence, anatase TiO, is preferred for the
fabrication of high performance DSSCs. However, until now,
most of the attempts on plastic DSSCs are focusing on the
development of organic binder-free P25 pastes and the
corresponding technique for the deposition of fine semi-
conductor film at low temperatures,u_21 without realizing the
importance of pure anatase TiO, in the organic-free solution.

In our previous work, a novel (Sb, In)-doped SnO, sol was
developed as an inorganic binder to prepare viscous P25 based
paste for plastic DSSCs, and the PCE of the cells was improved
from 4.5 to 6.8%."> However, the PCE is still lower than 7%
due to the use of P25 powder and the doped SnO, with a low
conduction band (which may act as a recombination center). A
higher efficiency is expected by replacing the P25 and doped
SnO,-sol binder with pure anatase TiO, nanocrystals and a
TiO,-sol. In this study, pure and organic-free anatase TiO,

nanoparticles were synthesized by a hydrothermal technique in
an acetic acid/water solution, and a novel TiO,-sol was also
prepared and used as a binder. By combining the obtained
anatase TiO, and TiO,-sol binder, fine TiO, films with
excellent performance (in terms of dye-loading capacity,
electron transport, and recombination) were deposited on
ITO/PEN substrate at low temperature for plastic DSSC
application. The low temperature processed TiO, paste was
also applied to the perovskite solar cells, and a high PCE up to
9.95% was yielded.

2. RESULTS AND DISCUSSION

2.1. Morphological structures of the TiO, particles
and TiO, films. The transmission electron microcopy (TEM)
images of the obtained TiO, are displayed in Figure la. It can

10 1/nm

Figure 1. (a) TEM and (b) SAED patterns of the anatase TiO,
particles. The inset of (a) is the HR-TEM image of an anatase TiO,
particle. (c) and (d) are the HR-TEM images of samples from the A-
TiO, and the AS-TiO, films, respectively.

be seen that the size of the TiO, particles is 15—30 nm with an
interlayer spacing of 0.351 nm (inset of Figure la),
corresponding to the d-spacing of (101) planes of anatase
TiO,. The first four diffraction rings in the selected area
electron diffraction (SAED) pattern (Figure 1b) can be indexed
as the (101), (004), (200), and (105) planes of anatase TiO,.
The diffraction peaks of these planes are centered at 25.32°
37.82°, 48.06°, and 53.96°, respectively, in the X-ray diffraction
(XRD) pattern (Figure 2). Apart from the anatase peaks, no
impurity peaks can be identified in the XRD pattern (Figure 2),
indicating a pure anatase phase. The calculated crystalline size is
21.4 nm, according to the Scherrer equation. The XRD results
are in good agreement with the high resolution-TEM (HR-
TEM) and TEM/SAED results. The crystal structure (Figure
S1, Supporting Information) determines that anatase can form
more surface Ti—OH groups and exhibit higher capacity to
couple with carboxyl group based dyes (such as N719) when
compared with rutile TiO,.”* *° More detailed discussion
about the anatase and rutile structures can be found in the
Supporting Information. Meanwhile, the Brunauer—Emmett—
Teller (BET) surface area of the obtained anatase TiO, is 96.3
m?® ¢!, much higher than that of P25 (49.2 m* g™'). The larger
surface area and the pure anatase phase are beneficial to the
anchoring of dye molecules and, hence, the efficiency of the
solar cells. The high resolution TEM images of the powders
detached from the film prepared by the anatase TiO, paste and
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Figure 2. XRD patterns of the hydrothermally prepared anatase TiO,
(blue) and the TiO, (red) from the TiO,-sol, prepared by UV-
irradiation.

TiO,-sol contained anatase TiO, paste (denoted as A-TiO, and
AS-TiO,, respectively, hereafter) are displayed in Figures 1 c
and 1d, respectively. It reveals that the in situ formed TiO,
nanoparticles from the sol bridge the gap between the anatase
TiO, particles to form a continuous network which will
decrease the electron transport resistance of the AS-TiO, film,
leading to a fast charge transport and high solar cell
performance. The XRD pattern shown in Figure 2 demon-
strates that the TiO,-sol can be crystallized into anatase TiO,
under UV-irradiation, with an average crystal size around 10.2
nm (calculated from the Scherrer equation). The interlayer
spacing of the TiO, derived from the sol is 0.236 nm (HR-
TEM inset of Figure 1d), corresponding to the d-spacing of
(004) planes of anatase TiO,.

The scanning electron microscopy (SEM) images depicting
the surface morphologies of the P25, A-TiO,, and AS-TiO,
films are displayed in Figure 3. It can be seen that the film
produced from A-TiO, paste exhibits less cracks than the P25
film, while a smooth and crack-free film can be ultimately
achieved in AS-TiO,. This is because the better solvation of the
TiO, particles in the hydrothermally produced paste will
significantly decrease the surface tension of the paste and leads
to a smoother film, when compared with the powder dispersed

P25 paste. The addition of the TiO,-sol, which acts as a binder,
decreases the surface tension further."”'* High magnification
SEM images (Figures 3d-3f) show that the void size in the A-
TiO, film is much smaller than that in the P25 film, and it is
further decreased in the AS-TiO, film. In other words, the
particle packing densities of the A-TiO, and AS-TiO, films are
higher than those of the P2S film, which results in two benefits.
One is the enhanced interconnection among particles and,
hence, decreased film resistance, enabling fast charge transport.
The other is the increased TiO,-loading for films of the same
thickness, leading to increased total surface area of TiO, and
hence a higher dye-loading. It should be noted that the large
voids left in the P2S film (Figure. 3d) are detrimental to dye
absorption, since only a monolayer to N719 molecules is
absorbed on the surface of TiO,, leaving the empty space of
large voids wasted. For the 11-ym-thick films, the TiO,
loadings are 1.23, 2.02, and 2.06 mg-cm_2 for P25, A-TiO,,
and AS-TiO, films, respectively, and the dye-loadings are 0.98,
2.34, and 2.57 X 1077 mol-cm ™, respectively. The remarkable
increase in dye absorption can be easily observed with the
naked eye (inset of Figure 3f). Both the enhanced charge
transport and improved dye-absorption are desirable for high
efficiency DSSCs.

2.2. Electrochemical properties of the electrodes. To
investigate the electron transport and transfer processes in
DSSCs, electrochemical impedance spectroscopy (EIS) meas-
urements were conducted on various DSSCs, under 1.5 AM
illumination in open-circuit conditions. The equivalent circuit
for the complete cell can be represented by a transmission line
model as depicted in Figure 4a.”**" A detailed description of
the transmission line model and its characteristic elements can
be found from the Supporting Information. The recorded
Nyquist plots and Bode phase plots of P25, A-TiO,, and AS-
TiO, cells are compared in Figures 4b and 4c. The
electrochemical parameters are extracted from the EIS results
by fitting the Nyquist plots using the model proposed by
Bisquert,” and the results are summarized in Table 1. Some
key parameters were estimated according to the following
e}(proessions:30’31

(1)

Figure 3. Surface SEM images of the (a) P25, (b) A-TiO,, and (c) AS-TiO, films. (d), (e), and (f) are the corresponding SEM images of a higher
magnification. The inset of (f) displays the dye-sensitized electrodes based on P25, A-TiO,, and AS-TiO, (from left to right).
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Figure 4. (a) General transmission line model of DSSCs. (b) Nyquist
plots and (c) Bode phase plots of DSSCs based on P25, A-TiO,, and
AS-TiO, electrodes. The inset of (b) is an enlarged part of the Nyquist
plots. The symbols and lines in (b) present the experimental data and
fitting results, respectively.
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where 7, is the effective electron lifetime, f, . is the peak
frequency corresponding to the second arc in the Nyquist plots,
k. represents the recombination rate, 7. is the charge
collection efliciency, and R is the total series resistance of
the device. ng, kg, T, g, and A in eq S represent the steady state

electron density in the conduction band, the Boltzmann
constant, the absolute temperature, the charge of a proton,
and the electrode area, respectively.”

The fitting results reveal that the electron transport
resistance, R,, of A-TiO, is 5.87 €, which is only about half
that of the P25 cell (10.19 Q). The low R,, value, which is
favorable for fast charge transport, is due to the denser packing
of the anatase TiO, particles in the A-TiO, film, as shown in
the SEM images (Figure 3). The R, is further decreased
significantly to 3.08 € by incorporating the TiO,-sol into the A-
TiO, paste to form the AS-TiO, film, since the in situ formed
TiO, from the TiO,-sol can effectively connect the anatase
TiO, particles to form a continuous electron-pathway in the
film. Given that the counter electrodes used in this study are
the same (R, is around 0.55 Q), the charge transfer resistance
at ITO/TiO, contact, R_,, can be estimated from the first arc of
the Nyquist plots. The R, values are 2.85, 1.28, and 0.93 Q for
the P25, A-TiO,, and AS-TiO, cells, respectively. The smaller
R, values of A-TiO, and AS-TiO, are attributed to the strong
adhesion and/or chemical bonding between the semiconductor
film and the substrate. The decreased R, will facilitate fast
electron transfer from the semiconductor film to the conductive
substrate and improve the device efficiency. The interfacial
charge recombination resistance, Ry, is 27.97, 22.13, and 18.27
Q for the P25, A-TiO,, and AS-TiO, cells, respectively,
according to the Nyquist plots.”*"***"** According to the
relation Ry = '/3R,, + Ry, the decreased R, will lower the dc
resistance of the device and improve the cell performance,
especially the fill factor (FF), of the device.”*° As f,.. of the
central arc is 15.85, 12.59, and 7.49 Hz for the P25, A-TiO,,
and AS-TiO, cells, respectively, the recombination rate, kg is
10, 7.9, and 5 s, and the electron lifetime is 10, 12.6, and 20.1
ms for the P25, A-TiO,, and AS-TiO, cells, respectively. One
reason for the low k. is the small resistance (ca. R,, and R_,)
induced fast charge transport and transfer. Moreover, the value
of Ri/R,, is 5.93 for the AS-TiO, cell, which is much higher
than that of the P25 one (2.74). A higher R/R, is the
necessary condition to keep a low charge recombination, a high
charge collection efficiency, and a high PCE for a solar
cell”?*** According to eq 5, the steady state electron
density, n,, of our AS-TiO, film is 3 times that of the P25 one
(12.46 X 10" vs 4.02 X 10" cm™). As listed in Table 2, the
dye-loading amount is 2.57 X 1077 mol-cm™ for the AS-TiO,
electrode, which is 2.6 times that of the P25 one (0.98 X 1077
mol-cm™?). The significant increase of the dye-loading amount,
arising from the excellent dye-absorbing capacity, the
remarkably higher BET surface area of the obtained anatase
TiO,, and the larger TiO, nanoparticle packing density of our
AS-TiO, electrode, is one of the main factors accounting for the
higher n,. More importantly, n, of the AS-TiO, cell is twice that
of the A-TiO, one (Table 1). Given the similar dye-loadings in
the two cells, the higher n; in the former suggests that the
introduction of the TiO,-sol as a binder plays an important role
in reducing photogenerated electron loss by suppressing charge

Table 1. Electron Transport Characteristics, Extracted from the EIS Results of DSSCs with Different Photoanodes”

Devices ke [s7'] R [Q] R [Q] R, [Q]
P25 10 11.66 27.97 10.19
A-TiO, 7.9 10.58 22.13 5.87
AS-TiO, S 10.29 18.27 3.08

“The data in the table are the mean values of three similar samples.

19434

R, [Q] R iora [2] ng [em™] 7, [ms] fee [%]
2.85 1841 4,02 x 10* 10.0 63.6
1.28 14.32 6.58 x 10'® 12.6 73.5
0.93 12.75 12.46 x 10'® 20.1 83.2
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Table 2. TiO,-Loading and Dye-Loading of Various Electrodes, and Characteristic Photovoltaic Parameters of DSSCs Based on

P25, A-TiO,, and AS-TiO, Photoanodes”

Electrode TiO,loading [mg cm™] Dye-loading [1077 mol cm™] Joc [mA cm™?] V. [mV] FF PCE [%]
P2s 1.23 0.98 7.82 758 0.708 4.21
TiO, 2.02 2.34 10.65 73S 0.732 5.73
TiO,+sol 2.06 2.57 1345 753 0.742 7.51

“The data in the table are the mean values of at least three similar samples.

recombination, owing to the fast charge transport resulting
from the bridging effect of the in situ formed TiO, from the
TiO,-sol. The charge collection efficiency, 7, determined by
the electron injection, charge transport and transfer, and charge
recombination is one of the most important parameters to
evaluate the performance of solar cells.”* Usually, high 7. will
lead to high PCE.** The calculated 7, is 63.6% for the P25 cell
and is improved to 73.5% for the A-TiO, one. Notably, the
incorporation of the TiO,-sol into the paste further improves
the 5. to 83.2% for the AS-TiO, cell. The remarkable
enhancement in 7. of the AS-TiO, devices results from the
decreased R, and R, the increased R,/R, ratio, and the
improved ng as well. The improved 7, will lead to a high short
circuit current density, J;, and a high PCE,*>** which will be
shown later. The Ry, arising from a sum of different
contributions, is another important gparameter of DSSCs and
can be calculated according to eq 4.”° As shown in Table 1, the
A-TiO, exhibits a lower Ry, value of 14.32 Q than the P25
cell, while the A-TiO, device exhibits the lowest R . (12.75
Q) among the various devices. The decreased R results
from the small R, and R_,, as demonstrated above, and leads to
a good FF, favorable for high efficiency solar cells.”*****

2.3. Photovoltaic performance of the plastic DSSCs.
The photovoltaic performances of the A-TiO, and AS-TiO,
based plastic DSSCs were evaluated with the P25 based cell as a
reference. The photocurrent density—voltage (J—V) curves of
DSSCs with various photoanodes were measured under AM 1.5
illumination (100 mW cm™?) and are shown in Figure 5. The
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corresponding photovoltaic parameters are summarized in
Table 2. A PCE of 4.21% was obtained for the P25 cell, with J
of 7.82 mA-cm ™, an open-circuit voltage (V,.) of 758 mV, and
an FF of 0.708. The A-TiO, cell demonstrated significant
enhancements in J, V., FF, and PCE, which are 10.65 mA-
cm™2, 735 mV, 0.732, and 5.73%, respectively. Strikingly, an
even higher efficiency up to 7.51% was achieved by

incorporating the TiO,-sol into the anatase TiO, paste to
form the AS-TiO, photoanode. The corresponding J,, V,, and
FF of the AS-TiO, cell are 13.45 mA-cm™>, 753 mV, and 0.742,
respectively. Careful examination of the photovoltaic parame-
ters reveals that the improvements in J. and FF are the main
reasons responsible for the remarkable efficiency enhancement.
The significant increase in dye-loading amount is one of the
main reasons to account for the increased J.. Additionally, the
decreased R,, and R, also lower the photogenerated electron
loss by fast charge transport and transfer, resulting in improved
J..”?%** The low total series resistance (R ) of the A-TiO,
device, as revealed by the EIS measurement, accounts for better
FF.****** Compared with the pristine A-TiO,, the AS-TiO, cell
showed a remarkable enhancement in all photovoltaic
parameters, that are, 20 mV increase in V,, 26.3% increase in
Joo and 31.1% increase in PCE. The introduction of the TiO,-
sol as a binder in the anatase A-TiO, paste further reduced the
electron recombination rate and improved 7.

It is well-known that the incident photo to current
conversion efficiency, IPCE = 5y X 7, X 1]y is determined
by (1) the light harvesting efficiency 7y, (2) the electron
injection efficiency 7;,, and (3) the electron collection
efficiency 1..>* As displayed in Figure 6, the IPCE of the A-

80 —=— P25
OO —e—A-TiOp
—o—AS-TiOp

0 T T T HELD
400 500 600 700 800
Wavelength (nm)

Figure 6. IPCE spectra of the plastic DSSCs with P25, A-TiO,, and
AS-TiO, photoanodes.

TiO, and AS-TiO, cells exhibits a remarkable increase, when
compared with their counterpart. The maximum IPCE (at a
wavelength ~550 nm) of the A-TiO, device is 30% higher than
the P25 one (62% vs 47%), and it further increases to 76%
(increased by 61.7%) for the AS-TiO, device. For the Ru-
complex dye used here, the injection of the excited electrons
from the dye molecules to the conduction band of TiO, is
much faster than that of other processes in DSSCs.”***7** A
high light harvesting efficiency usually results from a large
amount of dye-loading.”***** In this work, the dye-loading
amounts of the A-TiO, and AS-TiO, electrodes are 2.4 and 2.6
times, respectively, that of the P25 film, while the charge
collection efficiencies (estimated from EIS results) increase
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from 63.6% for P25 to 73.5% and 83.2% for A-TiO, and AS-
TiO,, respectively. Moreover, it can be found that the IPCEs of
the A-TiO, and AS-TiO, cells increase more significantly in the
longer wavelength region (>600 nm) than in the maximum dye
absorption region (~550 nm). For example, the IPCE at 680
nm increases by a factor of 1.5 and 2.3 for the A-TiO, and AS-
TiO, cells, respectively, compared with the P25 device. This is
due to the fact that, in the longer wavelength regions where the
dye absorbs weakly, the photoanode with more dye-loading is
more effective to utilize the incident illumination.”* Therefore,
the IPCE enhancement results from the improved light
harvesting efficiency and charge collection efficiency. The
improved IPCE is in good agreement with the increased J
observed in Figure 5 and Table 2.

2.4. Photovoltaic performance of the PSCs. Due to the
excellent performance of the obtained organic binder-free AS-
TiO, paste in plastic DSSCs, some preliminary work was
carried out to extend its application in low temperature
processed perovskite solar cells (PSCs). The primary results
(Figure 7 and Table S1) demonstrate that the A-TiO, based
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Figure 7. Current—voltage curves of the low temperature processed
PSCs based on P25, A-TiO,, and AS-TiO, photoanodes, measured
under 100 mW cm™

PSC yields a PCE of 8.44%, much higher than the P25 one
(6.07%). The ], V., and FF are 17.2 mA-cm™2, 915 mV, and
0.537, respectively, for the A-TiO, cell, compared with 14.3
mA-cm™?, 857 mV, and 0.495, respectively, for the P25 one.
Similar to the case of DSSC, the AS-TiO, based PSC exhibits
the best performance among all three types of PSCs, where the
Joo Voo and FF are 184 mA-cm™ 942 mV, and 0.574,
respectively, leading to a high PCE, up to 9.95% (64% higher
than the P25 one). The enhanced performance of the AS-TiO,
based PSCs is thought to be resulted from the better
crystallinity and smoother morphology of the
CH;NH,PbI; Cl, layer without pinholes and cracks, as
revealed by the SEM image (Figure S3). More detailed
discussion can be found from the Supporting Information. The
preliminary results presented here demonstrate the potential
application of the AS-TiO, paste in low temperature processed
PSCs.

3. CONCLUSION

In summary, pure anatase TiO, nanoparticles and novel TiO,-
sol were successfully synthesized through a hydrothermal
process and a sol—gel approach in organic-free solution,
respectively. Fine films, namely A-TiO, and AS-TiO,, were
deposited on the plastic substrate at low temperature for

flexible DSSCs. Owing to the excellent dye-loading capacity and
the higher TiO,-loading, the dye-loading amounts of the A-
TiO, and AS-TiO, films are 2.4 and 2.6 times, respectively, that
of the P25 electrode, enabling higher light-harvesting efficiency.
The compact packing of anatase particles in film remarkably
decreases the electron transport (Ryy) resistance of the cells.
Acting as a binder, the TiO,-sol plays an important role in
decreasing the Ry, and R, since it strengthens the connection
among the TiO, particles and forms a continuous pathway for
charge transport in the film. The charge collection efficiency,
Neor of the DSSC was improved from 63.6% (P25) to 73.5% for
A-TiO, and finally to 83.2% for AS-TiO,. A PCE of 5.73% was
achieved for the A-TiO, based plastic DSSC, and it was further
increased to 7.51% for the AS-TiO, cell due to the addition of
the TiO,-sol, which is 86% higher than the P25 device. The
proposed paste was also verified to be applicable to the low
temperature processing of plastic perovskite solar cells, where a
promising PCE of 9.95% was obtained. Further work toward
the higher efficiency of the PSCs is underway. The technique
proposed in this work is also promising for the fabrication of
plastic photovoltaics which require low temperature processing.

4. EXPERIMENTAL SECTION

4.1. Materials. P25 powders (20—30 nm) was obtained from
Degussa (AG, Germany). The Ru dye, cis-di(thiocyanato)-bis(2,2-
bipyridyl-4,4-dicarboxylate) ruthenium(II) (N719), was purchased
from Solaronix (Switzerland). ITO/PEN substrates (15 Q sq~*, 82%
transparency) were obtained from Peccell. The Titanium(IV)
isopropoxide was purchased from Sigma-Aldrich. Other chemicals
with analytical purity were purchased from Alfa Aesar and used as
received.

4.2, Preparation of TiO, particles and TiO,-sol. The anatase
TiO, colloid was prepared as follows. 50 mL acetic acid was diluted by
100 mL distilled water (denoted as solution A) and stored in a 4 °C
fridge for 2 h. Eighteen mL Titanium(IV) isopropoxide was first mixed
with 18 mL iso-propanol and dripped into the solution A under
vigorous stirring in an ice—water bath. The mixture was kept stirring
overnight. After that, the mixture was heated to 80 °C in an oil bath to
evaporate the iso-propanol under vigorous stirring. Two-thirds of the
obtained mixture was transferred into a Teflon-lined autoclave with a
volume of 200 mL. The hydrothermal treatment was conducted at 240
°C for 12h. After the autoclave was cooled down to room temperature,
the resultant white mixture was dispersed by strong ultrasonication to
form an uniform TiO, colloid (with solid content around 3.5 wt %).
TiO, colloid with a solid content of 18 wt % for DSSCs was obtained
by concentrating the 3.5 wt % colloid via rotary evaporation. The
TiO,-sol was prepared by further evaporating the solvents of the
residual one-third mixture in the 80 °C oil bath until a light blue sol
with a volume of 22 mL was yielded. The solid content of TiO, in the
sol was calculated to be 0.074 g-cm™.

4.3. Preparation of TiO, electrodes and assembly of plastic
DSSCs. The TiO, paste was prepared by blending 2g of the above
obtained TiO, colloid (18 wt %) with 243 uL TiO,-sol. P25 paste was
also prepared according to our previous work."”'* The pastes were
coated on the well-cleaned ITO/PEN substrates by the doctor-blade
technique. The thickness of the semiconductor films was controlled to
be around 11 + 0.2 um. After drying at ambient temperature, the
electrodes were exposed to UV-irradiation from a 300W mercury lamp
for 30 min (the temperature of the electrodes was detected to be
around 90 °C during the UV-irradiation) and then sensitized in a 0.5
mM N719 dye/ethanol solution overnight.

The sensitized photoanode with an active area of 0.25 cm? was
sandwiched with a sputtered Pt/ITO/PEN counter electrode, using a
25 pm Surlyn 1702 film as spacer. The liquid electrolyte composing of
0.5 M Lil, 005 M I,, 0.3 M 1-methyl-3-hexylimidazolium iodide
(HMII), 0.3 M N-methylbenzimidazole (NMB), and 0.5 M 4-tert-
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butylpyridine in 3-methoxypropionitrile was infiltrated between the
two electrodes.

4.4. Preparation of PSCs at low temperature. The FTO glass
for perovskite solar cells were etched by Zn powder and 2 M HCI
solution and cleaned by detergent, acetone, ethanol and DI water
successively. An 50 nm compact TiO, blocking layer was deposited on
the well-cleaned TCO substrate according to the reported work.” The
TiO, paste prepared by blending the 3.5 wt % colloid (5 g) with 118
UL TiO,-sol was spin-coated on the blocking layer at 2000 rpm for 30
s to form a ~ 400 nm mesoporous layer. The as-coated film was dried
at room temperature, exposed to UV-irradiation for 30 min, and finally
immersed in plenty of 100 °C DI water for 1 h to remove any
absorbed acetic acid on the TiO, surface. The CH;NH;I was prepared
according to the literature.” The PbCl, and CH;NH;I with a mole
ratio of 1:3 was mixed in the DMF, the concentration of the solution
was 0.8 mol/L (with respect to PbCl,). This solution was spin-coated
onto the TiO, electrodes at 3000 rpm for 30 s. The as prepared film
was placed on a hot plate at 105 °C for 2 h to complete the
crystallization of the CH;NH;Pbl; Cl,. For the hole transport material
(HTM) layer, 30 uL solution composing of 61 mM spiro-OMeTAD,
55 mM tert-butylpyridine (TBP) and 26 mM lithium bis-
(trifluoromethylsulfonyl)imide salt in chlorobenzene was spin-coated
on the perovskite layer at 2000 rpm for 40 s. Finally, 15 nm MoOj; and
80 nm silver layers were thermal evaporated in sequence onto the
masked electrode to complete the fabrication of the PSCs.

4.5. Measurements and characterizations. The microstruc-
tures of the TiO, particles/films were studied by transmission electron
microscope (TEM, JEOL JEM-2100F) and field-emission scanning
electron microscope (FESEM, FEI Sirion 200). The anchored dye was
desorbed in 0.1 M NaOH aqueous solution and the absorbance was
measured by UV—vis spectrophotometer (Model UV-2550, Shimadzu,
Japan) to determine the dye-loading amount. X-ray diffraction patterns
(XRD, Rigaku 9KW SmartLab, Japan) were recorded for crystal phase
identification. I—V characteristics were recorded on a Keithley 2420
source meter under AM 1.5 G illumination (100 mW cm™?) supplied
by a 300 W solar simulator (Model 69911, Newport-Oriel Instru-
ments, USA) which was calibrated using a silicon reference cell
(NIST) equipped with a power meter. The IPCE measurements were
conducted on a Newport 2931-C power meter. The light source was
provided by a Newport 66902 solar simulator, and the wavelength of
light was tuned with a Newport 74125 monochromator. The
electrochemical impedance spectra (EIS) were collected under AM
1.5 G illumination, using a CHI instrument (CHI 660C, CH
Instruments, USA) at the open circuit voltage with an ac perturbation
signal of an amplitude 10 mV and a frequency within 107> to 10° Hz.
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