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In this paper, we propose a versatile electrospraying method that allows for the rapid uptake of dye
molecules on the surfaces of TiO, nanoparticles (NPs) for speeding up the fabrication of dye-sensitized
solar cells (DSSCs). The proposed method both significantly speeds up the dye molecule adsorption
process and increases the amount of dye adsorbed. We systematically investigated the effects of the
applied voltage and the substrate heating temperature during the electrospraying of the dye-molecule-
containing solution on the photovoltaic performance of the resulting DSSCs in terms of their open-circuit
voltage, short-circuit current, fill factor, and power conversion efficiency (PCE). The electrospraying
method reduced the length of the dye adsorption process by several hours and is almost 10 times faster
than the conventional dip-coating method for depositing dye molecules on the surfaces of the TiO, NPs
in the photoelectrodes of DSSCs. This was because of the electrostatic force of attraction between the dye
molecules and the TiO, NPs. The PCE of the resulting DSSCs (4.68% for a photoactive area of 0.36 cm?),
which were assembled by electrospraying for 3 h, was higher than that of DSSCs assembled by dip
coating for 30 h (4.28% for a photoactive area of 0.36 cm?), owing to the fact that the amount of dye

adsorbed in the former case was much higher.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Dye-sensitized solar cells (DSSCs), which were first proposed by
Grazel et al. [1], are composed of a TiO,-thin-film-coated fluorine-
doped tin oxide (FTO) photoelectrode, a dye, an electrolyte (1" /I
redox couple), and a Pt-thin-film-coated counter electrode. These cells
have come to be regarded as next-generation solar cells because of
their relatively high power conversion efficiency (PCE), simple fabri-
cation process, low cost, and short energy payback [1-5].

The working principle of DSSCs is as follows. Dye molecules are
attached to the surfaces of the TiO, semiconducting nanoparticles
(NPs) in the photoelectrode. When the DSSC is exposed to sun-
light, electrons generated from the excited dye molecules are
injected into the conduction band of the TiO, NPs and reach the
conducting oxide electrode (e.g., fluorine-doped tin oxide (FTO)).
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Next, the photogenerated electrons flow through the external
circuit and are reintroduced into the Pt-coated counter electrode,
flowing into the liquid electrolyte. The electrolyte finally trans-
ports the electrons, completing a current cycle.

Significant efforts have been devoted to improving the photo-
voltaic performance of DSSCs by optimizing their various parts,
including the photoelectrode [6-11], photosensitizer [12-14],
redox electrolyte [15,16], and counter electrode [17,18]. Among the
various components of DSSCs, the photoelectrode takes the long-
est to fabricate. It is made by printing a porous TiO- thin film on
the surface of a FTO glass substrate, which is then immersed into
a bath of the dye solution for 10-36 h to ensure adequate dye
adsorption [19,20]. This dip-coating-based dye adsorption process
does not allow for the rapid fabrication of DSSCs. In addition,
having to repeat the dip-coating process in order to produce DSSCs
on a large scale can result in the continuous consumption of a
large amount of the dye. This can cause a significant decrease in
the concentration of the dye molecules in the solution. Thus, the
sustainability and stability of the photovoltaic performance of the
resulting DSSCs can be difficult to maintain.

In order to reduce the time taken for the dye-adsorption process
during DSSC fabrication, several research groups have suggested
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approaches to increase the dye-adsorption rate. These approaches
increase the dye diffusion flux considerably by using dye solutions with
high concentrations at high temperatures [21] and by employing high
reflux pumping [22] and high-speed solution droplet bombardment
[23]. However, all of these approaches have inherent difficulties in
realizing large-area DSSCs with controlled degrees of dye adsorption. In
this study, we demonstrate a rapid dye-adsorption process based on
electrospraying that shortens the dye-adsorption time by several hours
and simultaneously increases the amount of dye adsorbed through an
electrostatic refluxing process, such that the photovoltaic performance
of the resulting DSSCs is much better than that of those assembled
using the conventional dip-coating process.

2. Experimental details
2.1. Preparation of photoelectrode

Commercial TiO, NPs (P25, Degussa, Germany) were used without
further treatment. To prepare a TiO, paste, a solution (called solution
1) consisting of 6 g of the TiO, NPs, 1 ml of acetic acid (CH3COOH), 20 g
of terpineol, and 15 g of ethanol was formed in vial. Next, another
solution (called solution 2) consisting of 3 g of ethyl cellulose and 27 g
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of ethanol was formed in another vial. Then, solutions 1 and 2 were
sonicated for 1 h each and homogeneously mixed in a single vial using
a planetary mixer for 3 min. The mixture was then heated to evapo-
rate the ethanol. Using screen printing, a thin film of TiO, was formed
on a FTO glass substrate (SnO,/F, 7 Q/sq, Pilkington, Boston, USA) with
a photoactive area of 0.6 cm x 0.6 cm and thickness of 20 pm. The FTO
glass substrate was cleaned using acetone, ethanol, and deionized
water and then pretreated with a mixture consisting of 0.247 ml of a
TiOCl, solution and 20 ml of deionized water to improve the adhesion
of the TiO, NPs on it. It was then thermally treated at 500 °C for
30 min. The TiO,-thin-film-coated FTO glass substrate was then sin-
tered again at 500 °C for 30 min in order to remove the residual
components. Another FTO glass substrate was used as the counter
electrode; two holes were drilled into it and the substrate was cleaned.
It was then coated with Pt by ion sputtering (Model no. E1010, Hitachi,
Chiyoda-ku, Japan).

2.2. Dye adsorption on the TiO, thin film and fabrication of DSSCs

An electrospraying device was employed to deposit the dye
solution. Different high voltages were applied to the syringe tip.
The syringe was filled with the dye-molecule-containing solution.
The surface of the dye solution was subjected to an electrical
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Fig. 1. (a) Side-view and (b) close-up photographs and (c) schematic diagram of the electrospraying device and (d) schematic of the mechanism for depositing the dye-
containing liquid droplets on the surfaces of the TiO, NPs using the electrospraying system.
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stress, and it deformed to form an elongated jet, which was dis-
rupted into positively charged dye-contained droplets [24]. The
FTO glass substrate coated with the TiO, thin film was installed
below the syringe tip; the substrate was electrically grounded,
as shown in Fig. 1. Under the applied electric force, the dye-
containing droplets were attracted to the porous TiO, thin film
and continuously permeated through the interstitial space
between the porous TiO, NPs; the carboxylate (-COOH) groups of
the dye molecules bonded with the hydroxyl (-OH) groups on the
surfaces of the TiO, NPs, resulting in ester linkages.

The electrospray-assisted adsorption of the dye on the TiO,-NP-
coated FTO glass substrate is shown in Fig. 1; the FTO glass sub-
strate was covered with an aluminum foil mask and the syringe
was filled with a dye solution containing 0.3 mM of Ru-dye
(BugN),[Ru(Hdcbpy),—-(NCS),] (N719, Solaronix, SA, Switzerland).
The distance between the syringe tip and the FTO glass substrate
was fixed at 1.8 cm, and the dye solution flow rate was fixed at
80 pL min~'. As mentioned above, the dye solution was disrupted
into positively charged droplets and sprayed on the TiO, thin film.
In addition, a heater was installed under the FTO glass substrate to
adjust the temperature in order to evaporate the deposited dye-
containing droplets. After the completion of the dye-adsorption
process, any remaining dye was washed away with ethanol, and
the substrate was dried in a convection oven at 80 °C. Both the
photoelectrode and the counter electrode were then sealed with a
hot-melt polymer film (60 pm in thickness, Surlyn, DuPont, USA)
in a sandwich-type configuration and heated at 120 °C for 4 min.
Next, an iodide-based liquid electrolyte (AN-50, Solaronix, SA,
Switzerland) was injected between the two electrodes, yielding an
assembled DSSC.

2.3. Characterization of photovoltaic performance of DSSCs

The photovoltaic performance of the thus-fabricated DSSCs was
measured under air mass 1.5 and 1sun (=100 mW/cm?) illu-
mination using a solar simulator (PEC-L11, Peccell Technologies,
Inc., Kanagawa, Japan). The current density-voltage (J-V) curves
and electrochemical impedance spectroscopy (EIS) curves were
recorded automatically with a Keithley SMU 2400 source meter
(Cleveland, OH, USA). The amount of dye adsorbed onto the TiO,
thin film was determined using an Ultraviolet-visible (UV-vis)

(a) ()

)

spectrometer (Cary 5000, Agilent, Englewood, CA, USA); the sub-
strate was first washed with a 0.1 mol/L NaOH solution (deionized
water:ethanol=1:1) and the absorbance of the dye solution was
measured [25].

3. Results and discussion

Fig. 2 shows the various electrospraying modes corresponding
to the different applied voltages, which ranged from 5 kV to 14 kV;
the dye solution flow rate was fixed at 80 pL/min. For applied
voltages of 5 kV and 6 kV, no droplets were generated, and only a
liquid jet flowed vertically; this was true even in the con-jet mode.
When the applied voltage reached 7 kV, microdripping [26] and
liquid droplets were generated. When the applied voltage was
increased beyond 7 kV, multiple jets were formed, and the size of
liquid droplets decreased significantly.

It is also important to control the temperature of the FTO glass
substrate, as it is necessary to ensure that the dye-molecule-
containing droplets do not evaporate and can readily permeate
through the TiO, NPs in the photoelectrode of the DSSCs [27]. We
systematically investigated the effects of the applied voltage and
the substrate temperature on the photovoltaic performance of the
resulting DSSCs, as shown in Fig. 3. All the DSSCs involved elec-
trospraying the dye-molecule-containing droplets for 30 min. As
shown in Fig. 3, the PCE of the DSSCs increased significantly for
applied voltages of 7-9 kV and then decreased suddenly at 10 kV
at temperatures of 20-40 °C. This suggests that the dye-containing
droplets effectively penetrated through and were adsorbed onto
the TiO, NPs while in the liquid state. However, the initial size of
the droplets was too small at voltages higher than 10 kV. As a
result, they dried because of rapid evaporation, and the dye in
them turned solid before being deposited on the surfaces of the
TiO, NPs. When the substrate temperature was increased to 50—
70 °C, the PCE of the DSSCs decreased linearly with an increase in
the applied voltages. This suggests that the liquid droplets eva-
porated rapidly and the dye in them turned solid at higher tem-
peratures. This made the dye remain on the surfaces of the TiO,
thin film and not permeate through the TiO, NPs. We employed a
fixed applied voltage of ~9 kV and a temperature of 20 °C as the
optimized electrospraying conditions for all later experiments.

(d)

Fig. 2. Photographs of the various electrospraying modes corresponding to applied voltages of (a) 5 kV, (b) 6 kV, (c) 7 kV, (d) 8 kV, (e) 9 kV, (f) 10 kV, (g) 11 kV, (h) 12 kV,
(i) 13 kV, and (j) 14 kV. The flow rate of the dye-containing solution was fixed at ~80 pL/min.
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Using an applied voltage of ~9 kV and temperature of 20 °C,
we investigated the effects of the electrospraying time on the
photovoltaic performance of the fabricated DSSCs. For comparison,
we also fabricated DSSCs using the conventional dip-coating
method for various dip-coating times. As can be seen from
Table 1, the amount of dye adsorbed (Mpa), short-circuit current
density (Jsc), and PCE increased linearly with an increase in both
the dip-coating time and the electrospraying time, eventually
plateauing at a saturation point. The Mp,s and Js values for the
DSSC assembled by electrospraying for 3 h were 15.83 x 10~° mol/
cm? and 10.00 mA/cm?; in contrast, those for the DSSC fabricated
by dip coating for 30 h were 9.44 x 10~® mol/cm? and 8.94 mA/
cm?. The highest PCE for the DSSCs fabricated by electrospraying
was 4.68%; this was much higher than that for the dip-coating-
fabricated DSSCs (4.28%). This suggests that one can reduce the
dye adsorption time by as much as a factor of ten and increase the
amount of dye adsorbed by using the electrospraying method. The
stability of DSSCs assembled by electrospraying process can also
be improved because the dye molecules were strongly attached to
the surface of TiO, NPs by electrostatic attraction forces.

The open-circuit voltage (V,.) also increased gradually with an
increase in the dip-coating time and the electrospraying time,
because it depends mainly on the number of electrons injected
into the TiO, conduction band [28]. The fill factor (FF) can be
defined as follows:

FF = Ymax_“Jmax )
VOC ‘.Isc
5
——20C
—4—30C
4 - ——40C
5 “-50C
—+—60°C
~ .| —e-70C
§ 3
&
£ 27
1 -
0 T T T " T
6 7 8 9 10 11 12
Voltage (kV)

Fig. 3. Evolution of the PCE value of the DSSCs assembled using the electrospray-
ing-assisted dye-deposition method as functions of the applied voltage and the
substrate temperature for a fixed electrospraying time of 30 min.

Table 1

where Ve and ], are the voltage and current density cor-
responding to the maximum power. The FF decreased slightly with
an increase in V. and J.

Fig. 4a and b shows the J-V curves of the DSSCs assembled
using different dip-coating times and electrospraying times,
respectively. With an increase in both the dip-coating time and the
electrospraying time, the maximum power increased significantly,
owing to the fact that larger amounts of the dye were adsorbed.
From the Nyquist plots shown in Fig. 4c and d, one could calculate
the recombination resistance (R,.) and the transport resistance
(Ry). Here, Ry is the resistance between the TiO,/dye/electrolyte
interfaces and is determined by the length of the second semi-
circle in the shown Nyquist plots. It can be seen that the R value
for the DSSCs fabricated by electrospraying was much smaller than
that for the DSSCs fabricated by dip coating. This is because the
TiO, thin film could adsorb a greater number of dye molecules
when they were deposited by the electrospraying method. This
resulted in an increase in the number of photogenerated electrons,
which increased Js. and lowered R, as shown in Fig. 4c and d and
Table 1. Further, R; is the electron-transport resistance between
the TiO, NPs and the resistance between the TiO, thin film and the
FTO glass substrate [29]; it can be calculated as follows:

Rt/3+Rrec = Reotal (2)

where Ry is the total resistance of the cell.

As can be seen from Table 1, R, was observed to increase
slightly with the increase in the dye adsorption time; this was true
for both dip coating and electrospraying. It also resulted in a
decrease in the FF value. It is obvious that longer dye adsorption
times result in the formation of dense aggregates of the dye
molecules within the TiO, thin films, which would hinder the
photogenerated electrons from being transported through the TiO,
layer and reaching the FTO glass substrate. In other words, a
thicker layer of the dye molecules would perturb the transport of
the photogenerated electrons from the TiO- layer to the FTO glass
substrate.

From the Bode plots shown in Fig. 4e and f, one can calculate
the electron lifetime (z.) as follows:

1
B Z”fmax

where f ., is the maximum peak frequency.

The electron lifetime increased with an increase in the elec-
trospraying time, suggesting that a greater number of the photo-
generated electrons diffused further, owing to the amount of dye
adsorbed being higher.

3)

Te

Photovoltaic performances of N719 dye deposited using the conventional dip-coating method for different dip-coating times and the electrospraying method for a fixed

voltage of 9 kV and substrate temperature of 20 °C for different electrospraying times.

Dye adsorption method Time (min) Mpa (10~ mol/cm? ) Jse (mA/cm?) Voe (V) FF PCE (%) Rrec (Q) R (Q) 7e(ms)
Dip coating 60 1.56 3.73 0.60 0.74 1.64 24.64 3.69 0.50
300 5.28 4.83 0.63 0.72 2.22 13.82 3.94 0.63
600 5.56 7.70 0.62 0.72 3.32 10.40 4.01 1.26
1200 8.61 8.12 0.63 0.72 4.00 9.57 4.05 1.26
1800 9.44 8.94 0.68 0.70 428 8.89 4.53 2.52
Electrospraying 10 5.36 4.92 0.61 0.74 2.23 13.89 4.92 0.80
20 5.44 513 0.61 0.74 231 13.15 5.15 1.00
30 7.78 7.48 0.63 0.73 3.42 9.62 5.72 1.30
60 9.14 8.41 0.65 0.72 3.91 9.36 5.85 1.70
120 12.56 9.76 0.64 0.72 432 8.77 6.32 3.10
150 14.64 9.85 0.65 0.71 4.65 8.61 6.54 4.00
180 15.83 10.00 0.66 0.71 4.68 7.92 7.03 4.00

*Note: Mps: amount of dye adsorbed, Js: short-circuit current, V,.: open-circuit voltage, FF: fill factor, PCE: power-conversion efficiency, R...: recombination resistance, R

transport resistance, z.: electron lifetime.
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Fig. 4. (a)J-V curves, (c) Nyquist plots, (e) Bode plots of the DSSCs assembled by the dip-coating method for different dip-coating times and (b) J-V curves, (d) Nyquist plots,
(f) Bode plots of the DSSCs assembled using the electrospraying method for different electrospraying times.

To determine the primary factor responsible for the observed
improvement in the PCE of the DSSCs fabricated by electrospray-
ing, the incident photon-to-electron conversion efficiency (IPCE)
spectra of the DSSCs were measured as functions of the incident-
light wavelength. As shown in Fig. 5, the IPCE spectra indicated
that the electrospraying-fabricated DSSC exhibited a higher IPCE
for an electrospraying time of more than 60 min than did the DSSC
fabricated by dip coating for 1800 min. This further confirmed that
electrospraying is an effective and rapid dye-deposition method
and can enhance the photovoltaic performance of DSSCs.

Fig. 6a shows photographs of the DSSCs assembled by con-
ventional dip coating and electrospraying for different processing
times. It can be seen clearly that the color of the DSSCs became
deeper with an increase in the dip-coating and electrospraying

times, with the deepest color being observed for an electro-
spraying time of 180 min. Further, Fig. 6b shows that the elec-
trospraying method can significantly reduce the duration of the
dye adsorption process by a factor of 10 and that one can achieve
PCE values higher than those of dip-coated DSSCs, as a greater
amount of dye is adsorbed in the case of electrospraying because
of the electrostatic force of attraction between the dye molecules
and the TiO, NPs in the photoelectrode.

4. Conclusions

In this study, we demonstrated rapid dye deposition for DSSC
fabrication using an electrospraying method that enabled us to
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Fig. 5. Incident photon-to-electron conversion efficiency (IPCE) spectra of the

DSSCs fabricated using the electrospraying method for different electrospraying

times and the DSSC assembled by the dip-coating method for 30 h; the latter

device exhibited the best photovoltaic performance of all the DSSCs assembled
using the dip-coating method.
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Fig. 6. (a) Photographs of the DSSCs assembled using different dip-coating and
electrospraying times and (b) comparison of the PCE values of the DSSCs assembled
using different electrospraying and dip-coating times.

significantly reduce the dye adsorption time and simultaneously
increase the amount of dye adsorbed. Specifically, we first sys-
tematically examined the different electrospraying modes result-
ing from the use of different voltages and substrate heating tem-
peratures and optimized the electrospraying conditions for the
adsorption of the dye molecules on the TiO, NPs. These were
determined to an applied voltage of ~9 kV and a temperature of
20 °C; under these conditions, the dye-containing droplets could
reach the surfaces of the TiO, thin film in the liquid state and
permeate through the TiO, thin film to a degree sufficient to allow
them to be absorbed on the surfaces of the TiO, NPs. Further, we

found that the electrospraying method also significantly increased
the photovoltaic performance of DSSCs by increasing the amount
of dye adsorbed, which was because of the electrostatic force of
attraction between the dye molecules and TiO, NPs. The electro-
spraying method proposed in this study can potentially accelerate
the industrial processes for manufacturing DSSCs as well as imp-
rove their photovoltaic performance. This is because it leads to
strong adhesion between the dye molecules and the semicon-
ducting oxide NPs and simultaneously increases the amount of dye
adsorbed and decreases the deposition time.
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