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ABSTRACT

An effective and versatile single-stage aerosol impactor was specially designed to rapidly coat the surface of TiO,
thin films with a controlled amount of dye molecules via inertial impaction and surface diffusion to speed-up the
manufacturing process and enhance the photovoltaic performance of dye-sensitized solar cells (DSSCs). By
theoretically determining the specific dimensions of the aerosol accelerating nozzle and experimentally con-
trolling the mixing ratio between the sheath gas and dye aerosol flow rates in the single-stage aerosol impactor,
the speed and quality of dye adsorption on the TiO, thin films of the photoelectrodes could be systematically
assessed in terms of the photovoltaic performance of the DSSCs, including open-circuit voltage, short-circuit
current, fill factor, and power conversion efficiency (PCE). It was found that the aerosol impactor-assisted dye
coating method developed in this study significantly reduced the duration of dye adsorption (aerosol coating
duration = 20-60 min) and increased the PCE of the DSSCs to 7.28%. Using this methodology, dye-coating was
~ 20 times faster and the fabricated device has 23% higher PCE compared to the DSSC fabricated by the con-
ventional dip coating method (dip-coating duration = 1200 min, PCE = 5.92%). These results proved that the
single-stage aerosol impactor designed in this study is a very effective and versatile device for rapidly coating the
surface of TiO, thin films with dye molecules using sufficient inertial impaction, which enables the introduced
dye molecules to infiltrate and quickly adsorb on the surface of TiO, nanoparticles accumulated in the DSSC
photoelectrodes.

1. Introduction

enable green energy production on a large scale. The general working
principle of DSSCs is that the solar energy is converted into electric

The photovoltaic performance of dye-sensitized solar cells (DSSCs)
composed of dye-adsorbed TiO, nanoparticle (NP)-accumulated pho-
toelectrodes formed on a fluorine-doped tin oxide (FTO) conducting
substrate (O’Regan and Gratzel, 1991; Ahn et al., 2013, 2014; Luo et al.,
2016, 2017; Latini et al., 2013; Green et al., 2009; Liu et al., 2006;
Moon et al., 2013; Lee et al., 2010; Krkrek et al., 2006), Pt-coated FTO
conducting substrate as a counter electrode (Li et al., 2008; Ahn et al.,
2014; Wang and Hu, 2012), and redox electrolyte filled between the
two electrodes (Wu et al., 2008; Ahn et al., 2012) have been greatly
improved in the years following the first report by Grdzel et al.
(O’Regan and Gratzel, 1991). DSSCs have the advantages of relatively
low manufacturing cost, simple manufacturing process, and relatively
high power conversion efficiency (PCE). Therefore, DSSCs are con-
sidered as promising candidates for next-generation solar cells that can

energy with the assistance of dye sensitizer. In the photoelectrode,
electrons are generated by dye molecules attached on the surface of
TiO, semiconductors, which absorb the incident photons. This form of
photoexcitation indicates that the electrons are excited from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied mole-
cular orbital (LUMO). Since the LUMO energy level of dye molecules is
greater than that of conduction band of TiO,, the photogenerated
electrons are rapidly injected into TiO, layer, where the dye molecules
are oxidized. The photogenerated electrons diffuse through the external
circuits, and they reach to the counter electrode. Finally they transfer to
the liquid electrolyte, where the oxidized dye molecules participate in a
redox reaction and are restored back to their ground state. Meanwhile
1™ ions are oxidized to I3~ ions, and the I3~ ions diffuse toward the
counter electrode and accept the photogenerated electrons so that they
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are reduced back to I” ions.

Several research groups have performed in-depth studies on the
various components of DSSCs to improve their photovoltaic perfor-
mances. Toward this end, a major strategy is to increase the specific
surface area of the TiO, NP-accumulated photoelectrode so that it may
adsorb more dyes that generate electrons under sunlight irradiation
(Yan et al., 2011; Mohamed et al., 2016; Yu et al., 2009; Kim et al.,
2013). The other strategy is to tune the nanostructures of the TiO, NP-
accumulated photoelectrode and improve the efficiency of electron
transfer so that the recombination rate of the photogenerated electrons
with liquid electrolyte is reduced (Hossain et al., 2015; Wu et al., 2014,
2012; Liao et al., 2011; Su et al., 2017; Lee et al., 2015).

Among the various components of DSSCs, the fabrication of pho-
toelectrodes takes a relatively long time because of the tedious dye
adsorption process. One of the most important attributes of the DSSC
photoelectrodes is their ability to adsorb a sufficient amount of dye
molecules on the surface of TiO, NPs. In general, photoelectrodes in
DSSCs are made up of TiO, NP-accumulated thin films that are formed
on an FTO glass using a screen-printing process, and then immersed
into a dye solution for > 10-36h to ensure adequate dye adsorption
(Jasim, 2011; Tesfamichael et al., 2003). This traditional dye adsorp-
tion made possible by the dip coating process results in the slow fab-
rication of DSSCs and the consumption of an unpredictable amount of
the dye molecules. Consequently, it is hard to sustain a stable photo-
voltaic performance of the resulting DSSCs that are fabricated by the
dip coating process. In order to achieve a rapid dye-adsorption process
during DSSC fabrication, several research groups have tried to increase
the dye-adsorption rate by increasing the dye diffusion flux con-
siderably by using highly concentrated dye solutions at relatively high
temperature conditions (Noda et al., 2009; Hinsch et al., 2011). How-
ever, all of these approaches have limitations in realizing controlled dye
adsorption. We also employed an electrospray process so that a rapid
dye adsorption in the aerosol phase was successfully realized (Luo et al.,
2016), but it has several disadvantages of requiring complex and ex-
pensive high electric power circuit system and difficulties in scale-up
process.

In this study, we specially designed and manufactured a single-stage
dye aerosol impactor to rapidly deposit dye molecules on the surface of
TiO5 NP-accumulated thin films via inertial impaction under controlled
fluid flow, which enabled us to eventually rapidly fabricate DSSCs that
demonstrated stable and sustainable photovoltaic performance. Briefly,
the dye solution was transformed into dye-containing droplets using an
ultrasonic atomizer, which were then accelerated in the specially de-
signed single-stage aerosol impactor so that they collided with the
surface of the TiO, thin film with strong momentum. Under the opti-
mized carrier gas flow conditions, the major dye aerosols were im-
pacted in such a manner that they became attached and diffused
throughout the TiO, thin film. Finally, we have demonstrated that the
rapid dye adsorption process was successfully implemented on the
surface of TiO, thin films. Additionally, the effect of rapid dye ad-
sorption on the photovoltaic performance of DSSCs was systematically
investigated.

2. Materials and methods
2.1. Design and manufacture of single-stage dye aerosol impactor

Inertial impaction is a special case in curvature motion that allows
the collection and measurement of aerosol particles. Single-stage
aerosol impactors have been widely used for separating aerosol parti-
cles that are larger than a certain size by inertial impaction (Marple and
Klaus, 1976). Fig. 1a shows the operating principle of a single-stage
impactor. Briefly, when aerosol particles are introduced into an im-
pactor nozzle at a specific flow rate, they accelerate toward an im-
paction plate placed at the bottom of the impactor. The impaction plate
deflects the flow to form an abrupt 90° bend in the streamline. Among
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the introduced particles, those that have inertia exceeding a certain
value, are unable to follow the streamlines and collide on the surface of
the impaction plate. However, when the introduced particles are
smaller, they cannot reach the impaction plate because of lower mo-
mentum. These particles avoid hitting the impaction plate and can be
finally exhausted by following the streamlines of the carrier gas flow or
collected for recycling in a trap installed in the exhausting streamlines.
A single-stage aerosol impactor for depositing dyes was specially de-
signed in the present study and is shown in Fig. 1b and c. It consisted of
a cover plate with an aerosol inlet, accelerating nozzle, and impaction
plate with two aerosol outlets. The aerosol inlet was located at the
center of the cover plate. The accelerating nozzle was 1 cm in width and
5 cm in length. The rubber O-rings were inserted at the connecting part
between the nozzle and the cover and the base of the impactor to
prevent gas leakage. In addition, bolts installed at the base plate were
used to support individual parts and simultaneously increased the air
tightness. The gas outlets were finally connected to an external vacuum
pump to eliminate the undeposited dye aerosols and carrier gas in the
exhaust.

Fig. 2 shows the schematics of the entire experimental system. The
first step in this process was the preparation of dye aerosols Fig. 2a),
which were generated from the dye solution using an ultrasonic ato-
mizer operated at a power of 40 W and frequency of 20 Hz. Here, the
concentration of the dye solution, i.e.,, Ru-dye (BuyN),[Ru
(Hdcbpy)2(NCS)>] (N719, Solaronix, SA, Switzerland), was ~ 0.3 mM.
In the second step, the dye aerosol was deposited on the substrate
Fig. 2b). The TiO, thin film-coated FTO glass was placed on the im-
paction plate. The center of the TiO, thin film was geometrically
aligned with that of the aerosol accelerating nozzle. The dye aerosols
introduced through the nozzle with high momentum collided with the
surface of the film and then rapidly diffused into the TiO, thin film. The
smaller dye aerosols with relatively low momentum were unable to
collide with the surface of the TiO; thin film and were exhausted along
with the carrier gas through the aerosol outlets. Fig. 2c shows the
schematics of the entire dye aerosol coating system employed in this
study. It was mainly composed of a gas filter and a silica-gel dryer, mass
flow controllers, an ultrasonic atomizer, a single-stage aerosol im-
pactor, and a vacuum pump. Filtered and dried air was provided for
aerosol and sheath flows. The aerosol and sheath flow rates were pre-
cisely controlled using mass flow controllers (Model No. MPR2000,
MKP). The dye aerosol concentration was controlled by varying the
mixing ratio of aerosol and sheath flows, and the generated dye aerosols
were finally introduced into the single-stage impactor for coating TiO,
thin film-based photoelectrodes of DSSCs.

To design and manufacture the single-stage aerosol impactor, var-
ious parameters such as Stokes number (Stk), Reynolds number (Re), S/
W, and T/W (where, S is the distance between the accelerating nozzle
and the impaction plate, W is the nozzle width, and T is the throat
length of nozzle), were taken into account. Stk is a dimensionless
number defined by the ratio of the stop distance of the aerosol particle
to the radius of the nozzle neck as given in Eq. (1), indicating whether
an aerosol particle would be collected by colliding with the surface of
the impaction plate (Marple and Klaus, 1976; Mehdizadeh et al., 2013;
Fuchs, 1989).

£, VoCD;/18u
w/2

Stk =
(@)
where p, refers to the particle density, V, is the average velocity of fluid
flow in the nozzle, C stands for the Cunningham slip correction factor,
D, corresponds to the average particle diameter, and y is the viscosity of
the fluid.

Re is a dimensionless number defined by the ratio of fluid inertia
and viscous force, as given in Eq. (2).

A
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Fig. 1. Schematics of the (a) operating principle and (b) specific design and dimensions of a single-stage dye aerosol impactor. (c) Photographs of individual parts

(left) and the completely assembled single-stage dye aerosol impactor (right).

where p denotes the density of the fluid.

Here, V, can be simply expressed by the volumetric flow rate di-
vided by the nozzle area (i.e., V, = 4Q/aW?, Q is the volumetric flow
rate). Thus, Stk and Re can be rewritten as follows:

40, QCD

Stksy =
%0 ImuWw3 3

where D5, indicates when a sample of the cumulative size distribution
percentage reaches 50% of the corresponding particle size, and is
commonly used as the average particle size.

4pQ
U (C)]

Re =

From Egs. (3) and (4), the nozzle width is obtained as a function of
Re and Stk as given in Eq. (5).

Re
W= i JCDs,
9,0Stk50 (5)

Here, Stks, refers to the Stokes number at 50% collection efficiency and
indicates the location of the ideal cutoff curve that best fits the actual
cutoff curve. Ideal cutoff curve implies that all particles larger than a
certain size are collected on the impaction plate and all particles
smaller than that size pass through. For a circular nozzle impactor, Stkso
is known to be ~ 0.24, which is independent of the nozzle diameter and
flow velocity (i.e., (Stksp)'/? = 0.49) (Marple and Klaus, 1976; Rader
and Marple, 1985; Hinds, 1999).

The value of Re was fixed as ~3000 throughout this study for the
aerosol particles to have sufficient inertial impaction without turbu-
lence (Re>3000) or relatively low inertial impaction (Re < 3000)
(Slezakova and Morais, 2012). On the basis of these specific parameters,
including p = 1.205 x 10" 3gem ™3 (air density), Pp = 0.789gem 3

(ethanol density), JC Dsy = ~10pm, and Re = 3000, the resulting
width of the round nozzle in the single-stage aerosol impactor was
calculated to be ~1cm. In addition, the values of S/W =1 and T/
W = 5 were chosen in this study because they were previously found by
other research groups to maintain sharp cutoff characteristics and
stable cutoff size of the aerosol particles (Marple and Klaus, 1976;
Rader and Marple, 1985). Therefore, the specific dimensions of the
impactor designed in the present study were finally determined to be
W= ~1lcm, S= ~1lcm, and T= ~5cm for Q= ~25Lmin"' and
D, = ~10 um, whereby the dye aerosols could be collected on the TiO,
thin films of the photoelectrodes used in DSSCs.

2.2. Fabrication of the photoelectrode and counter electrode of DSSCs

The photoelectrode of DSSCs was composed of the TiO, thin film
and FTO glass (SnO4:F, 7 Q/sq, Pilkington, Boston, USA). The TiO, thin
film was prepared by a screen-printing process using TiO, paste. For
preparing the TiO, paste, 0.3 g of commercial TiO, NPs (P25, Degussa,
Germany), 1 g of terpineol, and 0.05 mL of acetic acid (CH;COOH) were
mixed in 3 mL of ethanol in a vial. In another vial, 0.15 g of ethyl cel-
lulose was dispersed in 5 mL of ethanol and sonicated for 1 h. Both of
these solutions were then mixed using a planar mixing machine
(Awatori Rentaro ARE-310, Thinky Corporation, Japan) for 3 min at
2000 rpm. The mixed solution was heated to remove the ethanol and a
viscous TiO, paste was obtained. Before performing the screen-printing
process, FTO glasses were cleaned with acetone, ethanol, and deionized
water in an ultrasonic bath for 20 min to remove impurities. The
cleaned FTO glasses were then pretreated with TiOCl, solution, which
consisted of 0.247 mL of TiOCl, and 20 mL of deionized water, to en-
able strong adhesion of the TiO, thin films onto the surface of the FTO
glass. This pretreatment process lasted for 30 min at 70 °C and subse-
quently, the TiOCl,-treated FTO glasses were heated at 500 °C for
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Fig. 2. Schematics of (a) generation of the dye aerosols, (b) coating process of the dye aerosols on the surface of the TiO, thin film by inertial impaction, and (c) the

complete experimental set-up of a single-stage dye aerosol impactor system.

30 min in an electric furnace. After the above mentioned preparation
steps were implemented, TiO, thin films were deposited on the TiOCl,-
treated FTO glasses as an electron transfer layer using the screen-
printing process with an approximately 20um thick and
0.4cm X 0.4cm photoactive area. Subsequently, the screen-printed
substrate was heated at 500 °C for 30 min for sintering the TiO, primary
particles in the thin films.

For the dye adsorption process, we first employed a standard ato-
mizer (Model No. LH-7321FN, Cuckoo, Korea) to generate dye aerosol
droplets as shown in Fig. 2. The dye aerosol was then carried into the
accelerating nozzle of a single-stage aerosol impactor by carrier air
flow. The gas flow rate was controlled using mass flow controllers
(MFC) (Mkp, Model No. MPR2000, Korea). When the dye aerosol-laden
air flow encountered the impaction plate, its direction was abruptly
changed. Simultaneously, this resulted in a significant change in the
trajectories of the dye aerosol droplets. The aerosol droplets that were
larger than the critical cutoff size were deviated from the carrier gas
flow and finally collided with the TiO, thin films installed on the im-
paction plate. The dye aerosols directly hit the surface of the TiO, thin
film and then rapidly penetrated through the interstitial spaces among
the TiO, NPs. The dye molecules were then combined with the TiO,
thin films via chemical interactions between the hydroxyl (—OH)
groups of TiO, and the carboxylate (—COOH) groups of the dye mole-
cules, resulting in ester linkages (—COOR) (Luo et al., 2016; Newton
et al.,, 1997; Kuo and Wu, 2014). The dye aerosol droplets that were
smaller than the critical size were laden by the carrier gas and collected
by a filter operated by vacuum pump.

For preparing the counter electrodes of DSSCs, FTO glasses were
drilled with two holes for subsequent injection of the liquid electrolyte
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(AN-50, Solaronix, SA, Switzerland). The glasses were cleaned ac-
cording to the above sonication cleaning steps and then coated with Pt
by ion sputtering (Model No. E1010, Hitachi, Chiyoda-ku, Japan) for
improving the electrical conductivity.

2.3. Assembly and photovoltaic performance measurement of DSSCs

The assembly of the both the photoelectrode and the counter elec-
trode of DSSCs requires a hot-melt polymer film (60 pum thickness,
Surlyn, DuPont, USA). The hot-melt polymer was cut into a hollow
rectangle of a suitable size. It was then put on the photoelectrode to
ensure that the dye-coated TiO, thin film fitted inside the hollow
square. The counter electrode was then placed on the hot-melt polymer.
Finally, a sandwich structure of the photoanode/polymer film/counter
electrode was formed and heated at 120 °C for 4 min under a pressur-
ized force for tight sealing. Subsequently, the liquid electrolyte was
injected through the drilled holes of the counter electrode and the holes
were finally sealed using a hot-melt polymer and cover glass.

The photovoltaic performances of the DSSCs were recorded using a
solar simulator (PEC-L11, Peccell Technologies, Inc., Kanagawa, Japan)
at the condition of 1.5 air mass and 1 sun (=100 mW cm ~2) illumi-
nation. The current density-voltage (J-V) curves and electrochemical
impedance spectra (EIS) were automatically measured by the Keithley
SMU 2400 source meter (Cleveland, OH, USA). To measure the amount
of dye, TiO, thin film-coated FTO glass was immersed in 0.1 mol L7!
NaOH solution (deionized water:ethanol = 1:1) to dissolve the dye
molecules adsorbed by the TiO, thin films. Next, the dye-containing
solution was examined using an ultraviolet-visible (UV-Vis) spectro-
meter (Cary 5000, Agilent, Englewood, CA, USA) to analyze the
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Table 1

Summary of the photovoltaic performances of the DSSCs fabricated using a dye
aerosol coating method under different mixing ratios of sheath and dye aerosol
flow rates.

Ratio of flow rate  J,. (mA cm~2)  V,. (V) FF PCE (%)
(Sheath:Aerosol)

5:20 11.96 * 0.33 0.71 £ 0.01 0.72 + 0.04 6.12 = 0.27
10:15 12.75 = 0.70 0.69 £ 0.02 0.72 = 0.02 6.31 + 0.30
15:10 13.28 = 0.57 0.71 £ 0.01 0.71 = 0.03 6.69 = 0.21
20:5 13.79 * 0.62 0.74 = 0.01 0.71 + 0.02 7.18 = 0.12
22:3 11.14 = 0.51 0.66 = 0.02 0.71 + 0.02 5.22 *= 0.18
24:1 4.02 = 0.45 0.62 + 0.03 0.72 = 0.05 1.80 = 0.21

* Note: Unit of flow rate: L min~?, J,.: short circuit current density, V,.: open
circuit voltage, FF: fill factor, PCE: power conversion efficiency.

absorbance of dye N719 (Angelis et al., 2010). The incident photon-to-
electron conversion efficiency (IPCE) was measured with the solar si-
mulator (Abet Technologies Inc., Sun 20009), which used an arc lamp
light source (Abet Technologies Inc., LS-150-Xe).

3. Results and discussion

The effect of the mixing ratio of sheath air and dye aerosol flow
rates (or dye aerosol concentration) on the photovoltaic performance of
the DSSCs was investigated to determine the optimized operating
conditions of the dye aerosol impactor. The inertial impaction of dye
aerosol droplets on the surface of TiO, thin film was fixed for ~ 30 min.
Consequently, the short circuit current density (Jy) and power con-
version efficiency (PCE) values of the DSSCs increased with the in-
creasing sheath air flow rate up to 20 Lmin~! and simultaneously de-
creased the dye aerosol flow rate down to 5 L min ~ 1 Table 1). However,
there were no appreciable changes in the open circuit voltage (V,.) and
fill factor (FF) for the cases of aerosol flow rates of 5-20 L min~'. For
the highest aerosol concentrations (sheath:aerosol = 5:20), the dye
aerosol droplets were continuously accumulated on the surface of the
TiO, thin film, which turned into an entirely wet surface covered with
the dye solution. This resulted in shielding the direct impaction of the
continuously introduced dye aerosol droplets on the surface of the TiO,
thin film. When the dye aerosol flow rate reached ~15Lmin~!
(sheath:aerosol = 10:15) with lesser aerosol concentration, the degree
of wetness of the TiO, thin film decreased qualitatively to some extent.
As the dye aerosol flow rate was reduced further to ~10Lmin*
(sheath:aerosol = 15:10), the surface of the TiO, thin film was not wet
because of the rapid evaporation of the aerosol solvent, implying that
the dye molecules were effectively adsorbed by aerosol impaction.
When the dye aerosol flow rate was reduced to ~5Lmin~' (shea-
th:aerosol = 20:5), the photovoltaic performance of the resulting DSSC
was found to be the best. However, when the dye aerosol flow rate was
further reduced to less than ~5Lmin~! (sheath:aerosol = 22:3 &
24:1), the photovoltaic performance of the resulting DSSC was found to
be decreased due to lack of dye molecules coated on the TiO, thin films.
Therefore, the mixing ratio of sheath and aerosol was fixed to 20:5 as
the optimized flow rate condition for maximizing the dye aerosol
coating efficiency and photovoltaic performance of DSSCs.

We also investigated the effect of aerosol coating duration on the
photovoltaic performances of the DSSCs at the optimized sheath and
dye aerosol flow rate condition (sheath:aerosol = 20:5). For compar-
ison, we also prepared DSSCs fabricated by the conventional dip
coating method for varying time durations of the dye adsorption pro-
cess Table 2). As the duration of dye adsorption was increased in both
dip and aerosol coating processes, the amount of the adsorbed dye
(Mpa), Js., and PCE were also increased. In the case of conventional dip
coating duration of 1200 min, the resulting Mpa, Ji., and PCE of the
fabricated DSSCs were 10.58 X 10 ®molcm ™2, 11.29 mAcm ™2, and
5.92%, respectively. For the dip coating duration longer than longer

Solar Energy 173 (2018) 993-1001

than 1800 min, the resulting PCE was saturated at ~6.2% in the pre-
sent study. However, in the case of aerosol coating performed for
60 min, the resulting Mp,, Ji, and PCE of the DSSCs were considerably
increased to 15.55 x 10" ®mol cm ™2, 15.54 mA cm ™2, and 7.28%, re-
spectively. The resulting PCE was saturated at ~7.3% after the aerosol
coating duration of ~30 min. This suggests that the dye aerosol coating
method using the single-stage dye aerosol impactor employed in the
present study was very effective and could significantly shorten the
tedious traditional dip-coating dye adsorption process. The inertial
impactor system imparted high momentum to the dye aerosol droplets,
such that they then rapidly impacted the TiO, thin film and were
quickly adsorbed because of their enhanced surface and intra-particle
diffusion rates (Kuo and Wu, 2014; Yu et al., 2010). In contrast; the
TiO, thin film was immersed in a dye solution in the conventional dip
coating method, where the dye molecules diffused very slowly and were
adsorbed to the surface of TiO, thin film as a result of a dye con-
centration gradient in between the dye solution and TiO,. In both dye
adsorption methods, V,. increased with the increasing the dye coating
duration until the dye adsorptions were saturated. A gradual increase in
V,. was observed for the dip coating method, while a rapid increase in
Voc Was observed for aerosol coating method owing to the high dye
adsorption rate.

Fig. 3a and b show the J-V curves of the DSSCs fabricated by ‘the dip
coating and aerosol coating methods for different coating durations.
The maximum Jy. value clearly increased as the coating duration in-
creased. This is because the amount of dye molecules adsorbed on the
photoelectrode also increased and upon irradiation of the DSSCs, the
dye molecules generated more photoelectrons. The Nyquist plots in
Fig. 3c and d commonly show three semicircles. The first semicircle
from the left represents the resistance between the Pt counter electrode
and the liquid electrolyte. The second semicircle represents the re-
combination resistance (R,..), which is the resistance at the dye/TiO5/
electrolyte interfaces. The third semicircle represents the resistance of
the liquid electrolyte. The R, of the DSSCs fabricated by the aerosol
coating method was observed to be smaller than that of the DSSCs
fabricated by the dip coating method. It was because more dye mole-
cules were effectively adsorbed by the latter method on the TiO, thin
film of the DSSCs in such a short time, which resulted in the injection of
more electrons through the TiO, film so that higher J;. and lower R,
were obtained. The electron transport resistance (R,) includes two
components (Bisquert and Santiago, 2009; Ha et al., 2016), namely,
among TiO, NPs and between TiO, thin film and the FTO glass. It can
be calculated from the relation given in Eq. (6),
% + Ryee = Reotal 6)
where R, is the total resistance of DSSC. The magnitudes of R, of the
DSSCs fabricated by the aerosol coating method was higher than that of
DSSCs fabricated by the dip coating method. This was presumably be-
cause the photogenerated electrons met with more resistance as a result
of highly aggregated dye molecules on the surface of the TiO, thin film,
which will be discussed later in detail (see Fig. 4). Fig. 3e and f show the
Bode plots for the assembled DSSCs. The characteristic frequency peaks
in the Bode phase angle represent the delayed phase in terms of capa-
citance and the lifetime of electrons (z,), which can be calculated from
Eq. (7).

1

" e @

Here, fnax is the maximum peak frequency. The value of 7, was found to
increase with the increasing coating duration for both dip and aerosol
coating processes. The increase in 7, suggested that a smaller effective
recombination rate constant for the electrons and the liquid electrolyte
implied a greater probability of the electrons passing through the TiO,
semiconductor to the Pt counter electrode and consequently higher
values of J. and PCE of the fabricated DSSCs.

Te
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Table 2
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Summary of photovoltaic performances of the DSSCs fabricated using both dip coating and aerosol coating methods for different dye deposition durations.

Dye-adsorption method Time (min)  Mps (10 ®molem™2)  J, (mA cm™?) Voe (V) FF PCE (%) Rec () R/ (Q 7 (ms)

Dip coating 60 1.56 + 0.21 6.59 * 0.31 0.66 + 0.01 0.74 + 001  3.19 * 0.10 25.76 51.78 4.00
300 5.28 + 0.18 9.91 + 0.58 0.68 = 0.01 073 + 0.01  4.92 + 0.07 19.62 46.08 4.00
600 9.60 = 0.20 10.75 * 0.64 0.70 + 0.01 073 = 0.02 556 + 0.13 20.69 45.78 5.04
1200 10.58 + 0.14 11.29 + 0.41 0.72 + 0.01 0.72 * 0.01 592 * 0.08 18.51 54.84 6.34
1800 10.97 + 0.23 11.96 + 0.29 0.72 + 0.01 071 + 001  6.12 = 0.11 18.38 47.40 6.34

Aerosol coating 5 1.12 + 0.30 6.39 * 0.69 0.63 + 0.01 074 = 0.02  3.00 + 0.19 23.04 60.57 4.00
10 5.12 * 0.27 10.54 + 0.73 0.68 + 0.02 073 = 0.01 525 + 0.27 17.99 59.55 4.00
20 11.96 + 0.37 13.37 + 0.55 0.70 + 0.01 070 = 0.01  6.53 + 0.22 17.96 58.74 7.98
30 14.90 + 0.29 13.79 + 0.62 0.74 + 0.01 071 = 0.02  7.18 + 0.12 17.02 61.98 7.98
40 15.51 * 0.14 14.56 * 0.63 0.71 + 0.02  0.68 = 0.02  7.05 + 0.06 16.66 58.76 10.05
60 15.55 + 0.34 15.44 + 0.57 0.69 + 0.01 0.68 + 0.01  7.28 = 0.11 16.67 57.63 10.05

* Note: Mpa: amount of dye adsorbed, Ry:

Fig. 4 shows the SEM images of the photoelectrodes in cross-sec-
tional view prepared for different dye coating durations. Fig. 4a and b
show the TiO, NPs accumulated-thin film photoelectrode without the
coating dye molecules. The TiO, NPs were uniformly attached to the
surface of FTO glass. Fig. 4c shows the case of TiO, thin film fabricated
by dye aerosol coating for a duration of 10 min, after which the dye
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molecules were unevenly covered over the TiO, thin film because of the
relatively short aerosol coating duration. In addition, it was observed
that the dye molecules could not sufficiently infiltrate the TiO, thin film
in-depth as shown in Fig. 4d. However, upon dye aerosol coating for 30
and 60 min, as shown in Fig. 4e, f, g, and h, the dye molecules seemed
to completely penetrate through the TiO, thin film so that the TiO, NPs
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Fig. 3. (a) J-V curves, (c) Nyquist plots, and (e) Bode plots of the DSSCs fabricated using the dip coating method for different coating durations. (b) J-V curves, (d)
Nyquist plots, and (f) Bode plots of the DSSCs fabricated using the aerosol coating method for different coating durations.

998



Y. Zhang et al.

g’

(a),TiO, film without dye coating

(e) Aerosol coating (30 min)
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Fig. 4. Cross-sectional SEM images of (a, b) TiO, thin film without dye coating and TiO, thin films fabricated by aerosol coating for a duration of (c, d) 10 min, (e, f)
30 min, (g, h) 60 min, and (i, j) TiO, thin films fabricated by dip coating for a duration of 1200 min.

were sufficiently covered by the dye molecules. This suggests that the
TiO, thin film in the photoelectrodes could be saturated by dye aerosol
coating for = ~ 30 min. Fig. 4g and h illustrate the case of the TiO, thin
film fabricated by aerosol coating for a duration of 60 min, and it can be
clearly observed that the dye molecules were able to penetrate the TiO,
thin film to reach the interface between the film and FTO glass. For

999

comparison, SEM analysis of the TiO, thin film fabricated by dip
coating process for 1200 min was also performed as shown in Fig. 4i
and j. The top surface of the TiO, thin film seemingly adsorbed more
dye molecules and the amount adsorbed in the depths was decreased to
some extent. This suggests that the dye molecules were slowly diffused
and adsorbed onto the TiO, NPs by a dye concentration gradient in the
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Fig. 5. Photographs of the TiO, thin film-based photoelectrodes fabricated by the dye aerosol coating method for durations of 5, 10, 20, 30, 40, and 60 min,
respectively, before and after washing the redundant dye molecules deposited on the edges of the TiO, thin films. (The ratio between sheath and aerosol flow rates

was fixed to 20:5.)

dip coating process. These results confirmed that the dye aerosol
coating method developed in the present study is very effective and
versatile for the rapid dye adsorption process in the manufacturing of
DSSCs.

Fig. 5 shows the photographs of the surfaces of the TiO, thin films
after the dye aerosol coating process performed for different durations.
It was observed that the square-shaped photoactive areas made up with
TiO, thin film were entirely covered by the impaction of the dye
aerosols. As the dye aerosol coating duration was increased, the color of
the TiO, thin film turned into dark purple, indicating that a larger
amount of dye molecules were adsorbed. After 5min of dye aerosol
coating, the color of the TiO, thin film was pale pink, indicating that
the majority of TiO, NPs could not sufficiently adsorb dye molecules
owing to the relatively short coating duration. With the increase in the
dye aerosol coating duration, the color of the TiO, thin film was gra-
dually deepened. After the aerosol coating duration for 60 min, the
excess dye molecules were accumulated on the surface edges of the
TiO, NPs with a dark purple color. After each dye aerosol coating
process, the TiO, thin film was washed with alcohol to remove the
redundant dye molecules that were not attached to the surface of TiO,
NPs. The photovoltaic performances of the DSSCs seemed to be almost
saturated after dye aerosol coating duration for 30 min. The PCEs of
DSSCs did not increase to any significant extent with the increasing
duration of dye aerosol coating. Therefore, when the coating was pro-
longed, the excessive dye molecules became agglomerated at the sur-
face of the TiO, thin films and deteriorated the photovoltaic perfor-
mance of the DSSCs by hindering the electron transfer and
simultaneously increasing the internal resistance.

The IPCE spectra were measured as a function of the incident light
wavelength as shown in Fig. 6. The DSSCs fabricated by the dye aerosol
coating method exhibited a better IPCE with the increasing duration of
the dye aerosol coating process. The IPCE of DSSCs fabricated by dye
aerosol coating for more than 20 min far exceeded that of DSSCs fab-
ricated by dip coating for 1200 min. This result confirmed the effec-
tiveness of the dye aerosol coating method, and its ability to rapidly
adsorb dye molecules on thin films, while simultaneously improving the
photovoltaic performances of the fabricated DSSCs.

Fig. 7a shows the comparison of the color and transparency of the
DSSCs fabricated by both dip and aerosol coating methods for dye ad-
sorption. It was clearly observed that the color of the DSSC fabricated
via dye aerosol coating for 60 min was much darker in comparison with
the DSSC fabricated via the dip coating process for 1200 min. This
suggested that dye aerosol coating is an effective method to rapidly
adsorb the dye molecules on TiO, thin films. Fig. 7b shows the com-
parison of the PCE values of DSSCs as a function of dip and aerosol
coating duration. The highest PCE of the DSSC (7.28%) fabricated using
the aerosol coating method was 23% higher than that of the DSSC

1000

80
—@—Dip coating: 1200 min
—- Aerosol coaling: 5 min
- —#— Aerosol coating: 10 min
60 y —— Aerosol coating: 20 min
§ 'i —&— Aerosol coating: 30 min
,“: - w Aerosol coating: 60 min
O 40 {0 \
= 9
n
20
0 T T T T <jc
300 400 500 600 700 800 900

Wavelength (nm)

Fig. 6. Incident photon-electron conversion efficiency (IPCE) spectra of the
DSSCs fabricated using (i) the dye aerosol coating method implemented for
various coating durations (5-60 min) and (ii) the dip coating method applied
for 1200 min for comparison.

fabricated using the conventional dip coating method (PCE = 5.92%).
Moreover, the DSSCs fabricated using the single-stage dye aerosol im-
pactor device designed in the present study were rapidly manufactured
by significantly reducing the dye coating process with a production
speed that was ~20 times as fast. Therefore, the single-stage dye
aerosol impactor device could significantly accelerate the extent of dye
adsorption and simultaneously increase the amount of dye so that it can
inherently improve the photovoltaic performance of the DSSCs.

4. Conclusions

In this study, we have described an effective and versatile dye
aerosol coating method, which can be compatible with any type of dye
dispersed in solvent, using a single-stage aerosol impactor for rapid dye
adsorption on the photoelectrodes of DSSCs. The results demonstrated
that the amount and speed of dye adsorption on TiO, thin films in the
photoelectrodes of DSSCs were increased considerably because of the
inertial impaction of dye aerosol with strong momentum at a critical
concentration. These attributes of the dye aerosol were precisely con-
trolled by adjusting the mixing ratio of sheath gas and aerosol flow
rates in the single-stage aerosol impactor. Using the specially designed
accelerating nozzle and under optimized operating conditions of the
single-stage aerosol impactor, the dye molecules were rapidly coated on
the surface of the TiO, thin film and strongly bonded to the TiO, NPs.
The photovoltaic performances of DSSCs fabricated by the dye aerosol
coating method were found to be much better than those of the DSSCs
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Fig. 7. (a) Photographs of DSSCs assembled using the dip coating process for
1200 min and dye aerosol coating process for 60 min. (b) Comparison of the
PCEs of DSSCs fabricated following the dip- and aerosol-coating methods for
different durations.

fabricated by the conventional dip coating method.
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