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ABSTRACT: A facile method for increasing the reaction rate of dye
adsorption, which is the most time-consuming step in the production of dye-
sensitized solar cells (DSSCs), was developed. Treatment of a TiO,
photoanode with aqueous nitric acid solution (pH 1) remarkably reduced
the reaction time required to anchor a carboxylate anion of the dye onto the
TiO, nanoparticle surface. After optimization of the reaction conditions, the
dye adsorption process became 18 times faster than that of the conventional
adsorption method. We studied the influence of the nitric acid treatment on
the properties of TiO, nanostructures, binding modes of the dye, and
adsorption kinetics, and found that the reaction rate improved via the
synergistic effects of the following: (1) electrostatic attraction between the
positively charged TiO, surface and ruthenium anion increases the collision
frequency between the adsorbent and the anchoring group of the dye; (2)
the weak anchoring affinity of NO;™ in nitric acid with metal oxides enables
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the rapid coordination of an anionic dye with the metal oxide; and (3) sufficient acidity of the nitric acid solution effectively
increases the positive charge density on the TiO, surface without degrading or transforming the TiO, nanostructure. These
results demonstrate the developed method is effective for reducing the overall fabrication time without sacrificing the

performance and long-term stability of DSSCs.
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B INTRODUCTION

Dye-sensitized solar cells (DSSCs) have attracted great
attention from the academia and the industry because of their
cost-effectiveness, ease of device fabrication, and nontoxic
materials. To date, record-setting efficiencies of ~11—12% for
small cells and ~9.9% for modules have been reported.'™*
Excellent device stability has been shown in both the
accelerated aging tests and outdoor testing. For example,
Desilvestro and a co-workers reported a device showing only
17% efhiciency loss after continuous radiation of one sun light at
55 °C for 25 000 h.° In addition, DSSC research has made
important contributions to the development of the core regions
of photoelectrochemistry and material science.*” However, for
DSSC technology to achieve the goal of providing electricity at
a competitive price below $1.0/Watt peak (more preferably at
$0.50/Watt peak) and therefore, become established as the
cheapest candidate for future energy production, the solar cell
efficiency should be further enhanced and cost-effective
manufacturing processes with high productivity are required.
DSSCs are typically prepared through several processing
steps: assembly of a dye adsorbed TiO, photoanode onto
transparent conductive oxide (TCO) and a Pt-coated TCO
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cathode followed by filling the space between the two
electrodes with redox electrolyte.*” Among these steps, the
adsorption of dye molecules onto the TiO, nanoparticle
surfaces is very important for achieving high DSSC power
conversion efficiencies (PCEs) and productivity. To attach the
dye molecules to the surface, anchoring groups that form
linkages to the metal oxide are incorporated into the dye
sensitizers." The most common anchoring group is carboxylic
acid (—COOH), which can coordinate to the metal core in
unidentate, chelating, and bridging bidentate modes. The dye
adsorption mechanism is composed of three consecutive steps:
(1) mass transfer, i.e., external diffusion of the dye molecules to
the outer surfaces of the TiO, nanoparticles; (2) internal
diftusion, i.e., diffusion of the dye molecules into the pores of
the TiO, nanoparticles; and (3) chemical reaction, i.e.,
chemisorption, which involves the coordination of a carboxylate
ion in the dye to the titanium atom.'®~'*> Dye adsorption is the
most time-consuming step of DSSC fabrication. Therefore,
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reducing the time required for dye adsorption would
significantly reduce the overall fabrication time. Accordingly,
it is necessary to develop an easy and efficient processing
method that reduces the time required for dye adsorption and
achieves high PCEs. A wide range of research has been
conducted to improve the dye adsorption process by modifying
the metal oxide surface.”>~"> For example, an electric field or
ultrasonication were applied to the metal oxide surface;
however, these methods are not suitable for large-scale
commercial DSSCs. Meanwhile, in order to provide functional
groups on the metal surface that can efficiently coordinate with
carboxylates, the metal oxide surface is treated with acids such
as sulfuric acid, acetic acid, and nitric acid leading to enhanced
solar cell performance. It has been reported that ionization of
metal oxide via acid treatment remarkably enhances the
interactions of the metals with the dye sensitizers.'*'® Inspired
by these results, we developed a method to increase the
reaction rate for dye adsorption by modifying the charge
density on the surface of the TiO, nanoparticles.

Herein, we introduce a facile method of anchoring a
ruthenium dye sensitizer onto the surface of TiO,, and discuss
the effects of acid treatment on dye adsorption. The developed
method results in much more rapid metal coordination. Thus,
the dye adsorption process becomes 18 times faster after the
optimization of adsorption temperature and dye concentration.

B RESULTS AND DISCUSSION

Effects of Reaction Temperature and Dye Concen-
tration on Dye Adsorption. Because adsorption depends on
reaction conditions such as temperature and reactant
concentration, we optimized the conditions for high photo-
current density by testing a series of DSSCs obtained
considering dye adsorption temperatures and dye concen-
trations. Temperature has an important effect on the
adsorption process because the adsorption is endothermic*
and the diffusion rate of adsorbate molecules across the internal
pores in the adsorbent particles increases at a higher
temperature.”’ Taking these into consideration, we increased
the dye adsorption temperature a little bit from room
temperature to 40 °C, which could be applicable for the
mass-production. To estimate the number of dye molecules
adsorbed onto the TiO, nanoparticle, we measured the short-
circuit current density (J,.) of the DSSCs because J,. is normally
proportional to the total amount of adsorbed dye. Figure 1
shows that ], linearly increased close to 17 mA/cm” when the
reaction time was extended from O to 2 h. In contrast, the
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Figure 1. Short-circuit current densities of DSSCs measured as a
function of dye soaking time at room temperature (blue) and 40 °C
(red). All values were averaged from the results for three DSSCs.
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DSSCs that underwent dye adsorption at room temperature
needed a much longer reaction time to achieve similar ] values.
For example, at room temperature, 6 h of immersion was
required to achieve a J,. of above 16.5 mA/cm? It is notable
that both the DSSCs show similar J. performances if the
reaction time is sufficient for dye adsorption, suggesting that
the total number of the dye molecules adsorbed at a saturation
point is not dependent on the reaction temperature. Using a
concentrated dye solution also reduces the reaction time and
improves the DSSC performance.”” Thus, we attempted to
optimize the concentration of the dye solution by measuring
the J, values of DSSCs prepared using different dye
concentrations. The TiO, photoanodes were dipped into dye
solutions with concentrations varying from 0.5 to S mM for 10
min at 40 °C. After rinsing the dye-coated electrode with
ethanol, it was used as the photoanode of a DSSC for
photovoltaic measurement. As shown in Figure 2, J_ linearly
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Figure 2. Short-circuit current densities of DSSCs with respect to (a)
dye concentration and (b) dye soaking time using dye solutions of 0.5
(blue) and 2 mM (red) at 40 °C. All values were averaged from the
results for three DSSCs.

increased with increasing concentration from 0.5 to 2.0 mM.
On the basis of these results, we determined the reaction time
required for DSSCs to have the highest ] value when
fabricated using a 2 mM dye solution at 40 °C. In comparison
with the DSSC fabricated using a conventional 0.5 mL dye
solution, the reaction time required to reach a saturation point
is significantly reduced, i.e., from 2 h to 40 min. As a result, by
controlling the reaction temperature and dye concentration, we
efficiently reduced the overall processing time for dye
adsorption from 6 h to 40 min.

Effects of Acid Treatment of TiO, Particles on Dye
Adsorption. Using the optimized reaction temperature and
dye concentration, we investigated the effects of acid treatment
of a TiO, photoanode on dye adsorption. Nitric acid was
chosen because NO;™ anchors more weakly to TiO, than other
acids such as acetic acid and phosphoric acid; therefore, it is
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more readily replaced by a carboxylate ion of the dye. It is
reported that carboxylate and phosphate ions form strong
bonds with the titanium atom of the TiO, nanoparticle. This
prevents efficient dye adsorption, resulting in decreased
amounts of the adsorbed dyes and low incident photon-to-
current efficiencies (IPCEs).'®?* The TiO, films were
immersed into nitric acid solutions with acidity ranging from
pH 1 to S and then dipped into a 2 mM dye solution for 5 min
at 40 °C. The lowest acidity used in the experiment is pH 1
because too low acidity can destroy the anatase of the TiO,
nanoparticles.** The photovoltaic performances of the DSSCs
were tested and the results are shown in Figure 3. The ] value
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Figure 3. Short-circuit current densities (blue) and power conversion
efficiencies (red) of DSSCs as a function of the acidity of a nitric acid
solution. All values were averaged from the results for four DSSCs.

gradually increased from 12.5 mA/cm? at pH S to 15.5 mA/cm?
at pH 1, while the PCE increased to 8.6%. When the electrode
dipping time was extended to more than 20 min, the DSSCs
achieved PCEs of >9% with J;. values being more than 17 mA/
cm?, although the fill factor (FF) slightly decreased. We did not
find any significant change in Vs after the nitric acid treatment
although it was reported that the acid treatment of TiO,
photoelectrodes could cause reduction of V. values by
inducing positive shifts in the conduction band of TiO,
photoelectrodes.”*® Some of other research groups also
reported similar results to our observations.'>** They found
that charge recombination from electrons in TiO, conduction
bands to I;” in electrolyte was suppressed after acid treatment.
As a result, the V_ loss due to positive shifts of the flat band
potential of TiO, might be compensated by this V. gain.
Regarding this issue, detailed studies are in progress. All solar
cell parameters measured as a function of the adsorption time
are recorded in Table 1.

It is interesting that, as shown in Figure 4, the DSSCs
prepared without nitric acid treatment achieved very similar ],

N
o

s%e g o 0
on ® o
a
o)
° o
Q
| g
o 5 rt/0.5mMRT
I© o 40°C/ 0.5 mM Dye
A 40°C/ 2.0 mM Dye
& 40°C/ 2.0 mM Dye/ with HNO, treatment

0
0 100 200 300 400

Dye soaking time (min)

-
o2}

-
N
Dy
i1}

o]

IS

Current density (mA/cmZ)

Figure 4. Comparisons of short-circuit current densities among
DSSCs prepared using various dye adsorption conditions. All values
were averaged from the results for three DSSCs.

values if the dipping time for dye adsorption was extended
sufficiently. For example, the DSSC fabricated using a 0.5 mM
dye solution at room temperature without nitric acid treatment
eventually reached a J,. value close to 17 mA/cm” although the
processing time required is 18 times longer than that for the
DSSC prepared with the nitric acid treatment. This result
indicates that the main effect of the acid treatment is increasing
the reaction rate for dye adsorption onto the TiO, nanoparticle
rather than improving the photocurrent of the DSSC by
increasing the amount of the adsorbed dye.

To further elucidate the effect of the nitric acid treatment and
its mechanism, we conducted a series of experiments. The
morphology of the TiO, nanoparticle was characterized using
field emission scanning electron microscopy (FE-SEM). Images
a and b in Figure S1 in the Supporting Information show the
images of the nitric acid-treated and -untreated TiO,
nanoparticles. No obvious difference is observed in the
topological features, which suggests that nitric acid does not
induce any significant morphological change in the TiO,
nanoporous structure. The microstructure of the TiO,
photoanode is also expected to be unchanged with the nitric
acid treatment. From electrochemical impedance spectroscopy
in Figure S2 in the Supporting Information, the shape of
Nyquist plot in the impedance spectrum of the DSSC with the
nitric acid treatment is very similar to that of the DSSC without
the treatment, implying that the microscopic structure of TiO,
is almost conserved after the nitric acid treatment. This is in
contrast to the result reported by Watson et al., in which the
nitric acid treatment led to significant changes in the

Table 1. Photovoltaic Parameters of DSSCs Containing TiO, Photoanodes Treated with pH 1 Nitric Acid Solution”

adsorption time (min) Jic (mA/cm?)

N 13.60 + 0.30
10 1528 + 0.19
15 16.52 + 0.23
20 17.48 + 0.29
30 1740 £ 0.13
40 17.37 + 0.11
60 17.40 + 0.12
90 17.36 + 0.02

120 17.31 £ 0.16

“All values were averaged from the results from three DSSCs.

V. (mV) FF (%) PCE (%)
7872 £ 3.5 70.76 + 0.46 7.57 £ 021
776.5 + 4.1 68.54 + 0.53 8.13 +£ 0.20
7822 + 4.0 68.04 + 0.50 8.80 + 0.01
7819 + 14 6729 + 0.12 9.20 £ 0.12
7847 £ 5.2 67.59 + 0.30 9.23 + 0.04
789.9 + 3.2 67.11 + 0.13 9.21 + 0.02
7822 + 1.7 66.77 + 0.30 9.09 + 0.03
782.8 +£ 0.8 66.93 + 0.06 9.09 + 0.01
7817 £ 2.1 66.99 + 0.72 9.06 + 0.04
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microstructures of the top surface of the electrode and
alternation in the pore size of the TiO,>” These different
results may be due to the different concentrations of nitric acid
solutions used: we carried out with a 0.1 M (pH 1) nitric acid
solution, whereas Watson et al. performed with that of 2 M,
which is 20 times more concentrated than ours.

To gain a deeper insight into the TiO, nanostructure at a
molecular level, wer performed Raman and attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectros-
copy studies. As shown in Figure S3 in the Supporting
Information, the Raman spectra of the nitric acid-treated and
-untreated TiO, nanoparticles showed the normal modes of
anatase at 143, 397, 517, and 637 cm™}, assigned to the E, By,
Ay, and By, modes, respectively.'! The intensity of these key
features was almost conserved and no new peak appeared after
the acid treatment. The binding mode of the carboxylate in the
Ru dye with TiO, contributes to the understanding of the
nanostructure of the dye adsorbed TiO, nanoparticle. In the
ATR-FTIR spectra (see Figure S4 in the Supporting
Information), the peaks at 1600 and 1377 cm™' are assigned
to the v(COO- asym) and v(COO- sym) carboxylate
vibrations,'" respectively, and were almost equivalent after
nitric acid treatment. From this result, it is evident that nitric
acid treatment does not significantly affect the nanostructure or
the binding mode of TiO, with carboxylates of the dye.

We compared the total amount of the adsorbed dye on the
TiO, surface of DSSCs prepared via treatment with nitric acid
solutions having pH values of 1—3. The numbers of adsorbed
dye molecules for each cell were determined by dissolving the
anchored dye into 100 mL NaOH solution and then measuring
the UV—vis spectra of the dye solution. When the dye-
adsorption time was limited to 10 min (Table 2), the amount of

Table 2. Amounts of Dye Adsorbed under Various
Conditions

treatment concentration  adsorption time amount of dye”
solution (mM) min) (mol/cm?)
HNO; aq. 2.0 10 921 x 107®
(pH 1)
HNO; aq. 2.0 10 8.28 x 107*
(pH 2)
HNO; aq. 2.0 10 7.52 x 107
(pH 3)
none 2.0 10 713 x 107
DI water 2.0 10 6.98 x 107
none 0.1 1800 9.46 x 107
none 0.5 1800 1.0S X 1077
none 2.0 1800 1.06 X 1077
HNO, aq. 2.0 1800 1.09 X 1077
(pH 1)

“Amount of adsorbed dye molecules were calculated by dissolving the
anchored dye into 100 mL NaOH solution and measuring the relative
absorption peak intensity at 530 nm in the UV—vis spectra of the
resultant solution.

dye that desorbs from the TiO, surface increases as the acidity
decreases from that of deionized water (7.13 X 10~® mol/cm?)
to that of a pH 1 nitric acid solution (9.21 X 107* mol/cm?);
however, with 1800 min of adsorption time and a dye
concentration of 0.5 mM, the amount of the desorbed dye
from the nitric acid-treated (pH 1) and -untreated cells was
similar. This indicates that the total number of dye molecules at
an equilibrium is not influenced by the nitric acid treatment. In
addition, we monitored the adsorption amount at 20, 30, 40,
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and 50 °C using 2.0 mM dye solutions. When TiO, was treated
with a nitric acid solution (pH 1), the concentration of the
dissolved dye molecules reached 6.30 X 107* mol/cm?® at a
saturation point, although the time required to reach this point

varied (Figure S); at higher temperatures, the saturation
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Figure S. Amounts of N719 dye adsorbed on DSSCs prepared (a)
without nitric acid treatment and (b) with nitric acid treatment as a
function of soaking time at various temperatures. The TiO, film
thickness is ~7 ym.

occurred in a shorter time. Without nitric acid treatment, the
adsorption was much slower; after 90 min, only the systems
that were heated at 50 °C reached the saturation point.

On the basis of the experimental data, we conclude that nitric
acid treatment of TiO, nanoparticles enhances the speed of dye
adsorption but does not significantly influence the overall
properties of the dye-adsorbed TiO, nanoparticles such as
nanoporous structure, dye anchoring mode, and the amount of
adsorbed dye at an equilibrium. The next stage of our research
is the study of the kinetics of dye adsorption onto TiO,
nanoparticles and the adsorption mechanism.

Kinetics of Dye Adsorption onto TiO, Nanoparticles.
Adsorption kinetics can be used to estimate the rate of dye
adsorption onto TiO, nanoparticles and provide an adsorption
mechanism. We denote the dye adsorbed TiO, as TiO,:dye;
the reaction can be represented as follows

dye + TiO, — TiO,: dye (1)

The reaction rate (r) can be expressed similar to that of a
common concentration-dependent chemical reaction according
to a previous research result.”” Therefore, if it is assumed that
the concentration of the dye is constant and the total number
of binding sites in the TiO, nanoparticle is the same as the total
number of dye molecules at a saturation point, the following
pseudoreaction equation is obtained

dx.doi.org/10.1021/am401034r | ACS Appl. Mater. Interfaces 2013, 5, 52015207
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r = d[TiO,: dye], /dt = —d([TiO,: dye],
— [TiO,: dyel,)/dt = k[TiO,]"[dye]"
= k'([TiO,: dye],, — [TiO,: dye],)"

K[TiO,]"
(2)

where k and k' are the reaction rate constant and k[dye]",
respectively. n and m represent reaction orders. [TiO,]
indicates the concentration of adsorption sites in the TiO,
nanoparticle, which can be represented as ([TiO,:dye]., —
[TiO,:dye],) in which [TiO,:dye], and [TiO,:dye], are the
amounts of the dye adsorbed at the saturation point and time ¢,
respectively. If the reaction is assumed to be first order, as
demonstrated in the previous result,”* eq 2 can be expressed as
eq 3 using 6, which represent the portion of dye adsorbed after
a specific soaking time () and is defined as [TiO,:dye],/
[TiOZ:dye]sat'

sat

r=—-d(1-0)/dt=k(1-0) (3)
From eq 3, we can obtain the next equation
In(1 - 60) = —k't (4)

The saturated concentration ([TiO,:dye],,) occurs when
d[TiO,:dye],/dt becomes close to zero. Because the equation
is known to be pseudofirst-order, k' can be calculated by
plotting the soaking time versus In(1 — @), as shown in Figure
6. The dye coverage (0) was calculated from the results shown
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Figure 6. Dye coverage versus soaking time for DSSCs (a) without
nitric acid treatment and (b) with nitric acid treatment based on
pseudofirst-order reaction showing a linear relationship between In(1
— 0) and the soaking time.

in Figure S according to the method reported previously.”* For
both the nitric acid-treated and -untreated DSSCs, the In(1 —
0) values were in inverse proportion to the dye adsorption
time, indicating that our data was first order. We calculated the
k' values at four different temperatures and determined that the
k’ value of the nitric acid-treated cell is ~2—3 times higher than
that of the corresponding untreated cell.
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We calculated the activation energy for dye adsorption onto
the TiO, nanoparticle using the Arrhenius equation as follows>®

Ink=InA - E,/RT (5)

where k is the reaction rate constant (k = k’/[dye]™) obtained
from the pseudofirst-order kinetic model, R is the universal gas
constant (8.314 JK 'mol™'), A represents a pre-exponential
factor, and E, is calculated as the negative value of the
logarithm of the k values with respect to the inverse of the
absolute temperature (T). Therefore, eq S can be expressed as
eq 6.

Ink'=1nA — E,/RT + min[dye] (6)

When In k' is plotted against 1/T, a straight line with a slope of
E,/R is obtained (Figure 7). Both the DSSCs showed very
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Figure 7. Arrhenius plots of logarithm of k' versus the inverse of
absolute temperature.

similar activation energies: the activation energies of the nitric
acid-treated and -untreated cells were 3.7 X 10* and 3.2 X 10*J
mol ™!, respectively. However, A of the nitric acid-treated DSSC
was three times greater than that of the untreated cell; A is
mostly dependent on the collision frequency between reactants,
which illustrates how frequently collision occurs between
carboxylates and the binding sites in TiO, nanoparticles.”®
Because the activation energies for dye adsorption and dye
binding modes are very similar for the nitric acid-treated and
-untreated TiO, nanoparticles, nitric acid treatment is not
considered to influence the mechanism of the chemical reaction
between the carboxylate of the dye and the TiO, nanoparticle;
therefore, the chemical reaction is not the source of the
difference in the reaction rate. Electrostatic interactions can be
significantly involved because the charge density on metal oxide
surfaces is affected by acid treatment and increases when
treated with an acid solution of higher acidity.””** From zeta
potential measurements, it was determined that the surface
charge of the acid-treated TiO, nanoparticles (+32.18 mV) is
much higher than that of the untreated TiO, nanoparticles
(+9.36 mV). Because the reactive dye has anionic character
because of the carboxylate moiety, electrostatic attraction
between the dye and the TiO, surface may increase significantly
after nitric acid treatment, leading to more frequent collisions
between the carboxylates and the reactive sites on the TiO,
surface. Decreasing the pH value of the nitric acid solution
increases the number of positively charged sites on the TiO,
nanoparticle according to eqs 7 and 8, thus resulting in
increased favorable interactions of the TiO, surface with the
dye anion because of electrostatic attraction.>’ This is
supported by the research work reported by Sharma et al.,**
where electrostatic attractions between a positively charged

dx.doi.org/10.1021/am401034r | ACS Appl. Mater. Interfaces 2013, 5, 52015207
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TiO, photoanode and a negatively charged end of a dye
molecule led to increase of dye adsorption and as a result, a
photocurrent density of a DSSC was enhanced.

Ti** — OH + H* & Ti** — OH," 7)

(8)

In summary, nitric acid treatment of the TiO, photoanode
remarkably reduced the reaction time required for dye
adsorption; this can be explained via several synergistic effects:
first, the enhanced electrostatic attraction of the anchoring
group of the Ru dye with the TiO, nanoparticle increases the
collision frequency. Second, the weak anchoring affinity of
NO;™ with TiO, enabled a fast chemisorption reaction between
carboxylate and TiO,. Finally, proper acidity of the nitric acid
solution effectively increased the positive charge on the TiO,
surface without significantly affecting the TiO, nanostructure.
Influence of Nitric Acid Treatment on the Stability of
DSSCs. To investigate the possibility of cell degradation caused
by nitric acid treatment of the TiO, photoanode, we studied the
long-term stability of the resultant DSSCs. The DSSCs were
prepared from TiO, photoanodes treated with a nitric acid
solution (pH 1) for 350 min and then immersed in a 0.5 mM
N719 dye solution at room temperature. The characteristic
photovoltaic parameters of the DSSCs were monitored for 30
days after storing the cells in the dark in 100% acetonitrile. As
shown in Figure SS$ in the Supporting Information, the PCE did
not decrease significantly over the 30 days and the photovoltaic
performance was comparable to that of the DSSC prepared
without nitric acid treatment; this shows that the nitric acid
treatment did not have a detrimental effect on the solar cell

stability.

Ti** — 0 — Ti** + H' & Ti*" — oH* — Ti**

B CONCLUSIONS

The time required for dye adsorption onto the TiO,
photoanode was significantly reduced simply by treating the
photoanode with a nitric acid solution. The nitric acid
treatment effectively increased the collision frequency of
carboxylates of the ruthenium dye with adsorption sites on
the TiO, nanoparticle; thus, the reaction rate for dye
adsorption was significantly improved. Nitric acid-treated and
-untreated DSSCs showed comparable photovoltaic perform-
ance and long-term stability. The results show that the
positively charged TiO, surface formed by nitric acid treatment
induces high electrostatic attraction between the reaction sites
and anionic dyes, resulting in a much faster adsorption reaction.
Therefore, the overall processing time required for dye
adsorption decreased from 6 h to 20 min using the optimized
dye concentration and temperature for dye adsorption. We
believe that the method developed for rapid dye adsorption
enables an easier DSSC fabrication process and will
considerably contribute to widespread use of DSSCs at a
lower cost.

B ASSOCIATED CONTENT
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Preparation of the TiO, photoanode, DSSC fabrication, FE-
TEM characterization, Raman and ATR-FTIR spectroscopy of
the TiO, nanoparticle, and photocurrent—voltage (J—V)
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