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A flat thin TiO2 film was employed as the photo-electrode of a dye sensitized solar cell
(DSSC), on which only a geometrical mono-layer of dye was attached. The effect of surface protonation by HCl chemical treatment on the performance of DSSCs was studied.
The results showed that the short-circuit current Jsc increased significantly upon the HCl
treatment, while the open-circuit voltage Voc decreased slightly. Compared to the untreated
DSSC, the Jsc and energy conversion efficiency was increased by 31% and 25%, respectively,
for the 1 mol/L HCl treated cell. TiO2 surface protonation improved electronic coupling
between the chemisorbed dye and the TiO2 surface, resulting in an enhanced electron injection. The decreased open-circuit voltage after TiO2 surface protonation was mainly due
to the TiO2 conduction band edge downshift and was partially caused by increased electron
recombination with the electrolyte. In situ Raman degradation study showed that the dye
stability was improved after the TiO2 surface protonation. The increased dye stability was
contributed by the increased electron injection and electron back reaction with the electrolyte
under the open-circuit condition.
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electrolyte used in a DSSC. The electronic coupling and
transport process are strongly influenced and occur at
the interface of TiO2 and dye/electrolyte, such as electron injection from excited dyes to the TiO2 conduction
band, reduction of oxidized dyes and recombination between TiO2 and electrolyte/dye. Figure 1 illustrates
the main electron transfer/recombination processes occurred at the TiO2 /dye and the TiO2 /electrolyte interfaces. The approximate time constants/rates are also
given in Fig.1 [3, 4]. It should be noted that the values of the electron kinetics rates of the different processes shown in Fig.1 varied much in the publications
due to the experimental difficulties and the complexity of the processes in a DSSC [3−5]. So the DSSC
device performance is therefore sensitive to the interface/surface states at the atomic/molecular level [6, 7].
Much effort has been made to modify the TiO2 surface
in order to improve the conversion efficiency [8−14]. It
has been reported that TiO2 photoelectrode treated by
acid would adsorb protons on the surface. Such treatment altered the relative alignment of the energy level
of dye molecule and the TiO2 conduction band, and
consequently promoted electron injection efficiency and
increased the short-circuit current [8, 9]. Adding an
energy barrier at the TiO2 surface has been reported

I. INTRODUCTION

Dye-sensitized solar cell (DSSC) is one of the most
studied new-generation photovoltaic devices over the
last two decades [1]. In a typical DSSC, the active photoelectrode is a mesoporous anatase TiO2 thin film with
nanocrystalline size of ∼20 nm. Such a DSSC structure
has a large effective interface where dye adsorption and
charge separation take place. Ru(II)-bipyridyl dye (N3)
is commonly used in a high efficiency DSSC. Its excited
state energy level locates well above the TiO2 conduction band, leading to an efficient electron injection from
excited dye to the TiO2 conduction band. The electron
injection rate is in a timescale of femtosecond [2]. The
large network interface area, together with high electron
injection rate, is believed to account for the high energy
conversion efficiency. For a DSSC device, the performance is essentially determined by the material properties and interface coupling of the cell components, i.e.,
the mesoporous TiO2 network, the dye and the redox
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FIG. 1 Schematic diagram of electron/charge transfer processes at the TiO2 /dye and TiO2 /electrolyte interface in a
DSSC and corresponding time constants.

to reduce recombination reaction and improve the solar cell performance [10, 11]. Other surface treatment
technologies can also change the TiO2 surface property,
especially the surface states of TiO2 , and have been
employed to modify the TiO2 DSSC device. These
technologies include plasma treatment [12], vacuum annealing [13], and electron-beam treatment [14]. In this
study, we designed and fabricated DSSCs using thin flat
TiO2 films as the photoelectrodes. The purpose was to
make the DSSC device structure as simple as possible,
so that the factors which complicated the analysis of
the processes occurred in a DSSC could be eliminated
and/or mitigated. We focused on the effect of the TiO2
surface protonation on the device parameters of a DSSC
and the dye stability.
The commonly employed mesoporous TiO2 film in a
DSSC contains many grain boundaries, surface states,
and lattice defects. The pore size is also not uniform,
which induces different micro-environments for light
scattering and ion diffusion. This leads to problems
regarding to cell fabrication reproducibility, and sometimes, to inconsistent experimental results and conclusions [15, 16]. The simplified DSSC structure designed
for this work is shown in Fig.2(a). The photoelectrode
is made of a densely packed TiO2 nanocrystalline film
with a thickness of 300 nm (see Fig.2(e)) and a surface roughness of 0.76 nm (see Fig.2 (c) and (d)). The
ultra-flat TiO2 surface allowed only a monolayer dye to
be adsorbed on the surface. Compared to the conventional DSSC structure, the DSSC structure designed
in this work has the following advantages: the number of TiO2 grain boundaries encountered by the injected electrons decreased dramatically; the recombination process occurred only at the TiO2 film surface,
while the recombination occurring within the network
of a mesoporous TiO2 film, was totally eliminated; the
effect of the micro-environments, which induced multireflections of the incident light and different diffusion
rates for I− and I3 − in a mesoporous TiO2 thin film, was
also absent in our devices. The most advantageous deDOI:10.1088/1674-0068/25/06/733-738
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FIG. 2 (a) The DSSC structure designed in this work, (b)
top-view of AFM of the FTO thin film, and (c) a 300-nmthick TiO2 thin film. (d) 3D-view of AFM of TiO2 film
surface, (e) cross sectional SEM image of the TiO2 film.

sign of our DSSCs was that the surface plasmon, which
was induced at the surface of the fluorine doped tin
oxide (FTO) by the incident light, created a localized
electric field with a tremendously high intensity [17].
The strong localized electric field was associated with
the surface plasmon at the nano-structured FTO surface as shown in Fig.2(b). The electric field decreased
exponentially in distance away from the FTO/TiO2 interface, but relatively strong electric field could still be
maintained at the surface of a thin TiO2 film due to its
small thickness. This strong electric field can enhance
light absorption by the chemically adsorbed dyes and
increase the cell efficiency [7, 18]. Such a DSSC design allowed us to fabricate solar cells with very good
reproducibility [7].

II. EXPERIMENTS

Anatase nanocrystalline thin films were prepared by
sol-gel and spin-coating method [19]. Tetrabutyl titanate (Ti(OC4 H9 )4 ), acetic acid, deionized water (DI
water, 18.2 MΩ·cm), and absolute ethanol were used
as the reaction precursors. The formed TiO2 sol
was spin-coated onto a FTO glass substrate, then a
500 ◦ C air-annealing process was applied to crystallize the film. The as-prepared TiO2 electrodes were
treated with hydrochloric acid with different concentration. These TiO2 electrodes were characterized by various techniques, such as scanning electron microscopy
(SEM), atomic force microscopy (AFM), and X-ray
photoelectron spectroscopy (XPS), etc. The TiO2
electrodes also serve as photoelectrodes in DSSC devices. Cis-bis(isothiocyanato)-bis-(2,20 -bipyridyl-4,40 dicarboxylic acid)-ruthenium(II) (N3) dye was used as
the light absorber. The TiO2 electrodes were imc
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mersed in a dye ethanol solution (0.2 mg/mL) for
12 h at room temperature to adsorb dye molecules.
A drop of redox electrolyte, which consisted of
0.1 mol/L LiI, 0.12 mol/L I2 , 1 mol/L 1,2-dimethylpropylimidazolium iodide (DMPII), and 0.5 mol/L 4tert-butylpyridine (4-TBP) in 3-methoxypropionitrile,
was introduced into the cell via vacuum backfilling from
a hole made on the counter electrode. The active cell
area was 0.16 cm2 . The detailed DSSC device fabrication process can be found in our previous work [7].
The DSSCs with different acid-treated photoelectrodes
were characterized by means of light I-V and darkI-V measurements and the electrochemical impedance
spectroscopy. In situ Raman spectroscopy measurement for dye degradation was carried out under opencircuit condition. The 514 nm exciting laser had a
power of 2.2 mW, corresponding to a light intensity of
∼108 W/m2 , about five orders higher than that of the
one-sun irradiation (∼103 W/m2 at AM 1.5). The high
intensity laser light would accelerate dye degradation.
This allowed us to study the effect of surface protonation on dye stability in a very short test time.

III. RESULTS AND DISCUSSION

The surface protonation was done by immersing TiO2
films into hydrochloric acid aqueous solution with concentrations of 0.1, 0.5, and 1 mol/L for 1 h. The electrodes were then rinsed with DI water and dried in
air at 60 ◦ C for 1 h. The TiO2 surface morphologies and microstructure were characterized by atomic
force microscopy and X-ray diffraction. The TiO2 films
had a homogeneous grain size distribution centered at
20 nm and a root-mean-square surface roughness of
0.76 nm (see Fig.2 (c) and (d)). The photocurrentvoltage characteristics of the devices were measured under a standard AM 1.5 condition, which are shown in
Fig.3(a). The cell efficiency with an untreated TiO2
film is 1.08%. Such an energy conversion efficiency
is relatively high for a DSSC with only a geometrical
mono-layer dye attached to a flat TiO2 film. The conversion efficiency remained below 1% for a DSSC using a flat-surface photoelectrode before a mesoporous
TiO2 film began to be used as the photoelectrode for a
DSSC [1]. In a mesoporous DSSC the nanocrystalline
TiO2 film, with a thickness of ∼ 10 µm, adsorbs a large
amount of dye molecules, about 600 times higher than
that adsorbed on an ultra-flat TiO2 surface. This huge
amount of dyes ensures a short-circuit current as large
as ∼22 mA/cm2 [20]. It can be seen from Fig.3(a) that
the 1 mol/L HCl treated solar cell has a short-circuit
current of 3.37 mA/cm2 . Considering that only a geometrical monolayer of N3 dye was adsorbed on the flat
TiO2 film, such a value of short-circuit current is an
evidence of an enhanced localized electric field, which
enhanced the light absorption. Increased short-circuit
current after HCl surface treatment was also reported
DOI:10.1088/1674-0068/25/06/733-738

FIG. 3 (a) J-V curves under AM 1.5 illumination of DSSCs
based on TiO2 treated by hydrochloric acid with different
concentration. (b) J-V curves in the dark of the corresponding samples.

by other researchers [21, 22]. The Jsc were 2.58, 2.71,
3.15, and 3.37 mA/cm2 for the untreated, 0.1, 0.5, and
1 mol/L HCl treated solar cells, respectively. Compared
to the untreated solar cell, the Jsc of the 1 mol/L HCl
treated one was increased by 31%. This current increase
was induced by enhanced electron injection from the excited dye to the TiO2 conduction band [21−23]. The attachment of the positively charged H+ on the TiO2 surface moved its conduction band downwards, and therefore the chemical potential driving force for the electron
injection was increased. With increased HCl concentration for the surface treatment, the amount of dye adsorbed on the TiO2 surface decreased slightly, as shown
in the Fig.4. Our results clearly show that the increased
Jsc was caused by the increased electron injection, not
due to an increased amount of the adsorbed dye, as reported by Qu et al. [24]. The amount of dye adsorbed
on the 1 mol/L HCl treated TiO2 surface was about 10%
less than that on the untreated TiO2 surface. Therefore
compared to the untreated solar cell, the contribution of
each dye molecule to Jsc was actually increased ∼45%
for the 1 mol/L HCl treated one.
The energy conversion efficiency η increased significantly after surface protonation from 1.08%, to 1.14%,
1.22%, 1.35%, the fill factor remained almost unchanged, which was 0.60, 0.62, 0.59, 0.62, and the opencircuit voltage Voc decreased from 695 mV, to 680, 660,
and 651 mV, for the untreated and 0.1, 0.5, 1 mol/L HCl
treated solar cells, respectively. The increased efficiency
c
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FIG. 4 UV-Vis absorption spectra of dye-sensitized TiO2
electrodes treated by hydrochloric acid with different concentration.

was mainly contributed by the significantly increased
Jsc . After the surface HCl treatment, the leakage current was increased, as shown by the dark J-V curves in
Fig.3(b). The increased leakage current was caused by
increased overlap of the TiO2 conduction band states
with the energy levels of the oxidized redox species in
the electrolyte [25]. Surface protonation made the TiO2
surface to be positively charged and lowered the conduction band edge, causing an increased energy level
overlap. The decrease of Voc was contributed by both
the downshift of the TiO2 conduction band edge and the
increase of leakage current. Calculated from the leakage current data of the untreated and the 1 mol/L HCl
treated solar cells, the Voc decrease due to the increase
of leakage current is only 9 mV. Therefore, 35 mV of
the total 44 mV decrease in Voc for the 1 mol/L HCl
treated solar cell is contributed by the conduction band
edge downshift.
The modified TiO2 surface chemical states were
quantitatively analyzed by high resolution XPS. Three
component peaks were employed to fit the O1s state in
Fig.5(a). The main peak at ∼530.0 eV corresponds to
the lattice oxygen of TiO2 [26]. The relatively broad
shoulder peak near 531.5 eV comes from oxygen of oxygen vacancy-Ti3+ state (Ti2 O3 ) and other adsorbed
molecules containing oxygen [12, 27]. The peak at
∼532.5 eV comes from the OH group originating from
the surface protonation [28, 29]. Jsc and Voc strongly
depended on the OH concentration, which was calculated from the fitting results of the XPS data, as shown
in Fig.5(b). The data in this work demonstrate that
the TiO2 surface protonation has two effects on the
DSSC device performance, namely, a much increased
Jsc and a slightly decreased Voc . The presence of H+ ,
on one hand, enhanced the electronic coupling between
the adsorbed dye and the TiO2 surface. On the other
hand, it enhanced intermolecular charge transfer across
the nanocrystalline surface [24]. This would lead to inplane current shunting and increased leakage current.
The surface protonation also caused a slight red shift of
the absorption peaks of dye, as shown in Fig.4, which
DOI:10.1088/1674-0068/25/06/733-738

FIG. 5 (a) High resolution XPS O1s spectra of TiO2 electrodes (before dye adsorption) treated by hydrochloric acid
with different concentration. (b) Jsc and Voc versus the OHrelated O atomic concentration. (c) η versus the OH-related
O atomic concentration.

was induced by the stabilized π ∗ levels of bipyridine
[24].
To further investigate the interfacial electron transfer dynamics of DSSCs, we carried out electrochemical
impedance spectroscopy (EIS) measurements, a powerful technique to study the kinetics of electrochemical and photo-electrochemical processes occurred in a
DSSC [30]. The EIS spectra of DSSCs treated with different HCl concentration are shown in Fig.6. A forward
bias of 0.75 V was applied during the test, and the test
frequency ranged from 105 Hz to 1 Hz. There were two
semicircles for each EIS spectrum. The smaller one in
the high frequency region, 105 −103 Hz, was assigned to
charge transfer processes occurring at the Pt/electrolyte
interface. And the bigger one in the low frequency region, 103 −1 Hz, could be attributed to electron back
transfer at the TiO2 /electrolyte interface, or electron
transport process in TiO2 nanocrystalline film [30, 31].
In this work, the acid treatments mainly changed the
TiO2 surface property, so the variation in the EIS spectra were caused by different electron transfer processes
c
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FIG. 6 EIS spectra of DSSCs based on bare TiO2 and TiO2
electrodes treated by hydrochloric acid with different concentration.

at the TiO2 /electrolyte interface. As can be seen from
Fig.6, the size of the low frequency semicircle decreased
with increasing the HCl concentration of acid treatment. In the Nyquist plot of a DSSC, a bigger low
frequency semicircle means a weaker electron recombination at the TiO2 /electrolyte interface [32]. So a conclusion can be drawn that the recombination current at
the TiO2 /electrolyte interface was increased with the
increasing HCl concentration for acid treatment. This
observation is consistent with the increased dark leakage current shown in Fig.3(b).
The dye stability is crucial for long-term operation of
a DSSC. In this work, we employed in situ Raman spectroscopy to investigate degradation of dye adsorbed on
untreated and HCl treated TiO2 electrodes under Raman laser illumination. Resonant Raman spectroscopy
is a very powerful tool for the investigation of dyesensitized TiO2 system [19, 33]. When the exciting laser
wavelength matches with the metal-to-ligand charge
transfer transition, resonant Raman scattering occurs,
resulting in a much enhanced scattering intensity. Resonant Raman scattering condition, together with the
localized strong electric field associated with the surface plasmon discussed above, makes that even a monomolecular layer adsorbed on TiO2 can be easily detected by the Raman scattering. Figure 7(a) shows
the Raman spectra of the dye-sensitized TiO2 electrode
treated with 1 mol/L HCl. The Raman spectra were
taken successively with different laser illumination time.
The relatively strong peak at 1544 cm−1 of the N3 dye
was used for quantitative analyses of dye degradation.
The peak at 1544 cm−1 corresponds to the carboncarbon double bond stretching vibration. Its integral
peak intensity was obtained by fitting the peak with a
Lorentzian function. The curves of normalized peak intensity versus laser exposure time are shown in Fig.7(b).
When the peak intensity decreases, it means that the
population of bipyridine rings decreases. It can be due
to the rupture or release of the bipyridine rings. It can
also be due to desorption of the dye molecule from the
TiO2 surface. The data in Fig.7(b) can be well fitted
DOI:10.1088/1674-0068/25/06/733-738

FIG. 7 (a) Raman spectra with different laser exposure time
of dye-sensitized TiO2 treated with 1 mol/L HCl. (b) Decay
curves of the normalized 1544 cm−1 peak intensity for the
untreated and 1 mol/L HCl treated samples.

using a first-order exponential decay function:
µ ¶
−t
I = I0 exp
+ A0
t0

(1)

where I0 and A0 are constants related to the Raman
signal intensity, and t0 is a parameter characterizing
decay rate of the dye under laser radiation, we call it
decay-rate parameter.
Dyes adsorbed on the untreated and the HCl chemically treated TiO2 electrodes showed similar dye degradation behavior. Therefore, only the Raman spectra for
1 mol/L HCl treated sample were shown in Fig.7(a).
The dye decay-rate parameter t0 , derived by fitting the
data using Eq.(1), differs considerably for the untreated
and the protonated TiO2 electrodes. Compared to the
untreated electrode, the decay-rate parameter t0 is 2.5
times larger for the 1 mol/L HCl treated electrode,
meaning a much decreased degradation rate considering that the degradation law obeys an exponential function. N3 dye stability critically depends on TiO2 chemical state and local environment in a DSSC. Ruthenium
complexes may only sustain no more than 100 electron
transfer processes in a solution [34], while it can sustain
107 −108 redox cycles before irreversible degradation occurs when it is properly bonded to the TiO2 surface
[35]. It is generally believed that the dye in excited and
oxidized states is most vulnerable to degradation [36].
According to the discussion above, the electron injecc
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tion rate for the dye adsorbed on the HCl treated TiO2
electrode was enhanced compared to that bonded on
the untreated one [23]. The dye molecule would then
stay in the excited state for a shorter time and consequently had less chance to suffer irreversible degradation. For the decay route via the oxidized state, the
irreversible degradation reaction competed with the regeneration process of the dye by the I− anion in the
electrolyte. Under open circuit condition, the injected
electrons could not transport to the counter electrode
through the external circuit to reduce the I3 − iodide,
rather they had enhanced chance to back react with
the I3 − to produce I− , which then regenerated the oxidized dye. As can be seen in Fig.3(b), the HCl treated
cells had an increased electron back reaction rate compared with the untreated one, leading to an increased I−
generation and thus decreased dye degradation via the
oxidized state. These two effects reduced the degradation rate of the dye adsorbed on the HCl treated TiO2
electrode.
IV. CONCLUSION

TiO2 surface protonation by HCl acid treatment
resulted in improved electronic coupling between the
chemisorbed dye sensitizer and the TiO2 surface, which
enhanced the photo-generated electron injection from
the dye to the TiO2 electrode and resulted in a much
increased short-circuit current. Compared to the untreated DSSC, the short-circuit current and the energy
conversion efficiency was increased by 31% and 25%,
respectively, for the 1 mol/L HCl treated cell. The decreased open-circuit voltage after TiO2 surface protonation was mainly due to the TiO2 conduction band
edge downshift and was partially caused by increased
electron recombination with the electrolyte. The surface protonation by HCl treatment also improved the
dye stability under open-circuit condition.
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