






Table 1 I–V parameters of DSSCs under simulated sunlight (light
intensity 100 mW cm-2).a

Photoanode V OC/V ISC/mA cm-2 FF h (%)

R0 0.75 (0.72) 1.37 (2.74) 0.55 (0.56) 0.57 (1.11)
R5 0.78 (0.76) 4.31 (6.66) 0.57 (0.48) 1.91 (2.45)
R13 0.71 (0.70) 5.84 (7.96) 0.51 (0.49) 2.11 (2.72)
R19 0.70 (0.67) 5.26 (7.42) 0.49 (0.47) 1.81 (2.34)
R40 0.66 (0.61) 4.00 (6.25) 0.46 (0.46) 1.21 (1.75)
R100 0.76 (0.70) 2.05 (4.08) 0.56 (0.51) 0.87 (1.47)
P25 0.73 (0.72) 8.47 (13.23) 0.59 (0.48) 3.64 (4.59)

a I–V parameters of DSSCs with TiCl4 treatment are listed in parentheses.

or rutile cell (Table 1). At relatively low rutile content, the cell
performance was enhanced by the addition of rutile because the
efficiencies follow this trend: R13 > R5 > R0. Further addition
of rutile to the mixed-phase TiO2 appeared to be detrimental to
the cell efficiencies (R13 > R19 > R40 > R100). The comparison5
highlights the existence of a synergistic effect between the anatase
and rutile phases in DSSCs. The strongest synergistic effect
between the anatase and rutile phases occurs in the R13 cell,
suggesting an optimal rutile percentage around 13 wt% for the
best performance using mixed-phase DSSCs.10

The comparison of photocurrent is similar to that of efficiency
because the differences in the open-circuit photovoltage and the fill
factor are much less significant. The R13 cell gave both the highest
efficiency (2.11%) and photocurrent (5.84 mA cm-2) among the
mixed-phase DSSCs. A higher photocurrent was obtained from15
the R19 cell than the R5 cell although the latter gave a better
efficiency than the former. This discrepancy can be explained
by the observation that the open-circuit photovoltage (and the
fill factor) decreases as the rutile content increases in mixed-
phase DSSCs, as shown in Table 1. In other words, a relatively20
greater open-circuit photovoltage (and fill factor) from the R5 cell
compensated its lower photocurrent in contrast with the R19 cell.

Time-resolved THz investigation

Time-resolved THz spectroscopy is employed to investigate the
underlying mechanism responsible for the synergistic effect be-25
tween anatase and rutile in DSSCs. Because THz radiation is
absorbed by free electrons in the conduction band of TiO2 NPs,
the time scale and efficiency of charge injection into TiO2 NPs
can be compared with sub-picosecond temporal resolution.48

Moreover, the magnitude of the decrease in THz transmission30
scales directly with the concentration of free carriers multiplied
by their mobility. In dye-sensitized TiO2 NPs, photoexcitation and
subsequent electron injection causes the free carrier population
in the TiO2 to increase. Thus, electron injection from N719 to
the TiO2 conduction band leads to decay in the THz transmission35
amplitude that scales with the product of the number and mobility
of the injected carriers.

In this study, the same dye-sensitized TiO2 thin films were
used in both UV-vis measurements and THz studies. The UV-
vis data (Fig. 3) reveal that photon harvesting scales primarily40
with the surface area (and by extension dye loading). Even
though more rutile in mixed-phase TiO2 nanocomposites typically
resulted in higher photon harvesting, the solar cell measurements
revealed that more rutile and photon harvesting did not necessarily

lead to higher photocurrents (or efficiencies). It was observed 45
that the photocurrent and efficiency reached the maximum at
a rutile content ~13 wt%, while photon harvesting increased
all the way to 100 wt% rutile. All the samples tested showed
a significant decrease in THz transmission after excitation by
a 400 nm pump pulse except R100 (Fig. 5). Note that R100 50
has a respectable photocurrent of 2 mA cm-2. Therefore, the
negligible change in THz transmission for the sensitized R100
film cannot be interpreted as revealing the absence of free carriers
but merely that they have low mobility. Electron transport within
the synthesized rutile nanorods likely involved electrons hopping 55
between surface defects or other trapping sites. As discussed
previously, the synthesized rutile nanorods have a relatively low
degree of crystallinity (Fig. 1f) and consequently abundant surface
defects as electron trapping sites. In THz studies, injected electrons
initially bound at surface sites are invisible or less visible to the 60
THz probe.49,50

Fig. 5 400 nm pump/THz probe of electron injection in N719-sensitized
TiO2 films: (a) R0, (b) R5, (c) R13, (d) R19, (e) R40, and (f) R100.

As the amount of rutile in the mixed-phase TiO2 decreased,
the THz absorption increased until the nanocomposite with 13
wt% rutile, at which point THz absorption decreased again.
Considering the UV-vis, solar cell, and THz data together, we 65
see that the sensitized rutile (R100) harvests photons most
efficiently but nonetheless delivers less than half the number
of electrons (under short-circuit conditions) than more weakly
absorbing R13 having only ~13 wt% rutile. The THz results
suggest that the significantly lower photocurrent in the mixed- 70
phase nanocomposites with relatively high rutile content can be
ascribed to low electron mobility due to the relatively low degree
of crystallinity of the synthesized rutile nanorods. In fact, Fig. 5f
suggests that electron transport in the synthesized rutile TiO2 was
so slow as to be virtually invisible to the THz probe. The fact that 75
both THz absorption and solar efficiency have their maxima at
the same rutile percentage (between 10 wt% and 15 wt%) suggests
that at least some electrons migrate from the more efficient light-
harvester, rutile, to the anatase conduction band where electrons
are more mobile. If an electron flux from rutile to anatase did 80
not occur, the THz absorption would have continued increasing
together with the anatase concentration up to R0. In contrast, THz
spectroscopy confirmed that the highest mobile electron current
occurs within anatase at exactly the same phase composition that
has the highest macroscopic photocurrents and efficiencies. 85

The conduction band electrons in the sensitized R100 film have
a much shorter lifetime than in other TiO2 materials (see Fig. S1
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in ESI).† One may argue that interfacial recombination between
the injected electrons and the oxidized N719 dye molecules could
explain both the small change in THz transmission and the short
lifetime of conduction band electrons for the sensitized R100
(rutile) sample. This is very unlikely since the open-circuit voltage5
for the R100 cell would be much lower than the observed value
(0.76 V, see Table 1) if significant interfacial charge recombination
occurs. The rutile nanorods can absorb a small portion of
visible light (< 415 nm) due to its relatively smaller band gap
(3.0 vs. 3.2 eV for anatase phase).27 The 400 nm pump pulse10
used in THz studies can initiate both the photoexcitation of
surface N719 dye molecules and the band gap excitation of
rutile nanorods. Therefore, the short lifetime of a fraction of
the conduction band electrons in R100 can be explained by the
recombination of photo-excited electron–hole pairs in the rutile15
nanorods.

Effect of TiCl4 treatment

The fabrication of high efficiency DSSCs usually involves treating
TiO2 thin films with a dilute solution of TiCl4 prior to dye
sensitization.46 In this study, different TiO2 photoanodes were20
also treated with a dilute solution of TiCl4 at room temperature.
Significant improvement in the photocurrent was observed for all
of the samples (Table 1). Consequently, the overall solar conversion
efficiencies increased by 0.95% for the P25 cell and by 0.54–0.63%
for other cells. At the same time, the TiCl4 treatment slightly lowers25
photovoltage due to an increased population of surface trapping
sites.51

The TiCl4 treatment generally improves the photocurrent and
efficiency of TiO2 thin films for a variety of reasons. For example,
the TiCl4 treatment can enhance the roughness, surface area, and30
dye adsorption of TiO2 thin films.46,51 Other possible reasons
include the formation of new layers of rutile upon the TiCl4

treatment, enhancing the interparticle connection and electron
transport properties of TiO2 thin films.23,52,53 Different opinions
exist regarding the effect of the TiCl4 treatment. Sommeling and35
co-workers demonstrated that the improved efficiency was not a
consequence of a higher dye loading or better charge transport
after the TiCl4 treatment.54 Instead, the researchers suggested
that the enhanced charge injection and photocurrent was due
to a downward shift in the TiO2 conduction band edge and40
a decrease in the interception rate of injected electrons by the
electrolyte.54,55

This present study looks at the effect of rutile content in the
photovoltage–current performance of mixed-phase TiO2 photoan-
odes. Because the TiCl4 treatment of TiO2 films usually leads to the45
formation of rutile nanocrystals,23 this study can be considered as
potentially applicable to the role of the TiCl4 treatment in DSSCs.
The photovoltaic performance of different DSSCs as a function of
rutile content is summarized in Fig. 6. A strong correlation can be
found between the change in THz transmission of N719-sensitized50
TiO2 films and the photovoltaic performance of corresponding
DSSCs.

The synergistic effect between anatase and rutile in DSSCs

As mentioned earlier, the decrease in THz transmission amplitude
can be considered a measure of the amount of electrons in the55

Fig. 6 DSSC efficiencies (solid square) and THz transmission minima
(open square) of corresponding N719-sensitized TiO2 films as a function
of rutile weight percentage.

anatase conduction band injected from the photo-excited N719
dye molecules or transferred from the rutile phase. Therefore,
the addition of rutile nanorods at relatively low rutile content
resulted in more conduction band electrons in anatase and
higher efficiencies of the R5 and R13 cells. This confirms that 60
electron transfer can occur from rutile to anatase in DSSCs. It
might appear that such electron migration would be thermo-
dynamically prohibited because the conduction band of pure-
phase anatase is typically 0.2 eV more negative than that of
rutile.22 In heterogeneous photocatalysis, the synergistic effect 65
between anatase and rutile was indeed explained by the interfacial
electron migration from the rutile conduction band to anatase
trapping sites.27 Such electron migration is energetically allowed
because the anatase trapping sites lie below the rutile conduction
band.56 70

In this study, the rutile nanorods have a greater surface area
and a much higher dye loading than the anatase NPs (Fig.
3). Upon photoexcitation, different numbers of electrons were
injected from the surface coordinated dye molecules to TiO2 NPs.
The accumulation of electrons on TiO2 NPs could change the 75
relative position of conduction band edges at the anatase-rutile
grain boundary, allowing the electron migration from the rutile
nanorods to the anatase NPs. In this proposed model, electrons
generated in dye-sensitized rutile nanorods migrate to the anatase
NPs before being collected and passing through the external load. 80
At relatively low rutile content, such electron migration enhanced
the photocurrent and led to the observed synergistic effect between
anatase and rutile.

We suggest that, even if the rutile conduction band edge
remained ~0.2 eV negative of the anatase conduction band edge 85
in mixed-phase nanocomposites, the proposed electron transfer
would still be possible, even perhaps likely. If we use a Boltzmann
distribution to describe the energy distribution of electrons in
the rutile conduction band, 0.05% of the electrons would have
enough energy to clear a 0.2 eV barrier at room temperature. 90
This does not even take into account that electrons injected into
the rutile nanorods are probably ‘hot’ because the energy of the
dye excited state is significantly higher than the rutile conduction
band. In line with this proposal, the THz results suggest that
electron transfer from rutile to anatase in the mixed-phase TiO2 95
probably occurs within the first picosecond after photoexcitation
and electron injection is thus faster than the typical equilibration
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times with the lattice. Furthermore, the much higher mobility and
lower spatial confinement of free electrons in anatase would result
in very few electrons “returning” to rutile once they have been
transferred to anatase.

Another model is thermodynamic. As electrons are efficiently5
injected but confined within the rutile nanorods, both by the
physical size and the low mobility of the rutile, the Fermi level
within the rutile nanorods will rise (as compared to where it
would be without illumination). On the other hand electrons
within anatase are efficiently removed by its higher mobility and,10
hence, its Fermi level remains closer to its dark equilibrium with
rutile. Therefore, a thermodynamic dis-equilibrium will occur that
will drive electron transfer from rutile to anatase. The Fermi
energy/Gibbs free energy gradient thus established contains both
a concentration component (electron build-up in rutile relative to15
anatase) and an entropy component (less confinement in anatase).
This thermodynamic picture, supported by the experimental
data, suggests that an electron flux will be established from
rutile to anatase within a working DSSC under steady state
conditions,20

Finally, there is a morphological factor that may contribute
to the detrimental effect of relatively high rutile content in the
DSSC performance. In this study, the anatase and rutile NPs are
spherical and rod-like, respectively. At high rutile content, the
surfaces of anatase NPs are saturated with rutile nanorods; further25
addition of rutile may trigger accelerated interception of injected
electrons by the electrolyte, resulting in decreased photocurrent
and photovoltage (R40, Table 1).

Conclusions

Wide bandgap semiconductors such as TiO2 have been widely30
employed as heterogeneous photocatalysts for environmental
and energy applications. In DSSCs, mesoscopic TiO2 films are
used to collect photo-excited electrons from light-harvesting dye
molecules. The anatase phase of TiO2 is usually the preferred
polymorph as heterogeneous photocatalysts and the electron35
acceptors in DSSCs. A synergistic effect exists between anatase
and rutile NPs, in which interfacial electron transfer occurs from
the rutile NPs to the anatase NPs.

In this study, we prepared DSSCs using TiO2 photoanodes that
differ only in phase composition. The addition of rutile signif-40
icantly enhanced the photocurrent and overall solar conversion
efficiency of anatase photoanodes. An optimal rutile content
around 13 wt% is found; at higher percentages, the addition of
rutile appears to be detrimental to the DSSCs. Time-resolved
THz spectroscopy was employed to investigate the underlying45
mechanism for the synergistic effect in DSSCs by studying the
charge injection of dye-sensitized mixed-phase TiO2 thin films.
Our THz results clearly demonstrated that photoexcited electrons
injected into rutile NPs can transfer to the conduction band of
anatase NPs. Based on a correlation between the photovoltaic and50
THz results, electron migration from rutile to anatase is considered
to explain the enhanced photovoltaic performance of mixed-phase
TiO2 solar cells and the beneficial effect of TiCl4 treatment as
reported in the literature. The synergistic effect can be utilized
to fabricate DSSCs with improved efficiencies using mixed-phase55
TiO2 photoanodes.

Experimental

Materials synthesis and characterization

The commercially available P25 TiO2 was used as received
from Degussa (now Evonik). Mixed-phase TiO2 nanocomposites 60
were prepared from commercial anatase powder (Sigma–Aldrich,
99.8%) and rutile nanorods synthesized via a low-temperature
hydrothermal method.44 Prior to the hydrothermal process, 20 mL
of titanium(IV) chloride (Sigma–Aldrich, 99.9%) were hydrolyzed
in 200 mL of Milli-Q water, forming a light milky solution after 65
stirring at room temperature for 90 min. The solution was then
mixed with 5 mL of 5 v/v% Triton X-100 (Baker) in ethanol and
was refluxed at 373 K for 18 h. Subsequent characterization with
XRD and SEM confirmed the formation of rod-like, pure-phase
rutile. The rutile nanorods were then mixed with a certain amount 70
of commercial anatase and were stirred at room temperature for
12 h. Finally, the mixtures were centrifuged and washed with
water until a pH > 5 was obtained. Pure rutile nanorods were
also collected following the same procedure and without adding
anatase. 75

Thin films (dimension 0.5 cm ¥ 1 cm, thickness ~10 mm) of TiO2

NPs were prepared by a doctor-blade method on FTO glasses (Tec
8, light transmittance 77%, Hartford Inc., USA). Photoanodes
for use in DSSCs were obtained by drying the thin films on FTO
glasses at room temperature and sintering at 450 ◦C for 2 h (ramp 80
rate 5 ◦C min-1). For SEM studies, the photoanodes were coated
with Au and were examined with a field-emission scanning electron
microscope (FEI XL30 ESEM-FEG).

A set of photoanodes were also treated with a solution of
TiCl4. Prior to the TiCl4 treatment, 1 mL of titanium(IV) chloride 85
(Sigma–Aldrich, 99.9%) was hydrolyzed in 100 mL of Milli-Q
water at 0 ◦C, forming a clear solution after stirring at 0 ◦C for
90 min. Photoanodes were soaked in the TiCl4 solution at room
temperature for 12 h and washed thoroughly with Milli-Q water.
The photoanodes were then dried at room temperature and were 90
sintered at 450 ◦C for 2 h for use in DSSCs.

The XRD patterns of pure- and mixed-phase TiO2 samples after
thermal treatment at 450 ◦C were recorded on a Bruker-AXS D8
Focus diffractometer (l = 1.5418 Å, CuKa radiation, step time 1 s,
step size 0.05◦) over the range of 20◦ < 2q < 60◦.47 Specific surface 95
areas of the same TiO2 materials in powder form were measured
with a Quantachrome Autosorb-3b static volumetric instrument.

For the UV-vis studies, thin films of different TiO2 samples were
prepared by the doctor-blade method on microscopic slides and
subject to thermal treatment at 450 ◦C. The thin films were then 100
sensitized with N719 dye by soaking in an ethanol solution of 0.22
mM N719 overnight and dried at room temperature before collect-
ing UV-visible spectra with a Varian Cary 3 spectrophotometer in
diffuse reflectance geometry.57 The same sensitized films were also
used in THz studies. 105

Fabrication and testing of DSSC devices

The photoanodes after sintering at 450 ◦C were sensitized with
N719 by soaking in an ethanol solution of 0.22 mM N719
overnight. Counter electrodes were prepared by coating with two
drops of 0.05 M hexachloroplatinic acid in ethanol on a FTO 110
plate and heating at 400 ◦C for 15 min. An electrolyte solution
was prepared containing 0.6 M tert-butyl ammonium iodide,
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0.04 M iodine, 0.025 M lithium iodide, 0.05 M guanidinium
thiocyanate, and 0.28 M tert-butyl pyridine in a 15 : 85 (v/v)
mixture of valeronitrile and acetonitrile.58 To assemble a DSSC, a
dye-sensitized photoanode and a counter electrode were sealed to a
sandwich-type cell by heating with 120 mm thick thermoplast hot-5
melt sealing foil (SX1170-60, SOLARONIX SA, Switzerland) as a
spacer between the electrodes. The electrolyte solution was injected
into the cell from the counter electrode side through two pre-drilled
holes, and then the holes were sealed with the thermoplast hot-
melt sealing foil and a piece of Al foil by heating. The DSSC was10
allowed to stay at room temperature for 3 h before photocurrent–
voltage (I–V ) measurement.

The irradiation source for the I–V measurement is a 300 W
ozone-free xenon lamp equipped with a 50% IR blocking filter
(Newport, USA), which simulates solar light. The light intensity15
was calibrated to be 100 mW cm-1.2 The current–voltage curves
were obtained by measuring the photocurrent of the cells using a
Keithley model 2400 digital source meter (Keithley, USA) under
an applied external potential scan.

Terahertz studies20

In THz studies, an amplified Ti:Sapphire laser (Tsunami/Spitfire
from Spectra Physics) generated 800 mW of pulsed near-IR light
at a 1 kHz repetition rate. The pulse width was ~100 fs, and the
center wavelength was 800 nm. Roughly two-thirds of the power
was frequency doubled and then filtered to produce 50 mW of25
400 nm (3.11 eV) light for the pump beam. The remainder of the
near-IR light was used to generate and detect THz radiation using
a 4-paraboloid arrangement that focused the THz beam to a spot
size of ~3 mm at the sample. Terahertz radiation was generated
using optical rectification in a ZnTe(110) crystal and detected using30
free space electrooptic sampling in a second ZnTe(110) crystal.
Terahertz data were taken at room temperature with the sample
moving to avoid photobleaching. The average of three samples was
taken for each data set. Further information on the spectrometer
and techniques was reported in the literature.48,4935

Terahertz radiation was absorbed by mobile electrons in the
TiO2 conduction band and was insensitive to electrons within
the absorbed sensitizer. A decrease in broadband THz (0.2–2
THz) transmission in photo-excited samples compared to non-
photo-excited samples indicated a higher electron density in the40
TiO2. Injection time measured by monitoring the change in THz
transmission as the delay time between the 400 nm pump and the
THz probe was varied.
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