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ABSTRACT: Hydrogenated titanium dioxide (H-TiO2) nanocrystals
were successfully prepared via annealing TiO2 in H2/N2 mixed gas flow at
elevated temperatures ranging from 300 to 600 °C. Electron para-
magnetic resonance (EPR) spectra were used to determine the produced
oxygen vacancy in H-TiO2. Variations in temperature were studied to
investigate the concentration change of oxygen vacancy in H-TiO2. The
H-TiO2 nanocrystals prepared at different temperatures were employed
into photoanodes sensitized by N719 dye and found to have exceptional
effect on the solar-to-electric energy conversion efficiency (η). Photo-
anodes with H-TiO2 nanocrystals hydrogenated at 300 °C show the
highest short-circuit current density (Jsc) of 18.92 mA cm−2 and
photoelectrical conversion efficiency of 7.76% under standard AM 1.5
global solar irradiation, indicating a 27 and 28% enhancement in Jsc and η,
respectively, in comparison to those with TiO2. The enhancement is attributed to high donor density, narrow band gap and
positive shift of flat band energy (Vfb) of H-TiO2 that promote the driving force for electron injection. Intensity-modulated
photocurrent spectroscopy (IMPS) accompanied by intensity-modulated photovoltage spectroscopy (IMVS) and other analyses
were applied to shed more light on the fundamental mechanisms inside the charge transfer and transport in these systems.
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■ INTRODUCTION

Since Graẗzel and co-workers developed dye sensitized solar
cells (DSSCs) that can convert solar light to electricity,
extensive attention have been paid to the nanocrystalline TiO2-
based photoanode in order to improve the device performance
and lower the fabrication cost.1 So far, the TiO2-based DSSCs
have achieved solar-to-electric energy conversion efficiency of
13%2 and are considered as potential cost-effective alternatives
to replace silicon-based devices. Generally, a photoanode is one
of the most important ingredients for highly efficient DSSCs,
because it can not only function in the loading of dye sensitizers
as a pathway for photogenerated electrons transferring into the
transparent conductive oxide substrate, but also allow the
electrolytes to diffuse in close to the anchored dye
molecules.3−5

TiO2 has been widely used in fabrication of photoanodes in
DSSC devices, serving as the dye absorbent as well as the
medium for electron transport. However, the band gap of 3.0−
3.2 eV6 leads to limitation for its visible-light harvesting and the
fast recombination of photogenerated electron/hole pairs.7 To
deal with the above issues, considerable approaches such as
metals8 or nonmetal elements9,10 doping, shape, and size
controlling11−16 and defects introduction into TiO2 nanocryst-
als17−20 have been developed. Recently, hydrogenation has
emerged as a novel approach to effectively modify the

properties of materials, which has been able to introduce
dramatic structural changes in TiO2,

21−30 improve its optical,
photocatalytic,26−31 and electronic properties,26−31 and en-
hance the lithium-ion storage capability17,18,32−34 as well as field
emission.35 The high donor density of hydrogenated TiO2 (H-
TiO2) convinces that it can be an effective method to improve
performance of TiO2 photoanodes in DSSCs with introduction
of oxygen vacancies and hydrogen impurities as shallow donors.
Furthermore, first-principle calculations on the basis of time-
dependent density functional theory show that the oxygen
vacancy defects on TiO2 could improve stabilization of dye
adsorption and facilitate charge injection.36 Moreover,
enhanced photovoltaic effect can be observed in solar cells
employing H-TiO2 as photoanode in the absence of any dye.37

These performances of TiO2-based electrodes could be suitable
for DSSCs. Chen et al. engineered a black TiO2 prepared by
hydrogenation treatment under high pressure H2 atmosphere
for 5 days at 200 °C, which exhibited spectral responses even
under infrared light.27 Besides, the hydrogenated TiO2
demonstrated high photocatalytic activity because of its surface
disordered layer because of the hydrogenation. These ideas
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stimulated us to incorporate of hydrogenated TiO2 into solar
cell devices and investigate the effect of a hydrogenated TiO2-
based photoanode on the performance of DSSCs.
In this study, hydrogenated TiO2 was prepared by hydrogen

thermal treatment in mixed gas flow with low concentration of
hydrogen atmosphere at low temperature and mild pressure,
which is different from the strict method reported by Chen et
al.27 And the temperature was employed to investigate the
concentration variation of oxygen vacancy in TiO2 resulted
from the hydrogenation. To the best of our knowledge, the
application of H-TiO2 in DSSCs is scarcely reported, and
systematical research on the relationship between oxygen
vacancy in TiO2 and the solar energy conversion efficiency of
DSSC has not been explored. In comparison with early findings
reported,37,38 a series of concentration of oxygen vacancy in
TiO2 were studied through variations in temperature in order
to obtain the practical application of H-TiO2 in DSSCs. The
DSSC devices with hydrogenated TiO2-based photoanodes
indeed enhanced the performances of solar cells and obtain a
high photoelectrical conversion efficiency of 7.76%.

■ EXPERIMENTAL SECTION
Reagents and Materials. Titanium isopropoxide (98%) was

obtained from Alfa Aesar and used as received. Pluronic F127, an
organic template (Ethylene Oxide/Propylene Oxide Block Copoly-
mer) was purchased from Sigma-Aldrich and used as received. The
FTO substrate (90% transmittance in the visible, 15 Ω per square,
purchased from NSG, Japan) was used as received. The used Ru
complex dye was cis-bis (isothiocyanato)-bis (2,20-bipyridyl-4,40-
dicarboxylato) ruthenium(II) bistetrabutylammonium (known as
N719, Solaronix Company, Switzerland). The redox electrolyte was
consisted of LiI (anhydrous, 99%, Acros), I2 (99.8%, A. R.), tert-
butylpyridine (99%, Aldrich) and 1-propyl-2, 3-dimethylimidazolium
iodide (99%, A. R.) in 3-methoxypropionitrile (99%, Fluka). In the
experiments, all of the chemicals agents and solvents used were reagent
grade without further purification.
Synthesis of Hydrogenated TiO2. The TiO2 nanopowders were

prepared via a facile sol−gel hydrothermal method modified from
Chen et al.33 0.03 M titanium isopropoxide was added dropwise into
mixture of 60 mL deionized water, 0.4 mL HNO3 and a solution of 2 g
of organic template pluronic F127 in water under vigorous stirring.
After this step was accomplished, the mixture was stirred at 90 °C for
about 5 h to obtain gel-like mixture. The obtained mixture was
transferred into a sealed Teflon-lined autoclave and kept at 200 °C for
24 h. After the reaction was completed, the resultant product was
washed three times with DI water and absolute ethanol before drying
at 80 °C for 6 h and subsequently calcined at 450 °C for 30 min to
obtain the white TiO2 powders.
The obtained TiO2 were placed in the quartz boat and heated in

tube furnace under a 400 sccm mixture gas flow of 10% H2 and 90%
N2 for 5 h at 300, 400, 500, and 600 °C, respectively. The heating of
the hydrogen thermal treatments was stepped at 1 °C min−1. After the
hydrogen thermal treatment, the sample powders were maintained in a
vacuum for 1 h for stabilization.
Devices Fabrication. Dye-sensitized solar cells were fabricated

according to the following procedures which is similar to our previous
work.39 TiO2 paste was prepared by mixing TiO2 nanopowders and
ethyecellulose in α-terpinol (wt % ratio: 16.8:4.5:78.7). By screen-
printing method prepared TiO2 paste was cast onto the FTO
substrate, and then the electrode was dried at 120 °C for 5 min. This
procedure was repeated for six times. After sintering the electrode at
450 °C for 20 min in the air, a transparent TiO2 electrode with the
thickness of ca.10 μm was obtained. H2PtCl6 paste was deposited onto
the FTO glass substrates and then calcined at 450 °C for 30 min to
obtain the platinum counter electrode. The prepared mesoporous
TiO2 electrode was dye-coated by immersing into a 0.3 mM N719 dye
solution in absolute ethanol for 20 h. The electrolyte was injected

between the dye sensitized photoanode and the counter electrode, and
then the cells were assembled held together with clips on the basis of
sandwich-type cell. The electrolyte applied in this work was 0.5 M LiI,
0.05 M I2, 0.1 M tert-butylpyridine in acetonitrile-propylene carbonate
mixture.

Characterization. The X-ray powder diffraction (XRD) measure-
ment was analyzed with Cu−Kα radiation by Shimadzu XRD-6000 X-
ray Diffraction instrument. Scanning electron microscope (SEM)
micrographs were performed by Rili SU 8000HSD Series Hitachi New
Generation Cold Field Emission SEM. Transmission electron
microscopy (TEM) experiment was performed on an electron
microscope (H-7650, Japan) using an acceleration voltage of 80 kV.
UV−visible absorption spectra of TiO2 films were recorded on a Japan
Shimadzu model UV-2250 spectrophotometer. X-ray photoelectron
spectroscopy (XPS) was performed with ESCALAB-250 spectrometer
(Thermo, America) using an Al−Kα source and working in an
ultrahigh vacuum (UHV) at 3.5 × 10−7 Pa. EPR spectra were
registered at 300 K using a Bruker ER083CS spectrometer, at a
microwave frequency of 9.85 GHz. Photocurrent-photovoltage (I−V)
curves were recorded by CHI660D electrochemical potentiostat. The
AM 1.5 global sunlight intensity was calibrated by a standard Si solar
cell (NO. NIMMS1123, calibrated at National Institute of Metrology,
P. R. China) from a filtered 500 W xenon lamp with an AM 1.5 global
filter from Newport. Electrochemical impedance spectra (EIS) were
recorded using CHI660D electrochemical potentiostat. The measure-
ments were obtained over a frequency range of 0.1−100 kHz under
standard AM 1.5 global solar irradiation conditions or in the dark. The
Mott−Schottky analysis were performed at f = 200 Hz with a small
amplitude of 10 mV by CHI660D electrochemical potentiostat using a
three electrode cell with a platinum wire as counter electrode and a
standard Ag/AgCl as reference electrode. The supporting electrolyte
used in Mott−Schottky analysis was 0.01 M LiClO4, 0.1 M LiI and 1
mM I2. The Incident Photon-to-Current Efficiency (IPCE) spectra
were conducted by IPCE Kit equipment (Oriel, U.S.A.). IMPS and
IMVS (Zahner Elektrik, Germany) were applied to analyze the
electron transport and recombination properties. The DSSCs were
probed by a frequency response analyzer through the photoanode side
applying a white light-emitting diode (wlr-01). The frequency range
was 0.1−1000 Hz and the irradiated intensity was varied from 30 to
150 mW cm−2.

■ RESULTS AND DISCUSSION
Morphology and Crystal Structure Analysis. Figure 1

shows the X-ray structural analysis of the TiO2 and hydro-
genated TiO2. All plots demonstrate that the prepared samples
before and after hydrogen thermal treatment possess the same

Figure 1. XRD spectra collected for TiO2 samples before and after
hydrogen treatment. Diffraction peaks for anatase (JCPDS#21−1272)
and rutile (JCPDS#21−1276) are labeled with A (hkl) and R (hkl),
respectively.
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crystalline structure, which are mixed phases including anatase
(JCPDS#21−1272) and rutile (JCPDS#21−1276). The hydro-
genated TiO2 samples treated under high temperature show
stronger peak intensity of rutile (110) peak at 2θ = 27.4° in the
order of TiO2 < 300 °C H-TiO2 < 400 °C H-TiO2 < 500 °C H-
TiO2 < 600 °C H-TiO2, implying an increment of the ratio of
rutile after hydrogenation. Content of rutile by XRD (%) is
estimated from the respective integrated XRD peak intensity
using the following equation: χ = (1 + 0.8IA/IR)

−1.40,41 The
results of five samples in our work are as follows: rutile content
of TiO2, 300 °C H-TiO2, 400 °C H-TiO2, 500 °C H-TiO2, and
600 °C H-TiO2 is 45.2, 44.4, 55.9, 62.7, and 65.2%,
respectively. The increasing content of rutile may induce the
low photoelectrochemical performance. This result is in
accordance with early reports, which showed the anatase to
rutile phase transition42 occurs upon annealing above 550 °C.27

In the O-rich regime, the temperature of anatase to rutile phase
transformation is higher than 700 °C, reduction conditions of
hydrogen thermal environment is more feasible to induce the
phase transition.
The morphology of the TiO2 and H-TiO2 treated at 300 °C

was analyzed by SEM in Figure S1 (Supporting Information). It
can be seen that there is no obvious difference in the
nanoparticles morphology before and after hydrogen thermal
treatment. TiO2 and H-TiO2 treated at 300 °C are selected as
the representative samples. Most of them are nano sized
particles with small amount of V shape crystals. The TEM
micrographs of hydrogenated H-TiO2 treated at 300 °C are
shown in Figure 2a, which reveals the crystallite size to be about

10 nm, and the edge length of V shape crystallite is closed to
300 nm. The well-defined surface edges of the H-TiO2 treated
under 300 °C (in Figure 2b) become disordered after
hydrogenation, clearly confirming that the TiO2 matrix sample
owns both anatase and rutile phases. The interplane spacing of
the TiO2 and H-TiO2 samples are identical and found to be
0.350 and 0.247 nm for anatase and rutile phases, respectively.
The SAED pattern (Inset Figure 2b) shows that the particles
are crystalline in nature.
XPS was further utilized to determine the transformation of

surface chemical bonding environment and explore the
electronic valence band position of these TiO2 samples. As
indicated in Figure S3a in the Supporting Information, the XPS
survey spectra illustrate that all the samples display similar
features, indicating that the mixed gas flow treatment including
nitrogen and hydrogen does not introduce impurities. Figure
S3c in the Supporting Information demonstrates that Ti 2p of
the samples in core-level XPS spectra own similar features. The

TiO2 nanocrystals possess typical Ti4+ features with Ti 2p3/2
peak centered at 458.4 eV and Ti 2p1/2 peak centered at 464.1
eV. None of additional shoulder peak centered at 457.0 eV
indicates the absence of Ti3+ ions.27 The O 1s core-level XPS
spectra (Figure S3d in the Supporting Information) show that
all the samples have similar O 1s peaks centered at 529.7 eV,
suggesting similar oxygen environments. As temperature
elevated, the O 1s peaks exhibit an increasing stronger shoulder
peak around high binding energy compared with the TiO2. The
O 1s shoulder peak can be ascribed to the chemisorbed O2,
which can accept electrons from oxygen vacancies, indicating
the concentration of oxygen vacancies in H-TiO2 under
different temperature. The O 1s region illustrates the presence
of three components attributed to O−Ti (OTi), a surface OH
group (OOH), and O−C (OC).

43 As is shown in Table S1 in the
Supporting Information, the estimated atom percentages (at.
%) of OTi peaks decreases with the enhancement of
temperature, OOH of H-TiO2 treated under 600 °C increases
approximately 43.8% compared to that of TiO2. The improve-
ment means H-TiO2 samples have more surface OH species
produced by the O and H interaction, thus indicating oxygen
vacancy concentration introduced by hydrogen thermal treat-
ment increases with the hydrogen thermal treatment to some
extent.38 The effect of hydrogen thermal treatment on the
electronic band structure of TiO2 can be provided by the
valence band spectra of both the TiO2 and H-TiO2 nano-
powders using XPS. As shown in Figure 3, the valence band

spectra of TiO2 and H-TiO2 nanopowders are similar. Linear
extrapolation of the peaks to the baselines can be employed to
estimate the valence band maxima of samples, which produce
band edge positions of 1.65 and 1.59 eV below the Fermi
energy for TiO2 and H-TiO2 treated at 600 °C. The relative low
temperature has slight effect on the valence band values, which
is likely due to that the disorders and defects generate some
localized states above the valence band edge and finally result in
the band gap narrowing.
EPR was applied to detect unpaired electrons in para-

magnetic species, which is the powerful method to certify the
existence of Ti3+ and oxygen vacancies. EPR spectra were
registered at 300 K using a Bruker ER083CS spectrometer, at a
microwave frequency of 9.85 GHz and the same quality TiO2
powders samples were charged in quart glass tubes connected

Figure 2. (a) TEM images of hydrogenated TiO2 treated at 300 °C
and (b) high-resolution TEM images of TiO2 correlating to the (101)
and (111) interplanar crystal spacing.

Figure 3. Valence band of TiO2 and H-TiO2 treated under different
temperatures.
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to N2 gas. Figure 4 displays the EPR spectra measured at 300 K
of all samples without light illumination. No signal can be

detected for TiO2, indicating free of paramagnetic species
existing in TiO2. In contrast, apparent symmetrical signals at g
= 2.002 and g = 2.001 appear in the EPR spectra of H-TiO2
samples, which can be attributed to the defects like oxygen
vacancy (with one electron) in H-TiO2.

44 The above results
certificate the existence of oxygen vacancy in H-TiO2.
Furthermore, the intensity of the signals for H-TiO2 samples
in EPR spectra increases as the treated temperature rising. The
EPR signal gained the relative strongest value at 500 °C,
however, when the treatment temperature was further elevated
to 600 °C the signal intensity declines, indicating that the
density of oxygen vacancy reaches saturation point on the
surface of H-TiO2 at 500 °C.
The spectral responses of hydrogenated TiO2 enhanced in

the visible region from 250 to 750 nm are shown in Figure 5,
which indicates the existence of oxygen vacancy affect the light
absorption properties of TiO2. All samples demonstrate a sharp
increase in the absorbance before 400 nm, which is originated
from anatase TiO2. The samples at 500 and 600 °C expand the
absorption edge of TiO2 in UV−visible range with slightly red-
shift. From the Tauc plot The band gaps of the TiO2 and H-
TiO2 can be calculated, a relationship between the absorption

coefficient (α) near the absorption edge and the optical band
gap (Eg), as shown in the equation: (αhv)

2 = A(hv − Eg), where
α is absorption coefficient, h stands for Planck’s constant, ν
represents the frequency of light vibration, A is the proportional
constant, and Eg is the band gap,45 plots of (αhv)2 vs hv are
shown in Figure S2 in the Supporting Information. The
relationship between the temperature and the band gap is
shown in Figure 5b, illustrating band gap value decreasing with
treated temperature. Band gap value of 600 °C H-TiO2 is 3.02
eV, which is narrower than that of TiO2 (3.22 eV), resulting in
its light-absorption toward red shift. The hydrogenation had
little effect on the band gap value, whereas H-TiO2 samples
exhibited a remarkable absorption in the visible light region.
The strong absorption band can be attributed to the low-energy
photon of trapped electron in localized below the conduction
band minimum to the conduction band. The white color of
TiO2 was changed to light yellow after hydrogenation at low
temperature (300−400 °C), and then to a bit darker gray at
600 °C (Figure 5b).
Mott−Schottky analysis of impedance was conducted to

investigate the electronic properties influenced by hydrogen
thermal treatment on the TiO2 samples. As shown in Figure 6,

Figure 4. EPR spectra recorded at 300 K for TiO2, H-TiO2 samples.

Figure 5. (a) UV−vis spectra of TiO2 and H-TiO2 samples, inset figure is the partial enlarged drawing of a; (b) band gap energy at different
temperature, inset figure is color variation of TiO2 and H-TiO2 samples at different temperature.

Figure 6. Mott−Schottky plots collected in the dark for the TiO2 and
the H-TiO2 nanopowders. Inset Figure: Mott−Schottky plots of H-
TiO2 nanopowders prepared at 300, 400, 500, and 600 °C, which was
collected under the same conditions.
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positive slopes convince that all samples are n-type semi-
conductor and hydrogen treatment has no effect on transition
in type of semiconductor. The H-TiO2 nanoparticles show
smaller slopes compared to the TiO2 sample, indicating higher
donor densities. Donor densities can be estimated from Mott−
Schottky plots using the following equation

εε
=

−⎛
⎝⎜

⎞
⎠⎟
⎛

⎝
⎜⎜

⎞

⎠
⎟⎟N
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d
0 0

1 1
2

Where Nd is the donor density, e0 is the electron charge, ε is the
dielectric constant of TiO2 (ε = 170), ε0 is the permittivity of
vacuum, and V is the applied bias at the electrode. According to
this equation, the donor densities of the TiO2 and H-TiO2
nanopowders treated at 300 °C were 2.70 × 1021 and 3.53 ×
1021 cm3, respectively. The enhanced donor density in H-TiO2
could improve the charge transport in the TiO2 nanoparticles,
resulting in enhanced charge collection efficiency. By
comparing these slopes derived from the Mott−Schottky
plots qualitatively, the smaller slope of H-TiO2 sample leads
to enhancement of carrier density in H-TiO2. The enhanced
donor density is originated from the increased oxygen vacancy,
which is known as electron donors for TiO2.

46 The increased
donor density improves not only the charge transport in TiO2
samples after hydrogenation but also the interface electron
transfer between the nanopowders and the FTO substrate. On
the other hand, after hydrogen thermal treatment, the increased
electron density is responsible for the downward-shift of Fermi
level of TiO2 toward the conduction band, which facilitates the
charge separation at the TiO2/electrolyte interface.47 The
enhanced charge separation and transportation are determined
to be the dominant factor for the obtained IPCE enhancement
in the UV region,32 on the other hand, the surface defect
introduction from oxygen vacancy could increase the trap state
density along with the elevated temperature to some extent and
increase the electron−hole recombination loss.48 When the
donor density reaches to certain saturation, the electron−hole
recombination becomes a crucial element decreasing the
efficiency of electron collection.
During electron injection process, not only the different

positions of the excited energy level of the dye but also the
conduction band minimum of the TiO2 are of great
importance. Spectro-electrochemical measurements49,50 and
Mott−Schottky analyses51 are commonly employed to evaluate
the Vfb, which are essential to elucidate the band energy of
semiconductor electrode. In this work, the Mott−Schottky
analyses were used to gain the Vfb of TiO2 and H-TiO2. The
result in Figure 6 indicates a positive shift of Vfb due to the
existence of oxygen vacancy after hydrogen thermal treatment.
In addition, the tendency is presented in inset figure indicating
that as temperature elevated, the Vfb shift positively. The
driving force of electron injection derived from the difference
value between flatband energy (Efb) of TiO2 and the LUMO of
the dye,52 accordingly is boosted by hydrogen thermal
treatment, which is beneficial for the enhanced efficiency of
the electron-injection.
It is obvious that the narrowed band gap, the downward-shift

of Fermi level, the enhanced donor density and other particular
characteristics of H-TiO2 are closely related to the existence of
oxygen vacancy because of hydrogen thermal treatment.
Hydrogen thermal treatment alters the location of oxygen
vacancy levels, which are situated about 0.75−1.18 eV lower

than the conduction band of TiO2;
53 as illustrated in Figure 7,

EVo located below the TiO2 conduction band represents the

energy level of oxygen vacancy. The introduced oxygen vacancy
could downward-shift Fermi level, which leads to the increase
of donor density and the narrowed band gap. This downward-
shift of the Fermi level is responsible for the reduction of the
TiO2 work function,35 which may be conducive to the
photoelectronchemical performance. It can be concluded that
there is a balanced point where appropriate oxygen vacancies
make the electrons transport faster than TiO2 and bring the
recombination and transportation into balance, which can make
photoelectronchemical performance better. Besides, the in-
troduced oxygen vacancy in H-TiO2 by hydrogen thermal
treatment will improve their conductivity and carrier mobility,
which can boost most injected electrons transportation in H-
TiO2.

35 It is considered that only the existence of an
appropriate quantity concentration of oxygen vacancies could
ensure that H-TiO2 samples exhibit excellent photoelectron-
chemical performance, and this work keeps close watch on this
target to find the appropriate condition.

Photoelectrochemical Performance of Dye-Sensitized
Solar Cells. The photoelectrochemical measurement was
recorded under standard AM 1.5 global solar irradiation
conditions and each value was taken as an average of five
samples. The typical photocurrent−photovoltage curves of
TiO2 and the H-TiO2 based DSSCs are shown in Figure 8 and
detailed photovoltaic parameters of DSSCs with different
hydrogen thermal treatment are shown in Table S2 in the
Supporting Information. To reduce error and convince the
reproducibility of our experiments, we collected relative
experimental data and calculated carefully.54 The amount of
dye-loading of photoanodes based on H-TiO2 was tested (see
Table S2 in the Supporting Information). Comparing photo-
anodes based on H-TiO2 treated at 300 °C with photoanodes
based on H-TiO2, there are no indications of any great change
in the amount of dye-loading eliminating the adsorption effect
on accurate conclusion. As the temperature elevated, the
amount of dye-loading indicates a sharp decrease, which may
induce the low efficiency of DSSCs. The DSSCs based on H-
TiO2 shows a Jsc of 18.92 mA cm−2 and a Voc of 0.72 V,
corresponding to overall conversion efficiency of η as 7.76%,
whereas the DSSCs based on TiO2 gives a Jsc of 14.88 mA cm−2

and a Voc of 0.70 V, corresponding to overall conversion
efficiency of η as 6.07%, indicating a 27 and 28% increase in Jsc
and η, respectively. The DSSCs based on pure hydrogenated

Figure 7. Schematic diagrams of electronic band structure of TiO2 and
H-TiO2. EVo located below the TiO2 conduction band represents the
energy levels of oxygen vacancy.
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anatase and rutile samples were measured and the results are
listed in Table S2 in the Supporting Information. The
increasing rutile content of samples can also lead to the
declining conversion efficiency of DSSCs.55 The dark current of
the DSSCs depends on the recombination of injected electron
with I3

− in the electrolyte. The photocurrent−photovoltage
curves of DSSCs based on TiO2 and the H-TiO2 nanopowders
in the dark are shown in Figure 8b. The dark curves indicate
that the hydrogen-treated DSSCs exhibit lower recombination
rate, which could improve the efficiency of the device.17

Figure 8c, d show the trend of Jsc and η of different DSSCs. It
is obvious that DSSCs based on H-TiO2 at 300 °C achieve the
highest Jsc of 18.92 mA cm−2 and η of 7.76%. The Jsc for DSSCs
based on H-TiO2 at 300 and 400 °C are 18.92 mA cm−2 and
16.36 mA cm−2, respectively, which are higher than that based
on TiO2. However, as the temperature for hydrogenation
higher than 400 °C, the Jsc for DSSCs based on H-TiO2
decreased. And what’s more, the η values for DSSCs based on
TiO2 and H-TiO2 at different temperatures show the same
tendency, in which the highest η of 7.76% is achieved with the
device based on H-TiO2 at 300 °C. The improvement in Jsc
may be due to the enhancement of the electrical conductivity35

of TiO2 under the effect of hydrogen thermal treatment, which
can be explained by the positive shifted value of Vfb in Mott−
Schottky analysis.
According to this process, the driving force for electron

injection is increased by hydrogen thermal treatment, which
correspondingly contributes to the enhanced electron-injection
efficiency and higher Jsc. The Jsc shows a drastic increase in the
initial stage and reaches to a saturated state less than 400 °C.

The result confirms that the light-absorption property was
improved due to the narrowed band gap from UV spectra,
which is beneficial for the DSSC performance. What’s more,
appropriate oxygen vacancy is conducive to enhancing the
photoelectrical conversion efficiency performance of DSSCs,
and the appropriate oxygen vacancies enhance the electrons
transportation from Mott−Schottky analysis and bring the
recombination and transportation into balance. After the
saturated point of oxygen vacancies, the electron transportation
gets hindered to some extent together with faster recombina-
tion rate, which lead to the decrease of Jsc based on H-TiO2
compared with Jsc based on TiO2.
The correlationship curves between (c) photocurrent and

temperature (d) η and temperature of the DSSCs based on
TiO2 and H-TiO2 annealed at different temperature of
hydrogen treatment.
Figure 9 shows the spectra of IPCE of DSSCs with different

photoanodes. IPCE spectra of all samples have similar profiles
with high IPCE values in the wavelength region between 350 to
650 nm. Apparently, the DSSC with H-TiO2 treated at 300 °C
shows the highest IPCE value of 80.6%, suggesting the efficient
photoexcited charge carriers separation and transport. The
values of photoanodes based on H-TiO2 treated at different
temperatures are in the order of 300 °C > 400 °C > 500 °C >
TiO2 > 600 °C, which is in consistent with the decreased order
of Jsc. EIS has been widely utilized to analyze the electronic and
ionic transport processes in an electrochemical device, current
response measurement based on the application of an AC
voltage at different frequencies can be explained by this steady
state method.56,57 For the purpose of a deep understanding of

Figure 8. Photocurrent−photovoltage curves (a) under illumination and (b) in the dark of the DSSCs based on TiO2 and H-TiO2 hydrogen thermal
treated at 300, 400, 500, and 600 °C.
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the complex charge transfer process, a physical model has been
proposed,58,59 and the corresponding parameters obtained by
the equivalent circuit are listed in Table S3 in the Supporting
Information. As indicated in Figure S5 in the Supporting
Information, there are three semicircles in the Nyquist plot with
the frequency ranging from 0.1 to 10 kHz. Under the
illumination and open circuit voltage condition, the radius of
the large semicircle located in middle frequency region in the
Nyquist plot represents the charge transfer resistance (R1). As
shown inTable S3 in the Supporting Information, R1 decrease
from 5.19 to 8.18 Ω after TiO2 was hydrogenated at 300 °C,
indicating faster electron transport at the interface of DSSCs
based on H-TiO2. This means that DSSCs devices based on H-
TiO2 is better in electron transportation due to high donor
density compared to that based on TiO2, which is agree with
the conclusion from I−V curves.60,61

To further elucidate the influences of hydrogen thermal
treatment on the photovoltaic parameters, the IMVS and IMPS
measurements of DSSCs were employed to investigate the
electron transport and charge recombination dynamics under
an illumination with different light intensities ranging from 30
to 150 W m−2, there are two important factors to evaluate the
performance of DSSCs: the electron recombination time (τn),
the electron transport time (τd), (shown in Figure 10). They
are the consequence of the competition between the
recombination and transport of electrons across the photo-

anode. τn and τd are calculated by IMVS and IMPS
measurements through the expression: τn = (1/2πf n) and τd
(1/2πfd),

62−64 where fd and f n are the characteristic frequency
minima of the IMVS and IMPS imaginary components,
respectively.
The transport time (τd) and recombination time (τn) of the

cells shorten with the increasing light intensity. The
recombination time of different samples is shown in Figure
10a. The photoanode based on H-TiO2 treated at 300 °C
shows the longest charge recombination time and the shortest
charge transport time, which can reduce the recombination rate
of electron and holes, accelerate the mobility of electron and
the redox reaction, and enhance the photoelectrical conversion
efficiency on the whole. This is in accordance with the
aforementioned discussion that the balanced point due to
appropriate oxygen vacancy concentration brings the charge
recombination and transportation into balance, which can
enhance the performance of DSSC devices.
Figure 11 shows the schematic of charge transfer mechanism

for DSSCs based on H-TiO2 under standard AM 1.5 global

solar irradiation conditions. The DSSC is based on the
photoexcitation of the dye, followed by electron injection
into the conduction band of the H-TiO2 nanoparticle. During
light irradiation, the dye absorbs incident light and promotes
electrons to the excited state. The excited electrons are injected
into the conduction bands of H-TiO2 nanoparticles. Due to the

Figure 9. IPCE spectra of DSSCs based on TiO2 and H-TiO2
annealed at different temperature.

Figure 10. (a) The IMVS response, (b) IMPS response of DSSCs based on TiO2 and H-TiO2.

Figure 11. Charge transfer mechanism for photoanode-modified
DSSC based on H-TiO2.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am5085447
ACS Appl. Mater. Interfaces 2015, 7, 3754−3763

3760

http://dx.doi.org/10.1021/am5085447


existence of relative low oxygen vacancy energy level, it might
be easy for electron transfer from the conduction band of dye
N719 to oxygen vacancy energy level, and then electrons move
toward the valence band of H-TiO2. The dye is then reduced by
receiving electrons from the electrolyte through the redox
system, and is ready to be used again. The H-TiO2
nanoparticles prepared in this work possess narrow band gap,
the downward-shift of Fermi level, the enhanced donor density
and other particular characteristics due to the existence of
oxygen vacancy from hydrogen thermal treatment. Therefore, a
significant enhancement of photocurrent and a relative high
solar-to-electric energy conversion efficiency have been
achieved.

■ CONCLUSIONS
In summary, hydrogenated TiO2 with narrow band gap and
high donor density has been fabricated by introducing the
oxygen vacancy through hydrogen thermal treatment. The
obtained products can not only facilitate the charge transfer
process of the photoanodes, but also improve the total
performance of DSSC devices. Photoanodes based on H-
TiO2 nanocrystals hydrogenated at 300 °C exhibit significant
enhancement of Jsc from 14.88 mA cm−2 to 18.92 mA cm−2 and
η 6.07 to 7.76%, respectively. Photoelectrochemical perform-
ance is obviously improved via the appropriate concentration of
oxygen vacancy, demonstrating that the hydrogenated TiO2 can
act as a good candidate for efficient photoanode materials of
DSSCs. Surface-disorder and narrow band gap characteristics of
the outer layer in the particles provide an alternative to high
performance DSSC materials. It is worthy to note that this
newly developed electrode material is prepared only by a simple
hydrogen thermal treatment through low cost and easily
handled process, which deserves to be explored for the
application in DSSCs.
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