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Middle Pressures for Dye-Sensitized Solar Cells
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As part of our efforts to find a way to control the concentra-
tion of N-doped TiO,, TiN,O,_, powders were prepared by a
device of our own design. In this research, photoelectrodes
are generated using N-doped TiO, materials where the con-
centrations are adjusted by the amount of NH; under middle
pressure, which is seldom reported. Considerable efforts
have been directed to the study of the optical absorption
edge that is redshifted towards the visible-light region.
Therefore, N-doped TiO, electrodes are characterized by
SPS and TPV analyses as experimental and theoretical stud-
ies. Experimental results indicate that the band gap of the

semiconductor has been narrowed by increasing the concen-
tration of the N-doped TiO,. The overall conversion effi-
ciency of the solar cell has shown that the photoelectrical
properties of the N-doped TiO, have greatly improved with
different concentrations. It can therefore be concluded that
the synthesis route we found through this study is an effec-
tive way to adjust the relationship between the concentration
and the band gap of the N-doped TiO, photoelectrodes.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Metal oxynitrides can be described as derivatives of the
oxides, formed by the simultaneous substitution of the cat-
ionic and anionic components. For example, since O’Regan
and Gritzel developed solar cells based on the nanocrys-
talline TiO, electrode,!'! dye-sensitized solar cells (DSCs)
have attracted much attention for their relatively low cost
and high photoelectrical properties.> ! A variety of meth-
ods have been devised to fabricate nanoscale TiO, film elec-
trodes to obtain high energy conversion efficiency for solar
cells, such as replacing with liquid electrolytes,®) doping
atoms in TiO,,["! improving the performance of the dye,®
etc. Considerable efforts have been directed to the synthesis
of doped TiO, with the optical absorption edge red-shifted
towards the visible-light region. Nitrogen-doped TiO, has
been investigated by experimental and theoretical ap-
proachesl® '3 since it was proposed by Asahi et al.l'*l In
recent years, a variety of methods have been reported on
the visible-light photocatalysis of N-doped TiO,, such as
the sputtering of a TiO, target in a No/Ar gas mixture,!'”!
oxidation of TiN,!'®! hydrolysis of TiO, tetrachloride with a
nitrogen containing base,!'”l amination of TiO, particles,'®]
nitrogen ion implantation,['”) chemical vapor deposition,%!
sol—gel,”!1 and decomposition of N-containing metal-or-
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ganic precursors,??! etc. Among the abundant reasonable
designs, Ma et al. reported that a N-doped TiO, electrode
could be used to improve the overall conversion efficiency
() in 2005.231 However, these methods showed that there
was no effective way to adjust the relationship between the
concentration and the band gap of the N-doped TiO,. As
part of our efforts to find a way to control the composition
of N-doped TiO,, we designed a device to generate
TiN,O,_, powders using NHj3 as a gaseous precursor. The
photoelectrical properties of N-doped TiO, electrodes are
characterized by XPS, XRD, Raman spectroscopy, SEM,
TPV, and SPS analysis under different reaction tempera-
tures and middle pressures for different time lengths. How-
ever, when the interfacial electrons are located in the nano-
scale environments their transferring behavior associated
with the spatial heterogeneities become complex. Herein,
the research has also offered a photoelectrochemical analy-
sis to prove the relationships amongst the concentration,
the band gap, the nanoparticles size and the photoelectric
conversion efficiency of the N-doped TiO, photoelectrodes.

Results and Discussion

Characterization of the Phase Structure

As shown in the Supporting Information, the XRD pat-
terns of TiN,O, . indicate that the pressure and time are
not evidence effective to the change of phase composition
as compared with the temperature. The crystal structure of
nitrogen-doped TiO, is in general similar to that of TiO,,
as shown in Figure 1. The strong absorption diffraction
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peaks are assigned to the anatase type over a temperature
range of 400-500 °C, while the rutile phase is observed only
at temperatures above 600 °C. These results are in good
agreement with the results obtained from Raman spec-
troscopy.
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Figure 1. XRD patterns of raw TiO, and N-doped powders at dif-
ferent temperatures.

Figure 2 shows five active fundamental modes around
151 (Ey), 204 (E,), 399 (Byy), 515 (A} Big), and 639 cm!
(Eg), which belong to the anatase phase. Further sintering
at higher temperatures causes the transformation of the an-
atase phase to the rutile phase, confirmed by the appear-
ance of the peaks at 453 (E,) cm™'. As shown in Table 1,
the anatase-phase sample has more active photoelectric
properties than the rutile phase, which is in good agreement
with the result reported by Park et al.?* For dye-sensitized
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Figure 2. Raman spectra of raw TiO, and N-doped TiO, powders
at different temperatures.

solar cells the anatase phase of TiO, is the desired crystal-
line phase because it has more appropriate optical and elec-
tronic properties compared with the rutile phase.

Composition Analysis

However, the nanostructure is not the only determinant
for the differences between TiN,O, . photoelectrodes.
Whether the concentration of nitrogen-doped photoelec-
trodes plays an important role in DSCs is discussed from
the XPS results. Table I demonstrates that a slightly high
efficiency emerged by increasing the concentration of the
nitrogen doped in the samples. Moreover, it also represents
the general relationships involving the # values of the TiO»-
based DSCs, the concentration of the N-doped TiO,, the
band gap, the crystalline size of the samples, and the reac-
tion conditions in the TiO, film electrodes.

As shown in Figure 3, the results represent two differen-
tial peaks of N that are centered at 396 eV and 400 eV. The
400 eV band is attributed to molecularly chemisorbed dini-
trogen y-N,. The 396 eV peak is assigned as atomic B-N
bonded to Ti, that is, when N substitutionally replaces O
then sites are associated with atomic N.
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Figure 3. The XPS spectra of the N 1s core level of the N-doped
TiO, powders treated at 400 °C for 24 h at 0.8 MPa.

It is reported that a few requirements are needed to
achieve visible-light activity for N-doped TiO,:**! (i) dop-
ing should produce states in the band gap of TiO, that ab-
sorb visible light; (ii) the dopant states of doped TiO,
should form a narrow N 2p band above the valence band
(VB) of TiO, to ensure photoreductive activity.

Table 1. Contrast of DSC performances and the structure of TiN,O,_, photoelectrodes.

T [°C] (24 h, 0.8 MPa)

¢ [h] (500°C, 0.4 MPa)  p [Mpa] (600 °C,

12 h)

Undoped TiO, 400 500 600 12 24 0.4 0.6
Ve [mV] 535 574 597 568 527 540 582 510
Js [MAcm 2] 1.32 6.88 5.49 4.72 5.63 5.34 2.86 1.44
FF 0.58 0.63 0.58 0.62 0.51 0.56 0.58 0.41
n [Y0] 2.12 6.20 4.75 4.18 3.76 4.05 241 0.76
N-Doped concentration [%]  — 1.22 0.87 0.66 0.60 0.70 0.52 0.46
Band gap [eV] 3.20 2.62 2.63 2.86 2.88 2.80 291 3.08
Crystal size [nm] 25-50 18 20 25 29 24 32 36
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Table 1 indicates that the concentration of N-doped TiO,
has been increased with a longer sintering time or lower
temperature or less pressure. The results also show that high
concentrations of N-doped TiO, could lead to higher vis-
ible-light activity. It is difficult for the N atom to be inserted
into the TiO, crystal lattice because of it metamorphosing
under the pressure of a gas—solid reaction. With an increase
in the temperature the movement of the gas molecules was
excited, which was of no benefit to the N atoms in the TiO,
lattice and the concentration of N-doped TiO, decreased.
However, a longer sintering time was favorable for the stabi-
lization of the N-doped atoms. In other words, the concen-
tration of N-doped TiO, decreased with the enhancement
of pressure, while it increased with longer sintering time or
lower temperature.

Considering the effect of the three factors of the gas—
solid reaction, the reaction was hypothesized to be as fol-
lows:

NH3 + T102 i TiNX()z,X + Hzo (1)

During the N replacement of O in the TiO, lattice, NH;
played a role as a kind of reducer, where it was involved in
adjusting the quantity balance of the oxygen vacancies and
dopant N. Because of the increase of x in TiN,O, ., the
oxygen vacancies act as recombination centers for ¢ and
h*, which led to lower visible-light activity. In this case, a
suitable ratio between the oxygen vacancies and dopant N
determined the photoelectrical properties of the N-doped
TiO, material.

The Surface Photovoltage Spectrum Analysis

On irradiating with visible light, the quantum yields in-
creased with the concentration of nitrogen, suggesting that
the intragap states should sufficiently overlap with the band
states of TiO,. This result caused photoexcited carriers (e")
to be transferred to reactive sites at the TiO, surface within
their lifetime.

The surface photovoltage spectrum (SPS) method is
commonly applied to TiO, for dye-sensitized solar cells,
which is a well-established noncontact technique for sur-
face-state distribution.[?281 As shown in Figure 4, the SPS
analysis for samples with the N719 dye demonstrates that
one typical characteristic response band close to 350 nm,
which originates from the band—band electron transition of
TiO,, is observed. The absorption band in the visible-light
region originates from the N719 dye absorbed in TiO,.
However, for N-doped TiO, samples, a new SPS signal from
400 to 550 nm is observed, which can be assigned to the
band-band electron transition of the N-doped band (the
UV/Vis spectra are shown in the Supporting Information).
The results show that the N-doped TiO, with a lower con-
centration has a similar UV/Vis spectrum to that of TiO,,
and only redshifts after the reaction in NHj3;. However, a
new peak around 470 nm appears with a higher N concen-
tration, which provides proof that N is doped in the lattices
and affects its visible-light activity. The presence of the new
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signal is probably caused by the N-doped band, where the
visible-light response range is broadened and continuous af-
ter being sensitized by the dye. The band gap is calculated
from the formula: Eg,, (€V) = 1240//m,x (nm), where E,,,
is the band gap and A,,,, represents the edge of the maximal
response absorption band. This phenomenon provides clear
evidence that a higher concentration of N-doped TiO,
could result in a narrower band gap.[*’! Moreover, the solar
cell that has been produced with a narrower band gap
shows considerable improvement in the short-circuit current
and efficiency as a function of the N-doped TiO, lattice.
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Figure 4. SPS spectrum of raw TiO, and N-doped samples with the
N719 dye.

In addition, it is also observed that the surface mor-
phology is related to the amount of N doped in the TiO,.
The grain sizes in such samples gradually increase from 10
to 50 nm, according to SEM micrographs, after sintering
over a temperature range of 400-600 °C for 12 or 24 h. Fig-
ure 5 illustrates that the average size of the nanocrystal has

Figure 5. SEM micrographs of (a) raw TiO,; (b) N-doped TiO,
powders digested at 400 °C for 24 h under 0.8 MPa. The N-doped
particles are approximately 20 nm and are sphere-like.
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become smaller and more equal after thermal treatment. A
further increase of the concentration of the N doping de-
creases the size of the grains (as shown in Table 1). There-
fore, higher N-doped concentrations in the precursor reac-
tion result in a decrease of the grain size. Also, the approxi-
mate nanoparticle diameter changes under different reac-
tion conditions. On the basis of earlier studies*® these re-
sults can be explained by the theory that the rate of crystal
growth is relevant to the outside environment, such as pres-
sure and time.

Photoelectrochemical Measurements

Figure 6 shows the performance of the DSCs in terms of
Jo and V. at different temperatures, pressures, and sinter-
ing time lengths, respectively. The results in Table S1 indi-
cate that the » values of the DSCs increase with longer sin-
tering times. However, the electrode prepared under higher
pressure does not have any advantage over the one prepared
under lower pressure. For example, when comparing the
two samples prepared under 0.4 MPa and 0.6 MPa the lat-
ter one gives a slightly lower # value for the solar cell. The
results also reveal that the # values of N-doped samples are
significantly enhanced at low temperatures. It is believed
that low temperatures favor the replacement of O for atomic
N in TiO,. In other words, the # values of the DSCs are
enhanced with an increase in the concentration of the N-
doped TiO,.

400,0.8,24h

600,0.8,24h

(a)

JImA cm?

1 L L L 1 1
0 100 200 300 400 500 600 700

VimV

3.0

251 600,0.4,12h

2
N
=)

T

600,0.6,12h

J/ImA cm’
2 &

e
2
T

0.0 L L L L h L
0 100 200 300 400 500 600

VimV

The Transient Photovoltage Analysis

The transient photovoltage (TPV) technique is a useful
method for the investigation of the dynamic behavior of
photo-induced charge carriers (PICCs) in semiconductor
materials, which dominates the performance of the DSCs.
We can directly obtain information about the charge dy-
namics, including generation, separation, and recombina-
tion of photo-induced charges, by the TPV technique.

The photovoltage (PV) arises whenever light-induced ex-
cess charge carriers are separated in space. The excitation
of excess carriers of charge is performed with photons of
hv > E,. The sign of the PV transients is positive. The posi-
tive sign implies that the photoexcited electrons move faster
than holes towards the N-doped TiO,/SnO,:F interface. No
PV signal could be detected for hv < E,.

It is also considered to be an important effect of the re-
combination between injected carriers and holes in the
charge transport. Figure 7 displays retardation due to the
effect of recombination in TiO,. The retardation of the
transient PV in N-doped TiO, differs drastically from the
material that is not N doped. The PV transients do not
decay purely by exponential or logarithmic laws. A lifetime
of charge carriers could be introduced for exponential decay
while the recombination of specially separated charge could
be used to describe a logarithmic decay.[*!] The feature orig-
inated from the back diffusion of electrons inserted in the
TiO, lattice. At the initial time, the large gradient induced
by the injected electrons could finish the diffusion toward
the back contact. This reverse gradient also produces back

500,0.4,24h
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JImA cm?

400 500 600

360
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Figure 6. J-V (current density—voltage) curves for the sunlight-illuminated dye-sensitized solar cells under different reaction conditions.
(a) Different temperatures: 400, 500 and 600 °C; (b) different times:12 h and 24 h; (c) different pressures: 0.4 MPa and 0.6 MPa.
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diffusion of the electrons to the region with high recombi-
nation probability, leading to the fast decay observed in
Figure 7. The gradient of excess electron and hole concen-
trations is caused by the non-homogeneous nature of the
N-doped TiO, sample.
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Figure 7. The photovoltage transients of the electrodes: (a) N-
doped TiO, sample, (b) TiO, sample without N atoms; the wave-
length and the intensity of the laser are 355 nm and 50 pJ, respec-
tively.

The narrowing of the forbidden-gap leads to an increase
of the amplitude of the spectral PV and to a much stronger
retardation of the PV transients. The retardation behavior
of the PV transients changes dramatically after the genera-
tion of N-dopant band states. Since the optical band gap
(E,) of TiO, is 3.2 eV, excitation under 355 nm (photon en-
ergy hv = 3.5eV) leads to a band-to-band transition. We
can use a diagram to describe the energy band at the inter-
face, which originates from the presence of intragap-dopant
states above the upper level of the VB band in TiO, (Fig-
ure 8). This indicates that the electrons are transferred away
from the injection region and diffuse to the high recombina-
tion region in the forbidden-gap, producing the fast decay
observed at longer times. That is to say, the intragap-dopant
states benefit the separation of e~ and h™ and the increase
of quantum yields in N-doped TiO,.

(8
I . ) CB
][ Nitrogen
y | Vacancy state
] VB
h+

Figure 8. A diagram of band states at the interface in N-doped
TiO,.

Combining all the experimental results above, it can
safely be concluded that the band gap narrowing has a

greater effect on the performance of the solar cells than the
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effect of the recombination between injected carriers and
holes in the N-doped TiO, material.

Conclusions

As part of our efforts to find a way to control the concen-
tration of N-doped TiO,, TiN,O, , powders were prepared
by a device of our own design. Photoelectrodes were gener-
ated using the N-doped TiO, material and the concentra-
tions were adjusted by the amount of NH3 used under mid-
dle pressure. Experimental results provide clear evidence
that higher concentrations of N-doped TiO, result in a nar-
rower band gap, since the redshifted absorption edges origi-
nate from the presence of intragap-dopant states above the
upper level of the VB band. Therefore, the photoelectrode
with a narrower band gap shows considerable improvement
in the short-circuit current and the overall conversion effi-
ciency as a function of the N-doped TiO,. To sum up, it
can be concluded that the research has offered proof of the
relationships among the concentration, the band gap, the
nanoparticle size, and the photoelectric conversion effi-
ciency of the N-doped TiO, photoelectrodes. The grain
sizes in the N-doped TiO, film are controlled by the con-
centration of N-doped TiO,, which are in the range of 10—
50 nm. The photoelectrochemical property of solar cells ap-
pears to be highly sensitive to the concentration of N doped
in the TiO,. The nanoparticle size, excellent anatase phase,
and suitable concentrations of nitrogen doped TiO, are all
controlled by different middle pressures, temperatures, and
sintering time lengths. And so, they all affect the overall
conversion efficiency of the solar cells. It is hoped that this
will offer an effective way to adjust the relationship between
the concentration and the band gap of the N-doped TiO,
photoelectrodes and find underlying applications of solar
cells and other photocatalytical fields.

Experimental Section

Materials: Titanium isopropoxide, Lil, 4-tert-butylpyridine, aceto-
nitrile, and propylene carbonate were purchased from Aldrich
Chemical Company and the dye N719 was used as received from
Solaronix Company.

Preparation: Nanocrystalline titania powders were synthesized by
a hydrothermal method with titanium isopropoxide used as the ti-
tanium source. The powder was then treated at different tempera-
tures under NHj gas at different pressures in a sealed steel auto-
clave designed by ourselves.

After being cooled to room temperature, polyethylene glycol [PEG,
molecular weight (MW) of 600, made in China] was added to a
slurry in ethanol at a proportion of 10% TiN,O, . powders. After
that, films on FTO glasses were prepared by a screen-printed
method and gradually sintered at 450 °C under dry air for device
fabrication.

This research has focused on finding a set of reaction conditions
that could be used to yield photochemically active products. In the
sealed environment of a middle-pressure NH; reaction, the output
performance of the solar cell is affected by the nanostructure and
photoelectric properties of the N-doped TiO, material. Hence, the
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investigation focuses on the process of the thermal doping treat-
ment. As shown in Figure 9, the samples were prepared in a sealed
stainless steel chamber (part 1). The NH; gas (99 %, part 3) flowed
into the chamber through a device (part 2) that absorbed impurities
in the NHj. The heater power was not launched until the pressure
reached the predetermined values. When the temperature reached
the range 400-600 °C conditions were maintained for 12 or 24 h
depending on the experiment. Conditions for the thermal treatment
of powders were investigated by changing the reaction temperature,
time, and pressure. In order to simplify and reduce the number
of variables, three sets of remarkable sintering routes on the film
composition were proposed as follows: 400/500/600 °C, 0.8 MPa,
24 h; 500 °C, 0.4 MPa, 12/24 h; 600 °C, 0.4/0.8 MPa, 12 h.

\ R

VA
'

Figure 9. Self-designed device for the surface treatment of N-doped
TiO, powders. Part 1: Sealed stainless steel chamber. Part 2: A
device absorbing impurities from the NH3. Part 3: The compressed
gas cylinder of NH3 (99%).

Characterization: The phase structure of the plasma-treated pow-
ders was characterized by X-ray diffraction (JDX-3530M, Japan)
using Ni-filtered Cu-K, radiation. The X-ray photoelectron spec-
troscopic results were obtained from a Thermo ESCALAB-250
spectrometer with an Al-K, source, equipped with an ultra-high
vacuum (UHV) at 3.5X 107 Pa. The surface morphology of the
raw and the processed powders was observed using a scanning elec-
tron microscope (SEM S-IRION, American-FEI Company; Hita-
chi S-4800). The Powder Raman spectra were collected with an
RFS 100FT-Raman spectrometer, Bruker Company, with an op-
tical laser at an excited wavelength of 1064 nm and exported elec-
tric power at 20 mW. The SPS instrument was assembled at Jilin
University, monochromatic light was obtained by passing light
from a 500-W xenon lamp (CHF-XQ500W, made in China)
through a double-prism monochromator (SBP300, China). The
transient photovoltage (TPV) tests were excited with a laser radia-
tion pulse (wavelength of 355 nm and pulse width of 5 ns) from a
third-harmonic Nd:YAG laser (Polaris II, New Wave Research,
Inc.). The slit widths of entrance and exit were 2 and 1 mm, respec-
tively. A lock-in amplifier (SR830, USA), synchronized with a light
chopper (SR540, USA), was employed to amplify the photovoltage
signal.

Photoelectrochemical Measurements: The sample was sandwiched
between two FTO glass electrodes. Optically transparent electrodes
were made from an F-doped SnO,-coated glass plate (FTO, 90%
transmittance in the visible, 15 Q! per cm?) purchased from Geao
Equipment Company, Wu Han. The electrolyte used in this work
was 0.5M Lil + 0.05m I, + 0.1 M 4-tert-butylpyridine in 1:1 (vol-
ume ratio) acetonitrile/propylene carbonate. The films were stained
by immersing them into a 3 X 10 m solution of N719 in absolute
ethanol for about 12 h. The photovoltaic performance was mea-
sured by using a mask with an aperture area of 0.12 cm? and the
irradiance of sunlight was 40 mW cm 2.
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Based on the J-V curve, the fill factor (FF) is defined as FF =
(Vmax X Vina ) (Jse X Vo), where J . and V., are the photocurrent
density and photovoltage for maximum power output, respectively,
(Jsc and V. are the short-circuit photocurrent density and open-
circuit photovoltage, respectively).

The overall energy conversion efficiency # is defined as 5 =
(FFX Jge X Vo)l Py, where Py, 1s the power of incident light.

Supporting Information (see also the footnote on the first page of
this article): XRD, Raman spectroscopy, XPS, and SPS measure-
ments, and UV/Vis spectra of N-doped TiO, powders.
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