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ABSTRACT
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Owing to their special three-dimensional network structure and high specific
surface area, TiO2 submicrospheres have been widely used as electron conductors
in photoanodes for solar cells. In recent years, utilization of TiO2 submicrospheres
in solar cells has greatly boosted the photovoltaic performance. Inevitably,
however, numerous surface states in the TiO2 network affect electron transport.
In this work, the surface states in TiO2 submicrospheres were thoroughly
investigated by charge extraction methods, and the results were confirmed by
the cyclic voltammetry method. The results showed that ammonia can effectively
reduce the number of surface states in TiO2 submicrospheres. Furthermore,
in-depth characterizations indicate that ammonia shifts the conduction band
toward a more positive potential and improves the interfacial charge transfer.
Moreover, charge recombination is effectively prevented. Overall, the cell
performance is essentially dependent on the effect of the surface states, which
affects the electron transfer and recombination process.
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1

Introduction

In recent years, TiO2 submicrospheres have attracted
widespread interest for a broad range of applications
such as photocatalysis, Li ion batteries, and solar cells
[1–5], especially dye-sensitized solar cells (DSSCs) [6,
7]. For a high-efficiency DSSC, the photoanode must
typically satisfy two requirements: a large specific

surface area for dye adsorption and relatively high light
scattering ability for improved light harvesting. TiO2
submicrospheres are an ideal nanomaterial for satisfying these requirements for high-efficiency DSSCs [4].
However, the internal surface area in TiO2 submicrospheres inevitably leads to many surface states,
which increase the trapping/detrapping events during
electron transport in the TiO2 network [8]. Despite
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significant improvements in TiO2-submicrospherebased photovoltaic devices, the surface states of TiO2
submicrospheres still have not been investigated
in detail. Surface states are usually derived from
breakdown of the lattice periodicity in the semiconductor, leading to rearrangement of the surface atoms
and formation of dangling bonds [9]. The energy levels
of surface states were found to lie in the mid-gap
region and are distributed according to a multiple
trapping model; most photogenerated charge carriers
tend to be trapped at the surface states [10]. The
surface states usually behave as acceptor or donor
sites, which would be expected to strongly affect
the electron transport and recombination processes.
An electrochemical approach is an effective method
to investigate the surface states by analyzing the
relationship between the potential, current, and
charge [11–17]. Bisquert and co-workers have studied
the surface states by cyclic voltammetry (CV) and
impedance spectroscopy, and obtained the distribution
of surface states in nanocrystalline-based electrodes
using the calculated capacitance [11]. Duffy et al. have
investigated the density of surface states by a charge
extraction method, which provides a direct way to
study the relationship between the electron density
and the photovoltage [15]. In this paper, a combination
of CV and the charge extraction method supplied
detailed information about the distribution of the
surface states of TiO2 submicrospheres. Further,
intensity-modulated photocurrent/photovoltage spectroscopy (IMPS/IMVS) and electrochemical impedance
spectroscopy (EIS) were used to characterize the
electron transport and recombination processes.
Ammonia facilitates crystallization of titanium
oxide, reducing the number of surface states [18, 19]. In
our work, TiO2 submicrospheres were prepared using
different ammonia contents during the solvothermal
process. The effects of ammonia on the distribution
of surface states in the TiO2 submicrospheres were
detected. The distribution of surface states in the band
gap and the effect on the electron transfer kinetics were
also studied. In addition, the charge recombination
behavior and photovoltaic performance of DSSCs
were investigated. This work contributes to a deeper
understanding of the surface states that govern the
operation of DSSCs.

2
2.1

Experimental
Synthesis of TiO2 submicrospheres

TiO2 submicrosphere precursors (300 nm in diameter)
were prepared by a sol–gel method [4]. Titanium
isopropoxide (36 mL, Sigma-Aldrich, 97%) was added
to a mixture of ethanol (1.5 L), KI (0.1 M) solution
(4.2 mL), and deionized water (4.2 mL) to obtain a
white precursor under magnetic stirring. Then, under
vigorous stirring at room temperature, the precursor
was added to a mixed solvent containing 40 mL of
ethanol and 20 mL of distilled water with different
amounts of ammonia (0, 0.5, 1.0, and 2.0 mL; the
resulting samples are denoted MS-A0, MS-A0.5, MS-A1,
and MS-A2, respectively). After continuous stirring
for 30 min, the mixture was sealed in a Teflon-lined
autoclave (100 mL) and heated at 160 °C for 16 h. After
cooling to room temperature, the products were
separated by centrifugation and washed with ethanol
several times to obtain TiO2 submicrospheres with
different crystallinity.
2.2 Device fabrication
The obtained TiO2 submicrospheres were first mixed
with ethyl cellulose and α-terpineol to prepare four
viscous pastes [4]. Then each of the four pastes was
screen-printed individually onto fluorine-doped tin
oxide glass. The prepared TiO2 films (5 mm × 5 mm)
were sintered in air at 510 °C for 30 min; the thickness
of each film was ~ 10 μm, which was determined by a
surface profilometer (XP-2, AMBIOS Technology Inc.,
USA). When the films had cooled, they were immersed
in a 300 μM Ru-based heteroleptic complex, Na-cis-Ru
(4,4′-(5-hexylthiophen-2-yl)-2,2′-bipyridine) (4-carboxylicacid-4′-carboxylate-2,2′-bipyridine) (thiocyanate)2 (C101)
with cheno-3a,7a-dihydroxy-5b-cholic acid (CDCA) at
room temperature for 12 h. After being washed with
acetonitrile, the sensitized photoanodes were assembled
with a Pt-modified counter electrode. The electrolyte,
30 mM I2, 50 mM LiI, 1 M 1,3-dimethylimidazolium
iodide, 0.5 M tertbutylpyridine, and 0.1 M guanidinium
thiocyanate in a solvent mixture of 85% acetonitrile
with 15% valeronitrile, was injected into the sandwiched
cell via a vacuum filling method [20].
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2.3

Electrochemical measurements

The following electrochemical measurements were
conducted at 25 °C. CV was performed in a standard
three-electrode cell using a Hg/HgCl (in aqueous
0.1 M LiClO4) reference electrode and a Pt counter
electrode. An electrochemical workstation (IM6e,
Zahner, Germany) was used to measure the photovoltage decay and charge extraction curves with lightemitting diodes (LEDs, λ = 610 nm) driven by an
Xpot (Zahner, Germany). EIS spectra were collected
on a computer-controlled potentiostat (Autolab 320,
Metrohm, Switzerland) in a frequency range of 10 mHz
to 1,000 kHz applied at −0.75 V in the dark. IMPS/IMVS
measurements were also performed on an IM6ex
workstation with the same LEDs. The LEDs provided
both direct current (dc) and alternating current (ac)
illumination components, and the modulated ac
component was 10% or less of the dc component.
The frequency range was 3 kHz to 0.1 Hz.
2.4 Characterizations
The TiO2 submicrospheres were examined using
scanning electron microscopy (SEM). X-ray diffraction
(XRD, MXPAHF, Mark Corp., Japan) was used to
study the crystal phase and calculate the crystal sizes
of the TiO2 submicrospheres. A Keithley model 2420
digital source meter controlled by TestPoint software
under a xenon lamp (100 mW·cm−2) was used to test
the current density versus voltage (J–V). The incidentphoton-to-current conversion efficiencies (IPCEs) of the
DSSCs were confirmed as a function of wavelength
from 300 to 800 nm (PV Measurements, Inc.).

3

Results and discussion

SEM images show the morphology of the TiO2
submicrospheres after solvothermal treatment with
different ammonia contents. As shown in Figs. S1(a)–
S1(d) in the Electronic Supplementary Material
(ESM), the four TiO2 samples all have interconnected
mesoporous networks. The submicrospheres were
relatively monodisperse with a diameter of 300 nm
and a rough surface with many nanopores. Figure S2
in the ESM shows the XRD patterns of these TiO2

submicrospheres. The diffraction peaks of the four
samples can be indexed to pure anatase TiO2 (JCPDS
No. 21-1272), and their crystal sizes were estimated
to be 9.30, 12.93, 16.82, and 20.70 nm as calculated by
the Scherrer equation; the values increased with
increasing ammonia content during the solvothermal
process. The results were in good agreement with
the corresponding SEM observation. Further, the
Brunauer–Emmett–Teller specific surface areas of the
samples were analyzed by nitrogen adsorption–
desorption measurements. Figure S3 in the ESM shows
the N2 adsorption/desorption isotherm curves of the
four types of TiO2 submicrospheres. The surface areas
and average pore sizes are listed in Table S1 in the
ESM. As the pore size between nanoparticles became
larger with increasing ammonia content, the surface
area decreased.
X-ray photoelectron spectroscopy (XPS) was used
to investigate the elemental composition of the four
samples. As shown in Fig. S4 in the ESM, peaks at
binding energies of 401.21 and 458.54 eV are observed
for N 1s and Ti 2p. Quantitative analyses of the XPS
data are listed in Table S2 in the ESM. The N 1s/Ti 2p
atomic ratios of the four samples are nearly 0.8%; the
values are very similar regardless of the amount of
ammonia used. Note that ammonia usually serves as an
accelerator to reduce the solubility of the hydroxide
precipitate in ethanol and enhances crystal growth [21].
CV is used to detect and characterize surface states in
nanocrystalline-based electrodes [22, 23]. In forward
and reverse scans, an electron charging/discharging
process occurred at the TiO2 electrode/electrolyte
interface. The CV peaks were generally attributed to
intraband gap localized states [11]. When capacitive
behavior dominated, the peak current increased linearly
with the scan rate (Fig. 1(a) and Eq. (1)) [11]. Figure 1(b)
compares the CV curves of the four samples in
LiClO4 (0.1 M) solution. After 15 min of stabilization
at −1.2 V, the potential was scanned to 0.8 V. An anodic
peak was clearly observed for these four films. As
shown in Fig. 1(b), the anodic peak clearly decreased
in the presence of ammonia in solvothermal treatment.
The CV peak is related to the occupancy of the surface
states in the band gap. Hence, ammonia is helpful to
reduce the number of surface states.
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period can be obtained when the cell is switched to
short-circuit conditions. Qphoto as a function of the
decay time can be obtained by repeated measurements
for different decay times [15, 26, 27].
The surface state energy distribution can be
calculated by the following equations
N ( E)  N (qU photo ) 

1 dQtrap (U photo )
q
dU photo

qU photo  n EF  EF,redox

Figure 1 (a) Peak current under different scan rates and (b) cyclic
voltammograms of four TiO2 films at a scan rate of 500 mV·s−1.

The relationship between the current and scan rate
can be defined as [22, 24]
I  Ii  Ic 

dQ
 Cv
dt

(1)

Here, Ii is the Faradic current, Ic is the capacitive
current, the scan rate ν = dV/dt, and C is the capacity,
which could provide information about electron
accumulation in the surface states.
Like CV measurement, the charge extraction method
is also a large perturbation method that provides
information about the distribution of surface states
[15, 25]. This method offers a direct approach to
studying the relationship between the electron density
and photovoltage. Figure 2 shows the voltage decay
measured during charge extraction measurements.
The photovoltage quickly reached a steady value when
the LED was switched on, and the value depended
on the light intensity. When the LED was switched
off, the photovoltage started to decay with time. The
electronic charge (Qphoto) remaining after a certain decay

(2)
(3)

Here, N(E) is the density of surface states in the
mid-gap, Uphoto is the time-dependent photovoltage,
q is the elementary charge, Qtrap is the remaining
electronic charge in the surface states, nEF is the quasiFermi level of electrons under illumination, and EF,redox
is the equilibrium dark Fermi level of electrons in
the oxide [15, 26]. The density of surface states can be
obtained by the series of measurements illustrated
in Fig. 2.
As Fig. 3(a) shows, the density of states decreases
exponentially with the trap depth. The density of
surface states becomes higher when the energy level
is close to the conduction band. Further, N(E) become
lower at the same energy level in the presence of
ammonia, which is in good agreement with the CV
curves in Fig. 1(b).
IMPS/IMVS measurements provided a direct way
to obtain information about the photoinduced electron
density (Q = Jsc·τn, where Jsc, short-circuit current density,
and τn, electron lifetime, were obtained under the same
light intensity) in TiO2 films [28]. The relationship

Figure 2 Family of photovoltage decay curves and corresponding
charge extraction transients.
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Figure 3 (a) Density of surface states for cells with different
amounts of ammonia and (b) Voc as a function of ln Q for the four
samples.

between Voc, open-circuit voltage, and Q for the cells
is illustrated in Fig. 3(b). The difference between
the electron quasi-Fermi level and conduction band
can be determined by the accumulated charge in the
conduction band. From Fig. 3(b), MS-A0 exhibits
the highest Q at the same energy level, followed
by MS-A0.5, MS-A2, and MS-A1 in that order. By
comparing the values of Voc at the same Q, we can
investigate the band-edge shifts. The relationship
between Voc and ln Q can be defined as [13, 29]
Voc = Vc + mc·ln Q

(4)

where Vc is the vertical intercept, and mc is the slope.
A previous paper mentioned that the value of mc
can reveal the electron recombination mechanism. If
mc > 26 mV, electron recombination occurs mainly
via surface states. Otherwise, electron recombination
occurs mainly via the conduction band [30]. From
Fig. 3(b), mc ranged from 188 to 298 mV for the four
samples. This result suggests that electrons recombine
principally via surface states.
Additionally, the band-edge shift can also be studied

by comparing the Vc values [30]. Compared with that
of the MS-A0-based device, the band edges of the
MS-A0.5-, MS-A1-, and MS-A2-based devices shifted
negatively by about 66, 41, and 55 mV, respectively,
which would lead to a higher Voc.
A random walk mechanism for electron transport
in TiO2 films was proposed by Nelson et al. [31].
Through the TiO2 network, photoinjected electrons
reach the substrate by trap-controlled diffusion, which
suggested that each electron could move after a
waiting time depending on the activation energy of
the surface states. It is widely accepted that electron
transport in TiO2 films is limited by trapping/
detrapping processes [14, 32].
The electron transport process in TiO2 photoanodes
can be obtained by IMPS at a short circuit, and the
electron recombination behavior at the dyed TiO2/
electrolyte interface can be studied by IMVS at an
open circuit; the transport time (τd) and τn can also be
obtained directly [33, 34]. Figure 4(a) shows τd as a
function of illumination intensity. The light intensity
(I0) dependence of τd follows the expression τd ∝ (I0)α−1.
The quasi-Fermi energy shifts closer to the conduction
band edge with increasing light intensity, which
leads to a fast transmission process [30]. As shown in
Fig. 4(a), τd decreases with increasing I0. In addition,
among these photoanodes, it is obvious that the
MS-A1 photoanode exhibits the lowest τd, followed by
MS-A0.5, MS-A2, and MS-A0 in that order. This
result is attributed mainly to the surface states and
microstructure of the TiO2 submicrospheres. Electron
transport in the TiO2 films is trap-limited. The transport
time becomes longer as more electrons are trapped
in these surface states. On the other hand, owing to
the increased crystal size of the submicrospheres, the
pore size of the TiO2 submicrospheres becomes larger,
which would block electron transport. As shown in
Fig. 4(b), τn decreases as the ammonia content increases
from 0 to 1.0 mL. The decreased τn compared with that
of the MS-A0 photoanode would be caused by the
photoinduced electron density and the microstructure
of the TiO2 network [8]. During the solvothermal
process, adding 2.0 mL of ammonia can simultaneously
introduce fewer surface states; as these states play
the main role in limiting electron recombination, τn
increases.
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Figure 5 Nyquist plots of the four DSSCs at a forward bias of
−0.75 V in the dark.
Table 1 Characteristic parameters of the EIS spectra of the four
DSSCs in the dark at a bias of −0.75 V

Figure 4 (a) Electron transport time and (b) electron lifetime as
a function of illumination intensity for the four DSSCs.

EIS is frequently used to characterize the recombination kinetics in DSSCs [33]. Figure 5 shows the
EIS spectra of the four devices at −0.75 V under dark
conditions. The fitted EIS data of the four DSSCs are
listed in Table 1. Two well-defined semicircles were
observed in the four Nyquist plots. The small semicircle
in the high-frequency region (> 1 kHz) reflects charge
transfer at the Pt/electrolyte interfaces, and the large
semicircle in the mid-frequency region (1–100 Hz)
reflects charge transfer at the dyed TiO2/electrolyte
interfaces. The small semicircles were similar because
the counter electrode material was the same [35].
However, the large semicircle shows large differences,
and the fitted data in Table 1 show that the charge
transfer resistance (Rct) first increased with increasing
ammonia content. Then, it decreased as the ammonia
content continued to increase. The initial rise in Rct
when the ammonia content was increased from 0
to 1.0 mL is ascribed to the decreased surface states.

Cell

Rh (Ω)

Rct (Ω)

CPE2 (mF)

τ (ms)

MS-A0

1.9

30.1

2.510

75.6

MS-A0.5

2.1

41.4

0.898

37.1

MS-A1

2.0

58.6

0.628

36.8

MS-A2

2.06

37.1

0.608

25.2

However, Rct decreased when the ammonia content
became 2.0 mL, even though MS-A2 had the fewest
surface states. As shown in the SEM images, the pores
in the submicrospheres become larger with increasing
ammonia content, which would accelerate recombination between electrons and I3−. Similar results
have been reported in the literature as well [4, 8].
According to the equation τn(EIS) = Rct × Cμ1 (where
Cμ1 is the chemical capacitance), the electron lifetimes
(τn(EIS)) were calculated. The τn(EIS) values of MS-A0,
MS-A0.5, MS-A1, and MS-A2 were 75.6, 37.1, 36.8, and
25.2 ms, which were almost the same as the τn values
in Fig. 4(b).
DSSCs were fabricated using C101 dye and an
acetonitrile-based electrolyte to study the photovoltaic
properties of the four photoanodes. Figure 6(a) and
Table 2 show the J–V curves and parameters of the
DSSCs, respectively. As the ammonia content reached
1.0 mL, remarkable increases in the Voc (from 0.724 to
0.743 V), Jsc (from 17.01 to 18.8 mA·cm−2), and power
conversion efficiency (η) (from 9.01% to 10.11%) were
observed. However, when the ammonia content
increased further, Jsc and Voc started to decrease. The
change in Voc was caused mainly by the band-edge
shift. The change in Jsc might result from the surface
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assumed to be the same among the cells because the
dye and semiconductor films are the same, and
LHE(λ) is determined mainly by the light-scattering
properties of the photoanodes and the amount of
adsorbed dye [36]; ηc is strongly influenced by the
competition between electron transport and recombination. Figure 6(b) shows the IPCE curves of the
four DSSCs. The MS-A1 cell exhibits the highest IPCE.
MS-A1 has fewer surface states, which dominate
electron transfer and collection. Moreover, compared
to MS-A2, the MS-A1 photoanode possesses a superior
microstructure for charge transport, resulting in the
highest IPCE for the MS-A1 cell.

4

Figure 6 (a) J–V and (b) IPCE curves of the DSSCs with the
four photoanodes.
Table 2

Photovoltaic characteristics of the four DSSCs

Cell

Jsc (mA·cm–2)

Voc (V)

FF

η (%)

MS-A0

17.01

0.724

0.731

9.01

MS-A0.5

17.78

0.741

0.746

9.82

MS-A1

18.80

0.743

0.724

10.11

MS-A2

18.48

0.739

0.737

10.02

states and microstructure of the submicrospheres.
The decrease in surface states was advantageous for
electron transfer. On the other hand, the microstructure
of the submicrospheres affected the electron concentration and electron transfer [4]. Among the cells, the
MS-A1 cell possesses optimal properties overall.
Jsc can generally be calculated by the following
equations
Jsc = q × IPCE(λ) × I0

(5)

IPCE(λ) = LHE(λ)φinjηc

(6)

where LHE(λ) is the light-harvesting efficiency, φinj is
the electron injection efficiency, and ηc is the electron
collection efficiency. Among these parameters, φinj is

Conclusions

In summary, ammonia can induce surface states in
TiO2 films and effectively change the distribution.
In-depth investigation indicates that a suitable quantity
of surface states can improve the electronic transmission
performance well. The addition of ammonia can induce
a negative band-edge shift, and the effect of ammonia
ultimately results in an increase in the Jsc and Voc values
of DSSCs. EIS analysis suggests that ammonia has
remarkable effects on the charge transfer resistance
and that a suitable amount of ammonia can result in
a higher Rct. Consequently, we propose that the cell
performance depends on Jsc, which is essentially related
to the surface states. Further, ammonia can promote
crystallization and increase the TiO2 particle size in
the submicrospheres, which would influence the
microstructure of the submicrospheres. These effects
may significantly affect the electron transfer. Further
studies need to be developed to clarify the detailed
working mechanism.
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