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Herein, TiO2 microspheres were synthesized at different pH values. The effects of pH values on surface
states and charge transport performances were investigated. It is noted that alkaline environment leads
to a negative band edge of TiO2 microsphere and promotes the interfacial charge transfer. Meanwhile, the
charge recombination in the TiO2 microspheres was effectively suppressed in alkaline environment.
Besides, TiO2 microspheres synthesized in alkaline condition contained less surface states, which is
beneﬁcial to a higher charge collection efﬁciency and longer diffusion length in dye sensitized solar cells
(DSSCs). Moreover, a better crystallinity of TiO2 microspheres can be obtained in an alkaline environment. As a result, when these TiO2 microspheres were used in DSSCs, the device with the TiO2 synthesized at pH ¼ 8 showed the highest performance than that of the device based on TiO2 synthesized in
lower pH values.
© 2018 Elsevier Ltd. All rights reserved.

Keywords:
TiO2 microspheres
Surface states
pH values
Charge transfer

1. Introduction
TiO2, as a promising photoelectric material, is widely employed
in solar cells, water splitting, gas sensor, lithium storage, and
photocatalysis due to its proper band gap, great photochemical
stability and lower prices [1e5]. Particularly, TiO2 microsphere has
attracted a lot of attentions and became one of the most crucial
photoelectric materials owing to its large surface area, excellent
electron transportation performance and prominent scattering effect [6e8]. Compared to commercial TiO2 paste, TiO2 microsphere
have several advantages, such as superior light-scattering effect,
greater speciﬁc surface area and pore size for more dye uptake of
the TiO2 microspheres and easy transport of solid electrolyte
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through mesopores [9]. The efﬁciency of some DSSCs based on only
TiO2 microspheres has been beyond 10.5% if using efﬁcient dye (C
101) and suitable electrolyte (less viscous acetonitrile-based electrolyte) [1,10,11]. Meanwhile, the mechanism of the electron
behavior in the material is one of the key issues for the high performance. However, the mechanism of the electron behavior in the
material is not clear till now. Numerous surface states exist in TiO2
as a result of great number of defects, such as Ti3þ and oxygen
vacancy, subsequently resulting in worse electron transfer in TiO2
microsphere [12], which is detrimental to device performance.
Studying the surface states and electron transportation process of
TiO2 microsphere is helpful to understanding the working mechanism in photoelectric devices [13,14]. J. Biaquert and co-workers
found that the electrons in the surface states were distributed in
the form of exponential distribution, and the electron concentration in the surface states was much higher than that of the semiconductor conduction band [15]. Cyclic voltammetry (CV) method
was used to study light and temperature dependence of surface
€tzel. It is found that light can
states in the TiO2 thin ﬁlm by M. Gra
impel the surface states electron to move to a deep level, leading to
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decrease Fermi level [16]. Songyuan Dai et al. reported that the
surface states density of TiO2 microspheres was lower than that of
TiO2 nanoparticles, resulting in enhanced performance of dye
sensitized solar cells (DSSCs) [14]. Although the efﬁciency was
improved obviously by applying microspheres as photoanode in
DSSCs, the surface states of TiO2 microspheres still need to be
investigated in details.
Herein, a series of TiO2 microspheres were synthesized by a
two-step method to explore the inﬂuence of pH values on surface
states. Since the pH value of hydrothermal condition lower than 5
would affect the crystallization of the TiO2 microspheres and TiO2
microspheres synthesized beyond pH 8 fractured resulting weaker
charge transport [13], the pH values were tuned to pH ¼ 5, 6, 7, 8
with different amount of acetic acid and ammonia in the second
step. The electron transport behavior, density and distribution of
surface states and the band edge shifts in TiO2 microsphere were
investigated. The results showed that the density of surface states
(DOS) decreased with the rising of pH values in TiO2 microsphere.
When applied to DSSCs, the power conversion efﬁciencies (PCE) of
the devices increased with the rising of pH values. Our work also
explains the inﬂuence of surface states on electron behavior of
transport and recombination in the TiO2 ﬁlms. This work makes a
fundamental contribution to a better understanding of the working
mechanism in DSSCs.
2. Experimental section
2.1. Synthesis of TiO2 microspheres
All the Chemical reagents were purchased from Sigma-Aldrich
and used without further puriﬁcation. The TiO2 microspheres
were prepared ﬁrstly by a sol-gel process of TTIP (Titanium(IV)
isopropoxide) hydrolysis to prepare amorphous microspheres and
followed a hydrothermal treatment. The different pH values of
hydrothermal reaction were controlled by adding different volumes
of ethylic acid or ammonia to the solution. The typical synthesis
process was as follows: 500 mL of ethanol, 1.4 mL of deionized
water and 1.4 mL of KI solution were mixed to form a homogeneous
solution, 12 mL of TTIP was dropwise added into the homogeneous
solution followed by magnetic stirring for 24 h to form a milky
white suspension by the process of TTIP hydrolysis. Subsequently,
the precipitates were collected by centrifugation and washed
several times with ethanol, followed by drying in 30  C for 1 h.
Then, the obtained products were dispersed in a mixture of 40 mL
ethanol and 20 mL H2O. Different volumes of ethylic acid or
ammonia were added to the solution to tune the pH values. Afterwards, the mixtures were transferred into a Teﬂon-lined stainless autoclave with a capacity of 100 mL and kept in an oven at
160  C for 16 h. Finally, the products were washed for several times
with ethanol and deionized water alternately, followed drying for
characterization. For simplicity, Samples prepared in pH ¼ 5, 6, 7, 8
were denoted as P-5, P-6, P-7, P-8, respectively.
2.2. DSSCs fabrication
The as-prepared products were mixed with ethanol, ethyl cellulose and a-terpineol to form four different pastes. The four pastes
followed by a screen printing process were printed onto the FTO
glass (15 U sq1). After sintered in air at 510  C for 30 min. The ﬁlm
thicknesses were acquired by a proﬁlometer (XP-2, AMBIOS Technology Inc., USA). Then, these four ﬁlms were immersed into a C101
dye solution (3  104 M) with cheno-3a, 7a-dihydroxy-5b-cholic
acid for 12 h. After being washed by acetonitrile and dried, the ﬁlms
were assembled with a Pt-modiﬁed counter electrode by a laser
engraved 60 mm Surlyn gasket under heat and pressure. Electrolyte

solution (50 mM LiI, 30 mM I2, 1 M 1,3-dimethylimidazolium iodide
(DMII), 0.5 M tertbutylpyridine, and 0.1 M guanidinium thiocyanate
(GuSCN) in a solvent mixture of 15% valeronitrile with 85% acetonitrile) was introduced into the space between the counter electrode and photoanodes [1].
2.3. Characterization
The morphologies of TiO2 samples were observed by a scanning
electron microscopy (SEM) (S-4800, HITACHI, Japan). The XRD data
of the prepared samples were collected in a 2q range from 10 to
70 on a X ray diffractometer (MXPAHF, Mark Corp., Japan) with a
Cu Ka1 radiation (k ¼ 0.154056 nm) at room temperature. The grain
sizes of the materials were analyzed Scherrer equation according to
the XRD data. The surface areas of the materials were estimated via
the BrunauereEmmetteTeller (BET) method. Cyclic voltammetry
curves were measured by a standard three-electrode cell (using
prepared ﬁlms as the working electrode, a Hg/HgCl (0.1 M LiClO4) as
reference electrode and a Pt wire as counter electrode) to study the
surface states of TiO2 microspheres. A computer controlled potentiostat (Autolab 320, Metrohm, Switzerland) in a frequency range of
10 mHze1 MHz applied in the dark was applied to record the
Electrochemical Impedance Spectra (EIS) data. Intensity-modulated
photocurrent/photovoltage
spectroscopy
(IMPS/IMVS)
was
measured on IM6e workstation using light-emitting diodes
(l ¼ 610 nm) driven by Xpot (Germany, Zahner). The current
densityevoltage curves were measured by a Keithley model 2420
digital source meter controlled by Test point software under a
xenon lamp (100 mW cm2).
3. Result and discussion
3.1. Characterization
The morphology of the TiO2 microspheres are shown in Fig. 1.
Obviously, all the TiO2 microspheres have a smooth surface and the
crystal grains of P-5, P-6, P-7 are similar. Nevertheless, the grain size
of P-8 is obviously larger than other TiO2 microspheres, indicating
the nucleation of TiO2 would decrease in the alkaline environment.
Fig. S1a shows the XRD patterns of the four samples, all the peaks
being in accordance with the pure anatase TiO2 (JCPDS NO.211272). The sizes of the crystals were calculated by Scherrer equation [1] based on the (101) peaks (Fig. S1b). The results showed the
crystal sizes of P-5, P-6, P-7, P-8 are 15.22, 17.93, 21.24, 22.81 nm,
respectively. N2 adsorption/desorption curves of TiO2 microspheres
were shown in Fig. S1c, and the average surface areas of P-5, P-6, P7, P-8 are 100.02, 78.07, 67.25, 53.30 m2g-1 respectively. The surface
areas decreased as the raising of pH value, which is ascribed to the
raising of crystal sizes of TiO2 microspheres.
3.2. Number of surface states
The energy level distribution and total number of surface states
in the TiO2 electrodes were characterized in terms of CV measurements [17,18]. The samples were stabilized at 1.2 V for 20 min
and the potential was scanned to 0.8 V (The scanning rate is
500 mV s1). As Shown in Fig. 2a, four curves of different TiO2 ﬁlms
exhibit similar shapes. There is a peak in every CV curve at
about 0.7 V to 0.5 V in every CV curve, which is attributed to the
surface states in the forbidden band. In equilibrium, the surface
states would trap numerous Photo-induced electrons. The current
peak was generated by introducing of surface states electrons to the
conduction band. The detailed process was as follows: Applying an
increasing negative potential, the quasi-Fermi level would move to
the conduction band. The electrons trapped by surface states would
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Fig. 1. SEM images of TiO2 microspheres. (a) P-5, (b) P-6, (c) P-7, (d) P-8.

be injected to the conduction band when the quasi-Fermi level
touch the edge of the conduction band, leading to the increasing of
capacitive current. The potential value means the distance quasiFermi level moved to the conduction band under the bias potential. When the potential increased positively, the current was closed
to zero, indicating the recovery of the injected negative charge and
regeneration of most surface states [14,18]. In that way, larger
number of surface states would supply more trapped electrons to
the conduction band thus resulting higher capacitive current. In
addition, energy level distribution could be calculated by the
following equations according to the CV measurements [19]:

dQ
N
¼ DOS A
dV
F
dQ ¼

1
IðVÞdV
v

(1)

(2)

where Q is the total injected charge, V is the potential applied on
the TiO2 photoelectrode, DOS is the density of surface states, NA is
the Avogadro constant, F is Faraday's constant, I(V) is the capacitive
current, v represents the constant scanning rate in the cyclic voltammetry. It is worth mentioning that the peak current boosted
linearly with the increasing of scanning rate [13]. Hence, the
scanning rate must be similar in every measurement. The value of
current inﬂuenced by scan rates as mentioned above can be given
as follows [14,18]:

I ¼ Ii þ Ic

dQ
¼ Cv
dt

(3)

where Ic is the capacitive current, the Ii is the Faradic current, n is
the scanning rate, which can be given by n ¼ dV/dt, C is the capacity
of the ﬁlm.
Shown in Fig. 2a, positions of anodic peaks are different, which
is related to the potential corresponding to the onset that producing capacitive current. The peak shift with the potential of onset.

Moreover, the lower potential of onset means downward shift of
the band edge [19], which is similar to the result of Fig. 2b.
Typically, the currents of some samples were not close to zero
because of the existence of current induced by electrochemical
double layer capacitance (EDLC). From Fig. 2a, four curves of
different TiO2 ﬁlms exhibit similar shapes. According to the results,
The EDLC currents of P-5, P-6, P-7, P-8 are about 0.077 mA,
0.044 mA, 0.068 mA, 0.012 mA. After deducting the EDLC current,
the rest surface state capacitive current of P-5, P-6, P-7, P-8 is about
1.053 mA,
0.846 mA,
0.702 mA,
0.358 mA at 0.68 V, 0.53 V, 0.73 V, 0.79 V, suggesting that the
fewest surface states exist in P-8. The existed surface states in the
ﬁlm would affect the transportation of electrons in the TiO2
network. The lowest voltage (0.53 V) of P-6 may attribute to the
band edge shift of P-6. As the relationship between Voc and ln (Q)
shows, the band edge of P-6 shifted most positively. Thus, lowest
bias would lead the quasi-Fermi level touch the conduction band
causing the current increasing. Besides, the EDLC current of P-7 is
larger than that of P-6 but the speciﬁc surface area of P-7 is smaller
than that of P-6, which may ascribe that some micropores make
contributions to the speciﬁc surface area but make no contributions
to EDLC because of few charges adsorbed on that micropores.

3.3. Photo induced electron density and band edge shifts
Information related to photo induced electron density (Q) in
DSSCs can be acquired in terms of IMPS/IMVS measurements
[20,21]. IMPS/IMVS is a frequency-resolved measurement that sine
modulated light is applied to study semiconductor electrode system. TiO2 photoanode was irradiated by monochromatic incident
light. The incident light consists of direct current background and
modulated light intensity. In short circuit, the IMPS provided the
dynamic information of charge transfer inside the electrode, and
the charge transfer time can be obtained [22]. In the case of open
circuit, the electron lifetime (tn) can be measured with IMVS [23].
Two experimental methods are used to understand the carrier
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Fig. 2. (a) Cyclic voltammograms of four TiO2 ﬁlms at a scan rate of 500 mV s1. (b) Voc as a function of ln Q for the four samples. (c) Electron transport time and (d) electron lifetime
as a function of illumination intensity for the four DSSCs. (The missing points in (c) and (d) were overlapped).

transport and complex process in dye-sensitized solar cells.
Moreover, the different Voc and Jsc can be obtained under different
intensity of incident light. The photo-induced charge can be
calculated by Q ¼ Jsc$ tn. Thus, the relationship between Voc and ln
(Q) can be obtained from the IMPS/IMVS measurements [24]. According to the IMPS/IMVS results, the relationship between Voc and
ln (Q) is shown in Fig. 2b. As Seen in Fig. 2b, the relationship between Voc and ln (Q) is approximatively linear, which can be ﬁtted
by the following equation [20,21]:

P-6, which is in parallel with the results in Table 2. Typically, shown
in Table 1, the Voc of four samples are all over 0.7 V, which means
that the required Q for the four samples is over 100 mC cm2. In this
case, the decreasing Voc order of the four samples should be
P-8 > P-7 > P-6 > P5. Actually, the Voc order of the four samples is
P-8 > P-7 > P-5 > P6. The reason for the Voc of P-5 is bigger than that
of P-6 might be that the capacitance of P-5 is bigger that of P-6,
providing more Q to improve Voc of P-5.
3.4. The electron transport and recombination

Voc þ Vc þ mc lnðQ Þ

(4)

where mc is a constant coefﬁcient and the Vc is value when ln
(Q) ¼ 0. The electrons recombination behavior can be valued from
the mc. It was proposed previously that the electrons recombination would happen by the surface states if the mc > 26 mV. Otherwise, it would happen via the conduction band [25]. The mc value of
the four ﬁlms were 75.84 mV, 93.49 mV, 103.47 mV and 105.85 mV,
suggesting that electrons recombination was via surface states. It is
worth noting that when the value of Voc is the same, the values of
required Q varied wildly. According to Fig. 2b, P-6 possessed the
maximum numbers of Q in the same Voc, which helps to give a
larger Jsc. As Table 2 shows, the Jsc of P-6 is larger than others, which
is consistent with the above results. Typically, the discrepancy between the bottom of the conduction band and the electrons quasiFermi level were decided by the accumulated charges, supposing
that the accumulated charges would affect the shifts of the band
edges [21,25]. The band edge shifts can be seen in Fig. 2b. For the
same Q, the decreasing Voc indicates the positive shifts of the band
edge [25]. Accordingly, a lower Voc might be obtained in P-5 and

According to random walk model [26], the electron would stay
in a surface state decided by the active energy for a while before
transport. The transport of electrons in the TiO2 microspheres was
affected by trapping and detrapping process signiﬁcantly [26,27].
The existing of the surface states was ascribed to the imperfection
in the boundary of the crystal and internal defects. Furthermore,
the deﬁciency of the cation also caused a lot of surface states in the
forbidden band [12]. The electron transport time (td) and lifetime
(tn) are affected by surface states in the TiO2 microspheres. Here td
is the time spent in the process that from electrons injection

Table 1
Characteristic parameters of the EIS spectra of four DSSCs in the dark at 0.75 V.
Cell

Rct (U)

CPE2 (mF)

t (ms)

P-5
P-6
P-7
P-8

25.2
27.7
19.44
30.8

2.26
2.01
2.27
0.986

57.0
55.7
44.1
30.4
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efﬁciency (hcoll) was proposed to characterize the performances of
DSSCs, which can be obtained by the equation [31,32]:

Table 2
Photovoltaic characteristic of the four DSSCs.
Cell

Jsc (mA cm2)

Voc (V)

FF

PCE

P-5
P-6
P-7
P-8

16.28
18.70
18.44
18.67

0.709
0.708
0.723
0.724

0.733
0.733
0.738
0.765

8.46
9.71
9.84
10.34

towards conduction band to electrons collection in the substrate.
Meanwhile, tn is the time spent between the generation of photo
induced electrons and the recombination of electron and I- 3 in the
electrolyte. The td and tn results were derived from IMPS/IMVS
measurements [28,29]. Shown in Fig. 2c and d. The value of td and
tn were calculated by the expressions: td ¼ 1/2pfIMPS, tn ¼ 1/
2pfIMVS, where the fIMPS and fIMVS are the characteristic frequency of
the IMPV/IMVS imaginary component [30]. The result shows that td
and tn are both decreasing with the increasing of the illumination
intensity. With the raising of illumination intensity, electrons in the
deep energy levels are stimulated to the shallow energy levels,
leading to quasi-Fermi levels shift to the conduction band. Hence,
more electrons exist in the shallow energy levels, thus beneﬁcial to
a fast transport speed [25]. For the decreasing of tn, in terms of the
same reason, less electrons are trapped in the deep energy trap
states, leading larger recombination rate with I- 3. As a result, the tn
shifts to a lower value. Seen in Fig. 2c, P-8 shows a smaller td when
compared to other samples under the same light intensity level,
indicating that electron inside P-8 transported more quickly than
others.
However, the electron lifetime of P-8 is also the smallest in the
four photoelectrodes. To assess the competition between electron
transport and electron recombination, the charge collection

hcoll ¼ 1  td =tn

(5)

A larger hcoll indicates a better property of the DSSCs. Fig. 3a
shows the charge collection efﬁciency of DSSCs based on four
photoelectrodes. As a consequence, hcoll value of P-8 is larger than
that of other samples, indicating a better performance in P-8. It can
be concluded that less deep surface states exit in P-8 as compared
with other photoelectrodes.
Besides, When the ﬁlm thickness is taken into consideration,
electron diffusion length (Ln) is also a signiﬁcant quantity to characterize the performance of the DSSCs, which can be expressed by
the following equation [33]:

Ln ¼ ðDn tn Þ1=2

(6)

where Dn is the diffusion coefﬁcient decided by the thickness (d) of
the ﬁlm and td, which can be expressed by the following equation
[22]:

.
Dn ¼ d2 ð2:35td Þ

(7)

Fig. 3b shows the diffusion length as a function of illumination
intensity for the DSSCs based on four samples. The diffusion length
of DSSCs based on P-8 is larger than other samples, indicating a
better performance of charge transport [34]. The results demonstrate that the diffusion of electrons of DSSCs based on P-8 TiO2
microsphere is more efﬁcient than that of other cells, which may be
attributed to the higher crystallinity of P-8 TiO2 microsphere in
terms of the SEM (Fig. 1) and the XRD results in the supporting
information (Table S1).

Fig. 3. (a) Charge collection efﬁciency and (b) Electron diffusion length as a function of the illumination intensity for different photoanodes. (c) Nyquist plots of the four DSSCs at a
forward bias of 0.75 V in the dark. (d) J-V curves of the DSSCs with the four photoanodes. (The missing points in (c) and (d) were overlapped).
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3.5. Kinetics process of the interface
Electrochemical impedance spectroscopy (EIS) is a powerful
characterization to give information about electrochemical
behavior within DSSCs. DSSCs based on four TiO2 microsphere were
measured in the dark environment at different potential. Fig. 3c is
the Nyquist plots of DSSCs based on four TiO2 photoanodes characterized at 0.75 V. The corresponding equivalent circuit of device
is displayed in the inset. Seen in the Fig. 3c, two hemispheres can be
recognized at every curve, revealing the charge transfer at the
interface of Pt counter electrode/electrolyte and TiO2/dye/electrolyte [35]. Large hemisphere at the low frequency indicates the
electrochemical reaction on photoanode/electrolyte interface and
small hemisphere at the high frequency reﬂects the kinetics process on Pt cathode. Since the same Pt counter electrodes were
employed in each device, the smaller hemisphere exhibits similarly.
As a result of the difference of TiO2 photoanodes between every
DSSCs, the hemispheres at the high frequency region varied widely.
According to this method, some signiﬁcant data can be acquired by
ﬁtting the results. The ﬁtted results were summarized in Table 1.
As shown in Table 1, the recombination resistance (Rct) of DSSCs
decreased signiﬁcantly from 30.8 U to 25.2 U with the decreased pH
value from 8 to 5 (except P-7), indicating a larger recombination
rate occurred within DSSCs based on the TiO2 microsphere with
decreased pH and the most severe electron recombination process
in the DSSCs based on the P-5 microsphere which possessed
numerous surface states. Typically, the Rct of P-7 is smallest but the
DOS is not the biggest in all the candidates, which may ascribe to
more numerous grain boundaries. Moreover, since the Voc value of
the DSSCs was correlated with the charge recombination in the
conduction band of TiO2, the Voc of P-8 is highest owing to the
largest Rct. However, P-7 has low Rct but high Voc, which may ascribe
to the larger chemical capacitance (CPE2) of P-7 providing more
charge to acquire higher Voc. Same conclusion can be deduced from
the literature [36]. Besides, the electron lifetimes (tn(EIS)) are also up
to the value of chemical capacitance (CPE2), which can be acquired
in terms of the equation: tn(EIS) ¼ Rct  CPE2 [37]. Seen in Table 1,
the tn(EIS) of P-5, P-6, P-7, P-8 DSSCs are 57.0, 55.7, 44.1, 30.4 ms
respectively, which is similar with the IMPS/IMVS results in Fig. 2d.
3.6. DSSCs performances
DSSCs fabrication has been introduced in the experiment section. Four kinds of DSSCs based on different TiO2 microspheres
were measured by a Keithley model 2420 digital source meter
controlled by Test point software under a xenon lamp (100 mW cm
2
). J-V curves are shown in Fig. 3d with the parameters listed in
Table 2. As Table 2 shows, the PCE raised as the pH value increased.
P-6 shows the highest Jsc and P-8 shows the highest Voc, which can
be explained by the results of the band edge movements and
collection efﬁciency of electrons. Compared to P-7, P-5 and P-6 had
a positive movements of band edge resulting in a lower Voc. While
P-8 had negative band edge movements thus beneﬁcial to a higher
Voc. Otherwise, because of the raising of charge collection efﬁciency
with the increasing of pH, the PCE showed a raising tendency.
4. Conclusions
In summary, the TiO2 microsphere was synthesized in different
pH values and the charge transport performances was further
investigated. According to the results, less surface states exit in TiO2
microsphere synthesized in pH ¼ 8. Meanwhile, when pH value
exceeds 7, a negative band edge shift would be caused, which gave
rise to a higher Voc in DSSCs based on P-8. EIS measurements
revealed that both acidic and alkaline environment would increase

the recombination resistances and lower chemical capacitance of
the ﬁlms. Moreover, the crystallization was also inﬂuenced by the
pH values. Alkaline environment would cause a better crystallinity
as exhibited in the results of SEM and XRD. In addition, the higher
collection efﬁciency and longer diffusion length attributed to a
higher Jsc in P-8 according to the IMVS/IMPS results. Thus, DSSCs
with higher photoelectric conversion efﬁciencies are realized based
on P-8 TiO2 microspheres. We believe that such an investigation is
signiﬁcative to develop TiO2 with less surface states and make
contributions to design promising candidates in various areas such
as DSSCs, sensors, photoelectrochemical water splitting, batteries
and photocatalysis. To achieve TiO2 with more remarkable properties, further researches about the mechanism of charge behavior
in TiO2 microspheres are still necessary.
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