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Highly photocatalytically active anatase TiO2 were synthesized by a solvothermal method using tetrabutyl titanate (TBT), citric
acid, and ethanol as row material. The morphology and photocatalytic activity of titanium oxide have changed signiﬁcantly with
the presence of surfactants, such as cetyltrimethylammonium bromide (CTAB), sodium dodecylbenzenesulfonate (SDBS), and
diethanolamine (DEA). Scanning electron microscope and X-ray powder diﬀraction results show that the synthesized products
are anatase TiO2 spherical particles with a micronanostructure. The crystal type of TiO2 has no obvious change with the
addition of diﬀerent surfactants, but the morphology, size, and dispersion of the TiO2 particles have changed to some extent.
Among the three surfactants, CTAB is beneﬁcial to reduce TiO2 particle size and improve TiO2 dispersion and agglomeration.
DEA is favor to self-assembly the nanocrystals into spherical particles. Degradation of methyl orange photocatalyzed by TiO2
prepared with CTAB as surfactant reaches 95.4% under ultraviolet light for 100 min. After ﬁve recycles, the catalyst did not
exhibit signiﬁcant loss of photocatalytic activity, conﬁrming that the photocatalyst is essentially stable. This work indicates that
the surfactant-assisted solvothermal method is an eﬀective approach to improve the structure, morphology, and photocatalytic
performance of TiO2. Moreover, the surfactants with various types can interact with the precursors of TiO2 in diﬀerent ways.

1. Introduction
Among various types of photocatalysts, titanium dioxide(TiO2-) assisted photocatalytic oxidation has received much
attention in the last few years due to its nontoxicity, strong
oxidizing power, and long-term photostability [1–7]. These
remarkable advantages originate from the unique physical
and chemical properties of TiO2 which depend not only on
the crystal phase and particle size but also on the particle
morphology. Therefore, controlling the morphology of
TiO2 nanoparticles is of key importance in the fabrication
of materials with desired photocatalytic properties [8–12].
Over the past decades, a variety of controlled synthesis
methods have been attempted to synthesize well-deﬁned
particles with varied morphologies [13, 14]. Compare with
the sol-gel method, the solvothermal method not only

enables obtaining materials with a large surface area and high
crystallinity but also ﬂexibly adjust the parameters to control
the morphology of products. In the course of solvothermal
synthesis, the reaction path is very sensitive to the experimental conditions. Also, it is of practical importance to select
suitable surfactant molecules, which act as templates or shape
controllers, directing the formation of a structure toward a
desired target arrangement [15]. The modiﬁcation of TiO2
nanoparticles with surfactant is an eﬀective method to control their morphologies and structures. Wang et al. [16]
reported a simple synthetic approach based on the solvothermal technique with oleic acid (OA) and oleylamine (OM) as
two surfactants for preparation of TiO2 nanocrystals with
diﬀerent morphologies such as elongated rhombic, dog-bone,
oval, and core-shell structure. Leng et al. [17] demonstrated a
surfactant-assisted exfoliation method to synthesize TiO2 2D
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nanosheets and revealed that tetrabutylammonium hydroxide as a cationic surfactant played a crucial role in retaining
the 2D nanosheet structures. Lekphet et al. [18] studied the
eﬀect of amounts of tetramethylammonium hydroxide
(TMAH) surfactant on the morphology and size of TiO2 particles. Obviously, TiO2 assisted by diﬀerent kinds of surfactants show various morphologies. However, few complete
comparison has been made in the past years about the interactions between diﬀerent kinds of surfactants and the precursors
of TiO2.
In this paper, we reported a simple solvothermal method
by using surfactants to make well-deﬁned highly crystalline
mesoporous anatase TiO2. Herein, CTAB, SDBS, and DEA
as the typical anionic, cationic, and nonionic surfactants were
introduced into the solvothermal system to prepare the TiO2
nanoparticles with diverse morphologies, respectively. The
structural and morphologic changes of TiO2 nanoparticles
were compared. The as-prepared TiO2 nanoparticles were
used in the comparative study in the photocatalytic degradation of methylene orange (MO) solution under UV light irradiation. TiO2 were prepared here by a surfactant-assisted
solvothermal approach to provide a valuable and interesting way for further improving the photocatalytic activities
and stability.

2.4. Photocatalytic Reduction Test. The prepared samples
were subjected to liquid phase photocatalytic evaluation
using a self-made photocatalytic reactor. The photocatalytic
experiments were examined by adding 200 mg TiO2 powder
into a quartz tubes (120 mL) containing 50 mL of the MO
aqueous solution (25 mg/L). The suspension was kept stirring
(500 r/min) in the dark for 1 h to reach the adsorptiondesorption equilibrium prior to the irradiation, and the
initial absorbance of the MO aqueous solution was recorded
as A0 . After that, a 250 W mercury lamp was opened as an
ultraviolet-visible light source. The power density of the
lamp on the solution (20 cm away from the photocatalytic
reactor) is 43.5 mW/cm2. During the UV light irradiation,
2 mL of the suspension solution was extracted at every
20 min intervals and the solution was separated from the catalyst through centrifugation. The value of MO concentration
was checked on the basis of its UV-vis absorption which
measured by the UV-vis spectrophotometer (772S Jingke
Shanghai) at 461 nm.
The photodegradation percentage was estimated as
follows:

2. Experimental Sections

where A0 is the initial absorbance of MO aqueous solution
after the adsorption-desorption equilibrium and At is the
absorbance of methyl orange at reaction time t (min).
After washing with ethanol and deionized water for several times, the recycled catalyst (sample b) was redispersed
in 50 mL of MO solution and the new photocatalytic cycle
began. The photocatalytic activity of recycled catalyst was
also measured under the same conditions as reference.

2.1. Materials. All of the chemical reagents were of analytical
purity and used without further puriﬁcation.
2.2. Catalyst Preparation. TiO2 was prepared via a facile onestep solvothermal process. Brieﬂy, 30 mL TBT’s ethanol
solution (1.3 mol/L) was added drop by drop to 20 mL
ethanol solution containing quantitative citric acid and surfactant (10 mmol) under stirring. After vigorously stirring
for 60 min at room temperature, the as-formed mixture
was transferred to a 100 ml Teﬂon-lined stainless steel autoclave, sealed, and then heated at 180°C for 24 h. After cooling
to room temperature, the white precipitates were collected
by a centrifugation and washed with ethanol and distilled
water for three times, respectively. The samples were dried
overnight at 80°C. Then, the dried masses were calcined
at 460°C for 30 min in air atmosphere to remove the
organics adsorbed on the surface. The as-prepared samples
are referred to a (without surfactant), b (with CTAB as
surfactant), c (with SDBS as surfactant), and d (with DEA
as surfactant), respectively.
2.3. Characterization. The samples were studied by X-ray
diﬀraction (XRD, DX-2500) using Cu Kα radiation
(λ = 1.5406 Å) from 2θ = 20–80° at a scan speed of 0.08°/s.
The microstructure of the particles was characterized by a
scanning electron microscope (SEM, ZEISS SUPRA55).
FT-IR studies were performed on a Shimadzu-8400S spectrometer for conﬁrmation of the surfactant presence and
surface hydroxyl functional group. The special-surface area
and pore size distribution were estimated by the BrunauerEmmett-Teller (BET.SSA-4300) multiple points’ method,
based on the nitrogen gas adsorption isotherm (77 K).

ω=

A0 − At
A0

× 100%,

1

3. Results and Discussion
3.1. Characterization of Photocatalyst. The SEM images in
Figure 1 conﬁrm the eﬀect of surfactants on the morphology
and particle size of TiO2. SEM images reveal that the irregular spherical nanobundles (Figure 1(d)), relatively uniform
nanospheres (Figure 1(b)), and not uniform spherical nanoparticles (Figure 1(c)) are prepared by applying DEA, CTAB,
and SDBS as surfactants, respectively (Figures 1(b)–1(d)). It
seems that when the surfactant type changes, the grain size
and aggregation of TiO2 are diﬀerent. It is generally considered static repulsion and special hindrance from the reaction
of interfacial energy among particles that could prevent the
aggregation of nanometer particles [19]. In general, the formation of TiO2 in the solvothermal system mainly depends
on the hydrolysis rate of TBT and the growth rate of nuclei.
In acidic solution, a large number of hydrolytic micelles form
rapidly due to the hydrolysis of TBT. The adsorption of H+
makes the micelles with positive charges and produces the
electrostatic repulsion by the polar groups of the CTBA barrier and steric hindrance. On the other hand, CTAB has a
large molecular size as a commonly used cationic surfactant.
The cationic ion can attach to the negatively charged Ti-O−
bonds, thus reduce their surface energy eﬀectively, making
the nanoparticles stable in solution. Based on the above
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Figure 1: SEM images of TiO2 samples synthesized by diﬀerent surfactants.

reasons, CTAB is the optimum surfactant for uniform spherical TiO2 nanoparticle preparation with small particle size in
our solvothermal reaction conditions. In contrast to this, the
anion SDBS induces the micelles to assemble, and thus not
uniform spherical nanoparticles were synthesized. In addition, from the results of particle size distribution and
morphology control, the eﬀect of adding the nonionic surfactant DEA apparently is smaller than others. We speculate
that static repulsion may have a signiﬁcant impact on the
shape and grain size control of TiO2 particles.
To characterize the crystal structure and crystallinity of
TiO2 samples, XRD patterns were taken and illustrated in
Figure 2. As observed in the XRD patterns of TiO2 samples,
all nanostructured diﬀraction peaks are well matched to pure
anatase TiO2 (JCPDS 89-4921). The peaks at 2θ = 25.3°, 37.8°,
48.0°, 53.9°, 55.0°, and 62.7° were ascribed to the (101), (004),
(200), (105), (211), and (204) crystallographic plane diﬀraction of anatase TiO2, respectively, conﬁrming that the presence of surfactants in the solvothermal system has no eﬀect
on the crystal structure of TiO2. The intensity and width of
XRD diﬀraction peak changed with the addition of surfactant, which indicated that the modiﬁcation of surfactant
had a certain eﬀect on the grain growth. The average crystallite size of the samples calculated by applying the Scherrer
equation and the relative crystallinity based on sample a were
listed in Table 1. XRD results show that the crystallite size
trend is consistent with the SEM results. With the addition
of CTAB, the small particle size and favorable dispersion of
TiO2 are achieved. Under the same synthesis conditions,
the presence of surfactants can improve the crystallinity.

N2 adsorption-desorption measurements indicate that
the BET surface areas are b (83.45 m2/g) > d (76.31 m2/g) > c
(67.64 m2/g) > a (49.09 m2/g) (as in Table 1), respectively.
Surfactants in the solvothermal system can inhibit TiO2 grain
growth and increase particle dispersity. After thermal treatment, surfactants adsorbed in the TiO2 particles will decompose to produce CO2, notably increasing the intrinsic pore
volume and surface area. High surface area can provide more
active sites, which is beneﬁcial to the photocatalytic property.
The pore size distribution of sample b calculated by the BJH
model shows the presence of uniform nanopores with sizes of
3.2 nm which is typical mesoporous. The pore size distribution of sample b shows the presence of two sets of uniform
nanopores with sizes of 2.2 and 13.0 nm (Figure 3(b)). These
results indicate that the surfactant-assisted solvothermal system had a dramatic impact on the structure of as-prepared
anatase TiO2 samples. High crystallinity and high porosity
anatase TiO2 samples were obtained after thermal treatment
in air at 460°C for 30 min. Speciﬁcally, during annealing in
air, the adjacent nanocrystal building blocks can be crosslinked by removing surfactant molecules and the increasing
oriented attractive forces can further lead to in situ threedimensional crystallographic fusion to minimize the total
system energy through reducing the high surface energy
and eliminating the crystal defects, yielding mesoporous
TiO2 spherical nanobundles [20].
The FT-IR spectra of as-obtained samples were exhibited
in Figure 4. For the pure TiO2, the absorption peaks at
3400 cm−1 and 1630 cm−1 are attributed to the hydroxyl
group from water and Ti-OH, respectively, while the peak
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Figure 2: XRD patterns of TiO2 samples synthesized by diﬀerent surfactants.

Table 1: The average crystallite size, relative crystallinity, and BET
surface area of the samples.
Samples
a
b
c
d

Relative
crystallinity (%)
100
125
121
103

Average crystallite BET surface area
size (nm)
(m2/g)
24.5
15.1
28.2
27.2

49.09
83.45
67.64
76.31

situated at 500 cm−1 could be assigned to the characteristic
frequency of Ti-O-Ti. As for the samples a, b, c, and d, there
are no signiﬁcant diﬀerences of peak positions observed,
indicating that the introduction of surfactants into the TiO2
synthetic system cannot alter the structure of TiO2, which
accords well with the XRD results. The area of absorption
peaks at 3400 cm−1 and 1630 cm−1 increased signiﬁcantly in
sample b, which indicated that the introduction of CTAB
can introduce more surface hydroxyl groups of the TiO2.
Photocatalytic chemical reactions occurring on the surface
of semiconductor materials depend on the process, which
starts from the absorption of light and results in attainment
of photogenerated electrons and holes in the surface. The
illuminated semiconductor surface is regarded as a producer
of hydroxyl radicals (e.g., h+ + OH− → •OH). These and
other highly oxidizing initial products of this indirect photochemical reaction go on to attack oxidizable contaminants.

Commonly, the enhancement of surface hydroxyl content
on the surface of TiO2 is beneﬁcial to the improvement of
photocatalytic performance [21], which can be supported
by the results of photocatalytic investigation.
Because TiO2 sample b have a large surface area
(83.45 m2/g) and thus can oﬀer abundant adsorption sites
that are catalytically active, further investigations on the optical absorption property and electronic band structure of
TiO2 sample b were performed. Figure 5 depicts the UV-vis
diﬀuse reﬂectance spectrum of TiO2 sample b. The absorption peak appears at 330 nm in Figure 5(a). The band gap
may be calculated based on the absorption spectrum by
utilizing Tauc’s relationship [22]. The Eg of TiO2 sample b
may be determined by extrapolating αhν 2 against hν at
αhν 2 = 0 (Figure 5(b)). The energy gap quantity of the
TiO2 sample b is calculated to be 2.97 eV which is lower than
that of typical anatase titanium oxide. Such diﬀerences in
optical absorption properties and band edges of TiO2 sample
b may be interpreted as numerous defects being generated
upon fabricating the mesocrystalline architecture, which
could then alter the electronic band structures of the
products [23].
3.2. Photocatalytic Activities of TiO2 Samples. Photocatalytic
activity tests were conducted by the self-sensitized degradation of MO in aqueous solution under ultraviolet light
irradiation. Figure 6 shows the concentrations of MO with
irradiation time for the four samples. It is clearly observed
that all three samples synthesized by diﬀerent surfactants
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Figure 3: N2 adsorption-desorption isotherms (a) and pore size distribution (b) of samples a and b.
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Figure 4: FT-IR spectra of TiO2 samples synthesized by diﬀerent
surfactants.

possess higher photocatalytic activity than the samples synthesized without surfactant. This indicates that the activities
of the mesoporous TiO2 samples prepared by the solvothermal with surfactants are superior to the conventional sample
in the dye self-sensitized degradation. Sample b is obviously
the most active sample, and the order of photocatalytic activities is b > c > d > a.
It is well known that the photocatalytic activity of nanocatalyst is related to the grain size, speciﬁc surface area, adsorption capacity of the sample, and number of surface hydroxyl
groups [24–26]. By introducing surfactants into the solvothermal system, the photocatalytic activity of TiO2 was
improved in some extent. Among several kinds of surfactants,
CTBA shows more signiﬁcant modiﬁcation. Due to electrostatic repulsion and steric hindrance of the CTBA barrier,
the agglomeration and growth of TiO2 grain was inhibited,

the particle size of TiO2 was signiﬁcantly reduced, and the
speciﬁc surface area increased. The surfactants not only have
great inﬂuence on the particle size and morphology of TiO2
but also aﬀect the functional groups on the surface of TiO2.
The introduction of CTBA increases surface hydroxyl groups
on the TiO2 surface, thereby the catalytic activity is improved.
Considering the stability of a catalyst is also important for
its application; multiple runs for the degradation of MO
upon sample b were performed. As shown in Figure 7, after
ﬁve runs of photocatalytic reaction, the photocatalytic eﬃciency of sample b decreases only about 6.8% and the catalytic ability of sample b almost completely recovered after
regenerating with distilled water, which may due to the
adsorbed intermediates on the surface of the catalyst during
the recycling experiments. The catalyst did not exhibit significant loss of activity. It indicates that the TiO2 particles
synthesized by the solvothermal method with CTAB as
surfactant have high stability, which is especially important
for its application.

4. Conclusions
In summary, the high crystallinity anatase TiO2 with diﬀerent morphologies was prepared by the solvothermal method
using TBT as the titanium source and the surfactant in the
ethanol system. Shape, size, and surface hydroxyl groups of
TiO2 can be manipulated by using diﬀerent surfactant compositions and concentrations during preparation. The TiO2
samples with diﬀerent shapes and sizes show diﬀerent photocatalytic activities. The novelty of this research is that
through comparison, it was found that the static repulsion
cationic surfactants played an important role on shape and
grain size control. The introduction of CTAB in the solvothermal system could reduce the particle size and agglomeration of TiO2 particles and increase the speciﬁc surface area
and surface hydroxyl groups of TiO2, which could signiﬁcantly
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Figure 5: UV-vis diﬀuse reﬂectance spectrum (a) and plot to determine the band gap (b) of the TiO2 sample b.

improve the photocatalytic activity of TiO2. The degradation
of methyl orange was 95.4% over the reference TiO2 within
100 min. The degradation was not less than 90% of initial activity after 5 times of recycling. In the solvothermal synthesis of
TiO2 and other oxide photocatalysts, these ﬁndings will be
greatly useful in controlling the microscopic and macroscopic
morphologies of the nanomaterials.
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