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Abstract: Supercritical hydrothermal synthesis of nanosized
metal oxides is of great interest for scholars due to its one-
pot and readily realizing commercial production process.
Hydrothermal synthesis of nanosized TiO2 in subcritical and
supercritical water was investigated with different reaction
temperatures (250–450°C), time (3–10min), precursor spe-
cies (Ti(SO4)2, TiCl4), and the addition of a surfactant
(CH3(CH2)5NH2). TiO2 synthesized under supercritical state
has a higher degree of crystallinity when compared with
TiO2 obtained from subcritical state, which is attributed to a
higher reaction rate. Extending reaction time from 3 to
10min leads to the growth of crystal and broader size
distribution (36.66 ± 8.5 nm). More uniform products can be
obtained when Ti(SO4)2 acting as the precursor compared
with TiCl4 being the precursor. The application of surfactant
CH3(CH2)5NH2 in the synthesis makes chemical bonding
between the particle surface and organic ligand. It affects
the growth direction of TiO2 crystal; as a result, rod-like TiO2

crystal is obtained.

Keywords: supercritical water, nanoparticles, titanium
dioxide

1 Introduction

Nanoscale titanium dioxide (TiO2) is a new type semi-
conductor inorganic material with diverse applications,

such as photocatalysts [1], lithium batteries [2], wasted water
treatment processes [3], and dye-sensitized solar cells [4].
These are attributed to its unique properties such as
photocatalytic function, better thermal and chemical stabi-
lity, strong absorbing UV ability, nontoxicity, and self-
cleaning function [5,6]. It is well known that materials
appear to possess unique properties while one or more than
one of their three dimensions is in nanoscale (1–100nm).
This means that the size and morphology of nanomaterials
play crucial roles in the performance during their applica-
tions. In general terms, it is the synthesis method that
determines the fundamental characteristics of nanomaterials,
which, accordingly, are of great importance in the subse-
quent practical applications. As for nanosized TiO2, they have
been synthesized with a broad range of methods, including
sol–gel method [7], reverse micelles reaction [8], gas-phase
synthesis [9], sonochemical synthesis [10], and hydrothermal
technique [11]. Sol–gel method is used widely, but not
suitable for large-scale commercial production because of its
costly process. As for reverse micelles reactions, a rather long
time (several tens of days) is usually needed to get mature
products. On the other hand, products obtained from reverse
micelles reactions are usually amorphous because the
reaction is conducted at the low-reaction temperature,
usually at room temperature [12]. Gas-phase synthesis allows
excellent control of size and dispersity, however limited by
its precise equipment requirement [13]. Sonochemical synth-
esis is an energy-efficient and simple process, but powder
synthesized in this way usually needs further treatment, i.e.,
calcination [14], which makes sonochemical synthesis less
desirable than the one-step synthesis process. Comparing
with the mentioned fabrication pathways, the hydrothermal
technique is a nanomaterial synthesis method with the
benefit of being cheap, gentle, simple, and easily scalable.

Supercritical water (T > 373.9°C, P > 22.1MPa) is a
unique solvent, in which negative solubility materials have
an extremely low solubility due to the low dielectric constant
of water in supercritical conditions [15]. This is exactly the
theory applied in supercritical hydrothermal synthesis.
Besides this, various fluid properties have an intriguing
change, such as density of molecules, thermal conductivity,
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and diffusion coefficient. These changes contribute to super-
critical hydrothermal synthesis (SHS), making it more
efficient than the normal hydrothermal synthesis method,
let alone the nature of environmentally benign [16]. During
the past two decades, various metal oxides and zero-valent
metal particles were synthesized by taking advantage of the
SHS method, including ZnO [17], CuO [18], Co3O4 [19],
LiFePO4 [20], TiO2 [21–28], Ag [29], Cu [30], and Ni [31].
Tadafumi Adschiri et al. [21] reported a first try of
synthesizing anatase TiO2 using the supercritical hydro-
thermal synthesis technology (30MPa and 400–450°C) in
1992, which is attracting extensive attention from other
scholars. Tahereh Mousavand et al. [22] synthesized TiO2

nanoparticles from supercritical hydrothermal synthesis with
the addition of organic modifier (CH3(CH2)4CHO); the
dispersive property of obtained TiO2 was detected. They
found that TiO2 nanoparticles have a good dispersity in the
organic solvent. These researches are not comprehensive,
and it is hard for us to extract full view of synthesizing TiO2

in supercritical water. Eltzholtz et al. [23] studied the
influence of reaction temperature (300–550°C) and residence
time (0–500 s) on crystallite size of nano titania in super-
critical water–isopropanol mixture reaction conditions, and
direct observation was got with the contribution of in situ
synchrotron investigations combined with a new pulsed
supercritical synthesis method. Neel M. Makwana et al. [24]
studied the effect of reaction pH on average crystallite size of
nano titania at a set reaction temperature (305°C). Jian-Li Mi
et al. [25] observed phase transformation from broolite and
anatase to rutile TiO2 during the reaction of 20min at a rather
low reaction temperature (300°C). Jian-Li Mi et al. [26]
studied on continuous flow supercritical synthesizing ana-
tase-TiO2 nanocrystals. Shin-Ichiro Kawasaki et al. [27]
synthesized TiO2 nanoparticles using a continuous super-
critical hydrothermal synthesis method, in which Ti(SO4)2 is
used as a precursor and KOH is added. Hiromichi Hayashi
et al. [28] made research on synthesizing nano titania with
subcritical and supercritical water (200–400°C) for a long
time duration (2–24h) using batch reactors. As we all know,
the key part of the SHS method is the rapid heating of the
precursor. Different heating method and heating rate result in
different crystal formation and growth mechanism. The
general heating rate sequence is continuous flow reactor >
batch reactor (smaller volume) > batch reactor (bigger
volume). It is meaningful to have a comprehensive study
and deep understanding of parameter effect in one kind of
heating rates. Also, to make a contribution to Green Earth,
pure water was used as solvent without organics. In the
present work, the effects of operation parameters (tempera-
ture, reaction time, precursor species, surface modification)
on TiO2 nanocrystallite characteristics are discussed, during

which water is used as a sole solvent. Hexylamine is a
commonly used organic surfactant in SHS [32]; however, the
effect of hexylamine on TiO2 crystal formation has not been
studied. In this work, the effect of hexylamine on nano TiO2

morphology is studied. At last, an innovative nano TiO2

formation mechanism with the existence of surfactants was
proposed.

2 Materials and methods

2.1 Materials and procedures

Titanium(IV) sulfate (Ti(SO4)2, purity > 97.0wt%), titanium(IV)
chloride (TiCl4, purity > 99.0wt%), and ethanol were
purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). Potassium hydroxide (KOH, purity >
99.0wt%) and hexylamine (CH3(CH2)5NH2, purity > 99.0wt
%) were purchased from Sigma Aldrich (Shanghai, China).
All reagents were used as received without further purifica-
tion. Distilled and deionized (DDI) water was used to
prepare a metal salt aqueous solution. High-pressure tube
reactors were made of stainless steel 316 and have an inner
volume of 5.8mL (inner diameter and length of 8.7 and
90.0mm, respectively). A predetermined amount of pre-
pared titanium salt aqueous solution was loaded into
reactors; afterward, tube reactors were sealed with plugs
combined with cutting sleeves. The predetermined amount
of prepared titanium salt aqueous solution was calculated
depending on water density at the desired temperature to
obtain a spontaneous specific pressure within the enclosure
space. The sealed tube reactors were subsequently
immersed into a fluidized sand bath for definite reaction
time. The fluidized sand bath was preheated electrically and
maintained at a pre-set temperature. Then, the reactions in
tube reactors were terminated by quenching the tube
reactors in a cold-water bath. The solid phase products
and liquid phase effluent were separately exported from
reactors and transferred into centrifuge tubes. Solid
products were purified by repeating decantation and
centrifugation in ethanol or DDI water several times.
Finally, the white-color powder was obtained after vacuum
drying solid products for 24 h at 105°C.

2.2 Analysis means

The titanium ions remained in the liquid phase effluent
after the reaction was evaluated by inductively coupled

One-pot synthesis of nano titanium dioxide in supercritical water  411



plasma emission spectroscopy (Shimadzu, ICPE-9000,
Japan). The percent conversation (%) of titanium ions in
the reaction was calculated by using the following
equation:
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in which α is percent conversion of titanium ions, [Ti4+]0
is the initial concentration of titanium ions in the
precursor, and [Ti4+]1 is the concentration of titanium
ions in liquid phase effluent after the reaction.

The solid products were analyzed by X-ray diffrac-
tometry (XRD), transmission electron microscopy (TEM),
and Fourier transform infrared spectroscopy (FT-IR). The
XRD data were measured on an X'pert Pro diffractometer
(Rigaku, D/MAX-2400, Netherlands) with Cu Kα irradia-
tion. The preparation procedure of TEM (JEM-2100,
Japan) samples is ultrasonic dispersion nanoparticles
into ethanol and make sure that they are mixed uniform,
adding droplets of the dispersed powder on a copper
grid. TEM images were used to identify the size and
morphology of synthesized products. FT-IR spectra were
measured to analyze the chemical bonding between the
organic modifier and particle surface with a Fourier
transformed infrared spectrometer (Bruker, TENSOR 27,
Germany). The crystallite size was calculated based on
the Scherrer equation:

=D Kλ
β θcos

in which D represents the crystallite size, K is the
Scherrer constant, K = 0.89; λ represents the wavelength
of X-ray, λ = 0.154056 nm; β is the full width at half
maximum (FWHM) of X-ray diffraction; θ represents the
Bragg angle. FWHM was extracted from X-ray diffraction
measurement and the broadening caused by the instru-
ment was eliminated.

3 Results and discussion

3.1 Effects of temperature

To explore the role of temperature in SHS of TiO2

nanoparticles, experiments were taken at different
temperatures (250–500°C) with an interval of 50°C. The
concentration of precursor (Ti(SO4)2) was set to be

0.04mol/L and a calculated amount of KOH was added,
resulting in a concentration of 0.16 mol/L. The reaction
time is 3 min, including the heating time. The XRD
results are shown in Figure 1, which demonstrates that
products belong to anatase (PDF#21-1272). From the
evolution of XRD data obtained at different tempera-
tures, we can see that the diffraction peaks become more
sharply and narrower with increasing temperatures. This
evolution trend indicates that higher reaction tempera-
ture facilities the formation of higher crystallinity
products. The difference of crystallinity is also confirmed
by selected area electron diffraction measurement in the
later part; the detailed explanation can be found in the
next paragraph.

The morphology and size of TiO2 crystals were changed
by the adjustment of reaction temperature, as demon-
strated in Figure 2. This figure shows the TEM pictures of
TiO2 products synthesized at 300, 400, and 500°C. TEM
pictures collected from products synthesized at 250, 350,
and 450°C can be found in the supporting information.
At the subcritical region, the synthesized nanoparticles
are spherical with blurry boundary, which is another
evidence for low crystallinity. However, at the super-
critical region, rhombic and rectangle nanocrystals with
clear boundaries are synthesized. This change demon-
strates that high-temperature facilities the formation of a
high degree of crystallinity crystals. The particle size of
TiO2 synthesized at different temperatures was measured
by hand, and the column diagrams are shown in
Figure 3. For these polygon crystals, the length of width
and length were all measured to represent the size, the
size distributions were statistic results without distin-
guishing the width and length. The size distribution

Figure 1: XRD results of products synthesized at different
temperatures and 30MPa.
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collected from 250, 350, and 450°C samples can be found
in the supporting information. The average sizes of
products collected at 250, 300, 350, 400, 450, and 500°C
were 5.6, 6.8, 8.8, 19.8, 18.9, and 18.8 nm separately.
With the increasing reaction temperature, the particle
size increased; however, no big difference happened
once the reaction temperature is higher than the critical
point (400, 450, and 500°C). A significant increase in
size was observed when the reaction temperature
increased to the supercritical region (from 350 to
400°C). On the one hand, due to the extremely low
dielectric constant of water in the supercritical region, a
low solubility of intermediate products and metallic
oxide was obtained. On the other hand, depending on
the Born-type equation [33], the reaction rate is inversely
proportional to dielectric constant, thus extremely low
dielectric constant leads to fast hydrolysis, dehydration,
and nucleation rate compared to them at the subcritical
region. These can explain the formation of high crystal-
linity products. To explain the evolution of average size,
selected area electron diffraction (SAED) was applied on
products (labeled by the red frame in TEM pictures)
obtained at 300 and 400 °C. The SAED results are shown
in the right corner of Figure 2a and c. The SAED pictures

demonstrate that products obtained at the subcritical
region was nearly amorphous or products with quite low
crystallinity; however, TiO2 synthesized at 400°C was
polycrystal. This may explain the increasing trend of
average size from subcritical condition to supercritical
condition, which should have an inverse trend for
crystals.

3.2 Effects of reaction time

The effects of reaction time were explored while 0.04 M
Ti(SO4)2 acting as a copper source with the addition of
0.16 M KOH. The reaction temperature and pressure were
maintained at 400°C and 30MPa, separately. Three
different reaction times were explored in this work, they
are 3, 5, and 10min, respectively. The X-ray diffraction
results indicate that all the products are anatase TiO2,
see PXRD spectrogram in the supporting information.
The conversion of Ti4+ with time did not change much,
from 99.13% (3 min) to 99.21% (10 min), indicating the
very fast hydrolysis and dehydration reaction rates at
the supercritical condition. The corresponding crystallite

Figure 2: TEM pictures of TiO2 synthesized at 30 MPa and different temperatures (a) 300°C, right corner – SAED picture obtained from red
frame (b) 400°C, right corner – SAED picture obtained from red frame (c) 500°C as 0.04 M Ti(SO4)2 being precursor and 0.16 M KOH was
added.

Figure 3: Size distribution of products synthesized at (a) 300°C (b) 400°C (c) 500°C and 30MPa when Ti(SO4)2 acted as a precursor and
0.16 M KOH was added.
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size of products calculated from PXRD is 16.97, 17.20,
and 16.53 nm for the reaction time of 3, 5, and 10min.
There is not a significant change in crystallite size when
changing reaction time from 3 to 10min. However, the
extension of reaction time resulted in an increase
and broaden of particle size, as shown in Figure 4.

The average particle size of TiO2 synthesized after 10min
is 36.66 ± 8.5 nm. Indicating that longer reaction time
does not benefit the formation of uniform and smaller
crystal. Another meaningful point is the morphology
change, the product collected after 10 min is aggregation
with irregular shape and no clear border. The long

Figure 4: TEM pictures of TiO2 synthesized at 30 MPa and different times (a) 5min (b) 10 min and their corresponding size distribution
(c) 5 min (d) 10min as 0.04M Ti(SO4)2 being precursor and 0.16 M KOH was added.

Figure 5: TEM photographs and size distributions of products collected from TiCl4 at 400°C and 30MPa, (a) and (b) [OH]−/Ti4+ = 4, (c) and
(d) [OH]−/Ti4+ = 5.
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high-temperature condition may result in the aggrega-
tion of smaller crystals to decrease the surface energy
and make the reaction system more stable.

3.3 Effects of precursor species

TiCl4 was chosen as a different titanium source to
explore the effect of precursor species through com-
paring with results from Ti(SO4)2. The concentration of
TiCl4 was set at 0.04M, and 0.16 M KOH was added to
facilitate the hydrolysis. The reaction temperature,
pressure, and time were 400°C, 30 MPa, and 3min,
respectively. PXRD detection of products from TiCl4
shows that products are anatase TiO2, and the corre-
sponding PXRD data can be found in the supporting
information. The TEM photograph of products and the

corresponding size distribution are shown in Figure 5a
and b. The average particle size is 52 nm with a broad
range. The difference between the two kinds of precursor
solution is the pH value. The pH of Ti(SO4)2 is about 7
with the addition of 0.16 M KOH; however, the pH of
TiCl4 is about 2 with the addition of 0.16 M KOH. At acid
condition, the solubility of TiO2 is high, then resulting in
low supersaturation, which leads to bigger particle size
due to the consumption of Ti4+ in growth rather than in
new nuclei formation. To verify this theory, another
experiment point with 0.2 M KOH was made. The TEM
photograph and corresponding size distribution are
shown in Figure 5c and d. The average particle size is
21 nm with a narrow range.

3.4 Surface modification with surfactant

Hexylamine (CH3(CH2)5NH2) was used as a surfactant to
explore the surface modification of TiO2 nanoparticles.
0.04M Ti(SO4)2 was used as a titanium source and
0.16 M KOH was added. The reaction temperature,
pressure, and time were 400°C, 30 MPa, and 3min,
respectively. TEM pictures of obtained products are
shown in Figure 6. We can see from the pictures, the
morphology of TiO2 synthesized with hexylamine is rod-
like. To check the surface properties of TiO2, their
dispersibility was examined by putting the particle
products in a binary solvent system of water and
trichloromethane. The products without organic-
modified were dispersed in the water phase, as shown
in Figure 7a. The hexylamine-modified particles were

Figure 6: TEM pictures of products synthesized with hexylamine
with Ti(SO4)2 as a titanium source.

Figure 7: Dispersibility of TiO2 nanoparticles synthesized (a) in the absence of organic reagent and (b) in the presence of CH3(CH2)5NH2 and
FT-IR spectra of TiO2 nanoparticles synthesized with CH3(CH2)5NH2.
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dispersed in the trichloromethane phase, as shown in
Figure 7b. These results indicate that the surface of TiO2

was covered with organic ligands.
To further investigate the surface nature and

chemical bonding between the surface of nanocrystals
and organic molecules, Fourier transform infrared
(FT-IR) analysis was carried out. The FT-IR spectra of
TiO2 nanoparticles synthesized with hexylamine are
shown in Figure 7c and d. We can see from the figure
that two bands appear at 2,924 and 2,854 cm−1, which
corresponding to the stretching mode of methyl and
methylene groups. Also, –NH2 group is observed at
1,634 cm−1. These suggest that the organic ligand was
chemically bonded to the surface of TiO2 nanocrystals.
The formation of rod-like TiO2 is because the monamine
organic ligand is ready to attach to a lattice plane and
leads to the growth in one direction [34]. The morphology
of nanosized TiO2 is decided by the competitive growth
between [101] and [001] directions [35,36]. The addition
of hexylamine may result in a strong bind between
organic ligands and {001} faces. The growth scheme
diagram is shown in Figure 8. The growth along [001] is
forbidden due to the adhesion of hexylamine; however,
the growth along [101] direction occurs progressively,
resulting in the disappearance of {001} face.

4 Conclusion

A comprehensive research was made to explore the
ability to synthesize TiO2 nanoparticles taking advantage
of supercritical water. Different influence factors
including temperature, reaction time, precursor species,
and surface modification with organic ligand were
studied. Products synthesized at supercritical state
have high crystallinity compared to them synthesized
at subcritical conditions. Low reaction time (3 min)
facilities the formation of small (19.8 nm) and narrow
size distribution. Due to the hydrolysis properties of
TiCl4, it is not easy to form a uniform and small TiO2

nanoparticles when compared with Ti(SO4)2. The surface
nature properties and morphology of nanoparticles can
be modified by adding organic ligand. Rod-like TiO2 was
obtained with the addition of hexylamine.
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