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Abstract

Highly crystalline anatase TiO2 nanoparticles have been synthesised in less than 1min in a supercritical propanol–water mixture using

a continuous flow reactor. The synthesis parameter space (T, P, concentration) has been explored and the average particle size can be

accurately controlled within 10–18 nm with narrow size distributions (2–3 nm). At subcritical conditions amorphous products are

obtained, whereas a broad range of T and P in the supercritical regime gives 11–14 nm particles. At high temperature and pressure, the

particles size increase to 18 nm. The nanoparticles have been extensively characterised with powder X-ray diffraction (PXRD),

transmission electron microscopy (TEM) and small-angle X-ray scattering (SAXS) with excellent agreement on size and size distribution

parameters. The SAXS analysis suggests disk-shaped particles with diameters that are approximately double the height. For comparison,

a series of conventional autoclave sol–gel syntheses have been carried out. These also produce phase-pure anatase nanoparticles, but with

much broader size distributions and at much longer synthesis times (hours). The study demonstrates that synthesis in supercritical fluids

is a very promising method for manipulating the size and size distribution of nanoparticles, thus removing one of the key limitations in

many applications of nanomaterials.

r 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Nanomaterials are cornerstones in many attempts to
develop and exploit nanotechnology. During the last
decades, the insight into structures of nanomaterials has
dramatically improved through application of new and
improved methods for characterisation [1]. However, in
applications of nanomaterials it is often the primary
synthesis, which is limiting further exploitation. It is
therefore important to focus on new processing technolo-
gies if nanomaterials are to become competitive in the
market. One critical issue is that in order to have well-
defined size-dependent properties, it is essential to have a
narrow size distribution of the material.
e front matter r 2006 Elsevier Inc. All rights reserved.
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Numerous techniques are being developed for producing
nanopowders including high-temperature gas synthesis
methods such as flame synthesis and plasma arc processes
[2]. Solution sol–gel, solvothermal (including hydrother-
mal), and microemulsion techniques are the major low-
temperature processes for synthesis of nanomaterials [2].
Sol–gel processing is widely used as it is a versatile
technology to produce high-purity materials with a relative
small particle size. The key drawbacks of the sol–gel
process are that it is time consuming, and the materials
need post-treatment such as drying and calcination. In
addition to a higher energy usage and a more complicated
process, this has the unfortunate effect of crystal growth.
One problem with conventional solvothermal batch meth-
ods is the quite uncontrolled temperature and pressure as
well as slow process time, which leads to broad size
distributions of the particles. Microemulsion techniques
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Fig. 1. Sketch of the supercritical synthesis equipment.
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give highly homogenous particles (i.e., narrow size
distributions), but it is a relatively slow batch process with
limited chemical flexibility.

Another approach to synthesis of nanoparticles is to use
supercritical fluids [3]. Supercritical fluids exhibit particu-
larly attractive properties such as gas-like transport
properties (diffusivity, viscosity and surface tension), yet
they also have liquid-like properties such as high-solvation
capability and density. Furthermore, the solubility can be
effectively manipulated by small changes in pressure and
temperature. This tuneable solubility is a unique property
that makes supercritical fluids different from conventional
solvents. The properties of supercritical fluids have
attracted attention, e.g., for potential applications as
environmentally friendly solvents for chemical processing
[4]. Carbon dioxide is the most widely used fluid for dense
fluid applications because of its moderate critical constants,
non-toxic nature, low cost and availability in pure form.
Supercritical CO2 is typically applied commercially in
extraction processes such as decaffeination of coffee,
but many other applications of supercritical fluids have
been reported including synthesis of submicron-sized
particles [5].

Here we report on synthesis of highly homogenous
anatase TiO2 nanoparticles using a continuous-flow super-
critical system that allows quick exploration of synthesis
parameter space (temperature, pressure, concentration).
For comparison, a conventional sol–gel process has also
been explored. The particles have been extensively char-
acterised using powder X-ray diffraction (PXRD), trans-
mission electron microscopy (TEM) and small-angle X-ray
scattering (SAXS). Especially, the latter technique is
relatively rare in the literature on supercritical nanoparticle
synthesis. This is unfortunate since comparison of SAXS
results with more conventional TEM and PXRD results
allow conclusions about crystallinity of the particles to be
made. The crystallinity of the synthesised particles is highly
important in many applications, since it strongly affects the
physical and chemical properties of the sample. Our
synthesis system has large chemical flexibility, and unlike
batch systems there is no operating downtime [6]. We have
synthesised the TiO2 nanoparticles with a narrow size
distribution using titaniumisopropoxide in a mixture of
supercritical isopropanol and water (5%). Synthesis in
supercritical 2-propanol without addition of water gives no
reaction. There has been intense interest in nanosized TiO2

both in basic science and in industry due to a range of
unique properties (e.g., photocatalysis, solar cells) [7]. The
synthesis times in our apparatus are short (seconds) since
we mix the extremely hot supercritical solvent with the cold
reactant. Besides giving control over temperature and
pressure, this leads to instantaneous crystallisation, where
crystal nucleation far exceeds crystal growth. In most other
synthesis methods there are process steps, where the mass
or heat is poorly controlled. The removal of such process
steps is what leads to narrow particle size distributions in
the supercritical method.
2. Experimental

2.1. Synthesis

The supercritical synthesis system we use is sketched in
Fig. 1. The essential features are that all pumps are kept
‘‘cold’’, and that the synthesis is continuous, which allows
scaling and complete control over synthesis parameters.
The only expensive material required is for the pipes and
the reactor block, which are made out of the highly
corrosion-resistant alloy Inconel625. In our setup, the
solvent is first pressurised and then pumped into a standard
tube furnace using standard air-driven liquid pumps. After
reaching the desired temperature and pressure, the (super-
critical) solvent meets one or more reactant solution(s) in
the reactor block, and the reaction then takes place
immediately upon mixing as well as during the backflow
through the furnace. The superheating of the solvent string
relative to the reactant string can be maintained all the way
through the reactor block, which is temperature controlled
by resistance heaters drilled into the block. Once outside
the furnace, effective cooling of the reaction mixture is
performed to save pressure and product outlets. All ‘‘cold’’
components are made of standard Steel 316, which can
handle up to 1500 bar and 150 1C.
As a reference experiment we have synthesised TiO2 by

the sol–gel method of Kolen’ko et al. [8]; 100mL TiCl4 was
slowly added to 750mL water and crushed ice. Additional
ice was added as it melted, and this resulted in a clear but
very acidic yellow solution. TiO2-gel was precipitated by
adding concentrated ammonia solution up to pH ¼ 8, and
the gel was washed chloride free by repeated centrifugation
and redispersion in water. This resulted in a white gel with
a water content of 85%. The gel was transferred to 15mL
autoclaves, which were filled 2/3 with the gel and heated to
150, 200 and 250 1C, respectively. Furthermore, the
synthesis time was varied between 1/2, 1, 1

1/2, 2 and 24 h
for each temperature producing a total of 15 synthesis
products.

2.2. Powder X-ray diffraction

PXRD data were measured on a STOE powder
diffractometer at the Department of Chemistry, University of
Aarhus, Denmark. A Ge(111) single crystal monochromator
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was used to produce CuKa1 radiation, which was detected with
a 401 position sensitive detector. The Scherrer equation gives
the volume weighted particle size as D ¼ 0.94� 0.154nm/
(FWHM*cos y) in the Gaussian approximation for CuKa

radiation. The full-width at half maximum of the peak
(FWHM) is in radians. The instrumental broadening was
obtained from the peak width of a LaB6 standard sample. For
all samples, the (101) peak was fitted with a Pseudo-Voigt
function, and the Gaussian component was in all cases
between 50% and 70%. In a Gaussian model for the peak
widths, the total width is given as W2

total ¼W2
particle+W2

inst,
whereas a purely Lorentzian peak width gives Wtotal ¼Wparti-

cle+Winst. These two estimates bracket the actual peak width,
and provides lower and upper estimates of the particle size. For
further description of standard powder diffraction methods to
obtain particle sizes, please see the seminal books by Warren
[9] or by Guinier [10].
2.3. Small angle X-ray scattering

The SAXS measurements were performed on a Bruker
AXS Nanostar pin-hole camera optimized for solution
scattering at the Department of Chemistry, University of
Aarhus, Denmark [11]. Suspensions of the nanoparticles
were prepared with the concentrations less than 1wt%.
The suspensions were flame sealed in boron silicate
capillaries, which were placed directly in the vacuum of
the SAXS instrument. A capillary filled with solvent was
measured and subtracted as background from the sample
measurements. The azimuthally averaged data were least-
squares fitted using a model of polydisperse particles [12].
The data were fitted using form factors of flat disks
with diameter D and height H, and a Schultz size
distribution [13]. The size variation between particles was
assumed to be affine, so that only one distribution had to
be included.
Table 1

Experimental details for the 13 synthesis products obtained with variable tem

Product Pressure (bar) Tpipe (1C) Tblock (1C)

1 58 137 75

2 160 142 75

3 300 145 80

4 450 139 84

5 58 238 110

6 150 239 118

7 300 233 125

8 450 235 132

9 58 295 150

10 150 305 155

11 300 318 165

12 460 308 175

13 500 430 245

For SAXS, D is the diameter, and H the height of the flat disk model used to fi

0.39 and 0.47 [13]. For PXRD, D is the volume-averaged diameter of the parti

peak widths W (W2
total ¼W2

particle+W2
inst) [9,10]. In parenthesis values obtaine
2.4. Transmission electron microscopy

TEM images were recorded on a Philips CM20 working
at 200 kV at the Department of Physics, University of
Aarhus, Denmark. A drop of the particle suspensions was
deposited on a carbon-coated TEM grid and allowed to
dry before investigation.
3. Results and discussion

3.1. Supercritical synthesis

First we show results for a synthesis run, where
temperature and pressure was changed continuously for
constant reactant concentration and no heating on the
reaction block, Table 1. The supercritical solvent was 2-
propanol (Tc ¼ 235.6 1C, Pc ¼ 53.7 bar) with 5% water
and the reactant solution was 0.1M titaniumisopropoxide
(ACROS 98%) in 2-propanol. The experiment used a flow
rate of approximately 20mL/min.
Determination of particle sizes and size distributions is a

key issue in all research focussed on nanopowders [14], and
here we establish these parameters not only by PXRD and
TEM, but also by SAXS. The results obtained with the
three different methods agree very well. From the PXRD
data, we can qualitatively monitor the crystallinity of the
product, Fig. 2, and based on the peak width the volume
averaged particle size was estimated using the Scherrer
equation [15]. Use of a low-order reflection in the size
estimate minimises the effect of strain broadening. The
Scherrer estimate is a lower estimate of the particle size,
and as seen in Table 1 it ranges from 11–18 nm for the
different crystalline products. For all synthesis runs above
the critical point, single-phase anatase is obtained. The
particle size estimates obtained from the SAXS data are in
very good agreement with the PXRD estimates, Table 1.
perature and pressure

DSAXS (nm) HSAXS (nm) DPXRD (nm)

Gel Amorphous

Gel Amorphous

Gel Amorphous

Gel Amorphous

11.5 4.9 12.0 (15.7)

10.7 5.4 11.7 (15.3)

10.7 4.4 10.6 (13.4)

11.2 4.7 11.4 (14.7)

11.5 4.8 12.8 (16.9)

13.5 4.5 12.8 (16.9)

11.7 5.1 11.3 (14.5)

16.3 5.3 13.9 (18.9)

17.1 7.5 17.2 (25.0)

t the data [13]. For the SAXS fits, the relative polydispersity was between

cles corrected for instrumental broadening using a Gaussian model for the

d with a Lorentzian correction are listed (Wtotal ¼Wparticle+Winst).
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Fig. 2. Powder X-ray diffraction data of the supercritical synthesis

products in Table 1. The vertical bars correspond to the diffraction angles

of anatase.

Fig. 3. HRTEM of supercritical synthesis product 11 showing crystal

lattices extending to the edges of the crystallites. A Moire pattern is seen

where two crystallites overlap.
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Typically the diameter of the disk-shaped particles is within
1 nm of the PXRD crystallite size estimate. On the other
hand, the height of the disk is only half the diameter
suggesting anisotropic particles. This is somewhat at
variance with the PXRD data, where the peak widths only
have a slight increase with scattering angle. A William-
son–Hall type plot therefore indicates limited strain as well
as limited size anisotropy. Nevertheless, the agreement
between SAXS particle size estimates, and PXRD crystal-

lite size estimates suggests that the particles are highly
crystalline. This is also supported by HRTEM images,
which reveal that the crystal lattices extend to the edges of
the crystallites, Fig. 3.
The TEM image, Fig. 4a, is illustrative of the high
homogeneities of the samples, and all particles appear of
equal size. The estimate of the size distribution from TEM
is also shown in Fig. 4a. Indeed the particles have a very
narrow size distribution (1372 nm), and the average size is
in excellent agreement with the PXRD and SAXS result.
This demonstrates that the grains observed in the TEM
images in fact are the individual nanoparticles. For
comparison the conventional sol–gel synthesis technique
gives larger particles with a much broader size distribution
(2278 nm), Fig. 4b. Size distributions can also be
estimated from the SAXS data, and in Fig. 5 we have
plotted distributions for products 8, 11 and 13. The SAXS
data indicate slightly broader distributions than estimated
from the TEM images. Overall, the data in Table 1 reveal
that under subcritical conditions no crystalline particles are
formed (products 1-4). In the supercritical state, there is a
quite broad region in temperature and pressure, where the
products have similar sizes (11–12 nm). At very high
pressure and temperature, there is an increase in particle
size to 18 nm.
In a second synthesis run we vary the reactant

concentration (0.01, 0.05, 0.1, 0.25, 0.5, 1.0M) for fixed
temperature and pressure similar to the conditions of
product 11 in Table 1, and in Fig. 6 we show the
corresponding PXRD data on the synthesis products. In
this synthesis run, we have also controlled the temperature
of the reaction block to 300 1C (Fig. 1). As before single
phase anatase is obtained and in Fig. 7 the volume-
averaged particle sizes obtained with PXRD are plotted.
The particle size increases with increasing reactant con-
centration from 11 to 14 nm. Decreasing the reactant
concentration below 0.01M presumably will lead to a
further decrease in particle size, but the mass of the
synthesis product then decreases very sharply as well. This
is an important parameter in an industrial process. On the
other hand, it is clear that 14 nm particles can be produced
even at high reactant concentrations making large-scale
production possible. In the present set-up, a flow of 10mL/
min of a 0.1M precursor meeting a 10mL/min stream of
supercritical solvent gives a yield of about 5 g/h. In an
industrial application scaling up is simple, e.g., compared
with scaling up a batch synthesis. One may note that the
particles obtained with 0.1M reactant and temperature-
controlled reaction block are slightly larger than the
particles obtained without temperature control of the
reactant block (12.6 versus 11.3 nm). As seen in Table 1,
a slight temperature drop in the overheated solvent due to
lack of temperature regulation of the block was expected to
have exactly this effect on the particle size.

3.2. Conventional sol–gel synthesis

In Table 2, we list particle size estimates obtained by
SAXS for the conventional sol–gel synthesis products, and
in Fig. 8 the particle diameters and heights are plotted as a
function of synthesis time. PXRD data show that all
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Fig. 4. (a) TEM image of product 11. The size distribution was derived from 150 particles in the image giving 1372 nm.(b) TEM image of a product

synthesised by a conventional sol–gel method at 250 1C for 24 h. The size distribution was derived from 150 particles in the image giving 2278 nm.

Fig. 5. Particle size distributions for supercritical synthesis products 8, 11

and 13 obtained from the SAXS data.

Fig. 6. Powder X-ray diffraction data from supercritical synthesis

products obtained with variable reactant concentration and T ¼ 300 1C,

P ¼ 300 bar.

P. Hald et al. / Journal of Solid State Chemistry 179 (2006) 2674–26802678
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Fig. 7. Particle size (PXRD) as a function of reactant concentration for

supercritical synthesis with P ¼ 300 bar and T ¼ 300 1C.

Table 2

Experimental details for the 15 synthesis products obtained with

conventional sol–gel synthesis

1/2 h 1 h 11/2 h 2 h 24 h

150 1C 8.9 6.6 6.4 5.8 10.3

3.7 3.8 4.4 4.6 1.7

200 1C 11.2 13.7 15.1 13.3 17.2

6.9 9.7 10.7 10.7 13.1

250 1C 12.5 16.8 17.4 17.9 21.8

9.4 11.1 11.9 12.3 17.4

Size characterisation was done with SAXS. The first entry is the disk

diameter and the second entry the disk height [13].

Fig. 8. Particle size (SAXS) as a function of synthesis time for the

conventional sol–gel process. The squares refer to particle diameter

(black), and the circles to particle height (red).
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products are phase-pure anatase (data not shown). Fig. 8
nicely demonstrates that increasing synthesis time or
temperature leads to an increase in both particle diameter
and height. The only anomaly is the 150 1C/24 h synthesis,
which shows a drop in disk height relative to shorter
reaction times. As mentioned above, the TEM data on the
sol–gel product show much broader size distributions than
for the supercritical synthesis method. The agreement
between TEM and SAXS size estimates for the 250 1C/24 h
sol–gel synthesis product is excellent (22 nm for TEM,
Fig. 4b; 21.8 nm for SAXS).

4. Conclusion

It has been demonstrated that highly homogenous and
phase-pure anatase nanoparticles can be produced in
seconds using a supercritical synthesis system. The
tunability of supercritical fluids makes it possible to
manipulate the size and size distribution of nanoparticles,
thus removing one of the key limitations in application of
nanomaterials. The small particle size and narrow size
distribution is obtained because formation of a large
number of primary particles is instantaneous when the hot
supercritical solvent meets the cold reactant. The system
described here is comparatively cheap, and pressure,
temperature, flow rate and reactant concentrations can be
changed continuously. Thus, the synthesis parameter space
can quickly be mapped for a new reaction making
optimisation straightforward. For all synthesis runs the
size estimates obtained from PXRD, SAXS and TEM
agree very well with typical particle sizes of 1272 nm at the
low and intermediate supercritical temperature and pres-
sure. The size increases to about 18 nm at high temperature
(4400 1C) and high pressure (4400 bar). The excellent
agreement between particle size estimates (SAXS, TEM)
and crystallite size estimates (PXRD) suggests that the
nanoparticles are highly crystalline even at synthesis times
of the order of tens of seconds. For comparison, a series of
conventional sol–gel syntheses were carried out. Single-
phase anatase nanoparticles are also produced with this
method, but the size distributions are much broader and
the synthesis times are much longer.
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