
Crystallization Process of TiO2 Nanoparticles in an Acidic Solution

Hyunho Shin, Hyun Suk Jung, Kug Sun Hong,� and Jung-Kun Leey

School of Materials Science and Engineering, Seoul National University, Shillim-dong, Gwanak-gu, Seoul, 151-744, Korea
yLos Alamos National Laboratory, Los Alamos, NM 87545, U. S. A.

(Received April 30, 2004; CL-040493)

Hydrolysis of titanium tetraisopropoxide followed by con-
densation at 30 �C yields amorphous TiO2. Addition of nitric
acid for peptization greatly accelerates the rate of amorphous
to anatase conversion, resulting in an anatase with locally imper-
fect atomic structure. Further conversion to rutile in acidic solu-
tion has been observed and a plausible phase transformation
process has been postulated.

Two of the most representative polymorphs of TiO2, i.e., ru-
tile and anatase, have received much interest because of their ap-
plications such as photocatalyst, optical devices, medical treat-
ment, and environmental purifications.1,2 In sol–gel process to
prepare TiO2, based on the hydrolysis and condensation of tita-
nium alkoxide, the addition of acid redisperses coagulated col-
loid particles (peptization). It has been known that the peptiza-
tion by either nitric or hydrochloric acid promotes the formation
of rutile phase at a given titanium concentration.3,4 Although the
influence of acid addition on the eventual crystal structure has
been studied in some literatures,3,4 the crystallization process
with the lapse of reaction time is not available. Understanding
the process of crystallization is fundamental to the precise con-
trol of the polymorph type that is produced. Thus, in the present
work, the evolution of TiO2 crystal phases has been investigated
as a function of reaction time by freeze-drying reaction products
at selected reaction times.

Titanium tetraisopropoxide was hydrolyzed by adding an
excess amount of water (water/Ti = 50) at 30 �C. Nitric acid
was then added in 24 h of total reaction time for peptization
(acid/Ti = 0.5). An appropriate amount of colloidal TiO2 sol
was taken from the reaction batch at different reaction intervals,
followed by an immediate freeze drying in liquid nitrogen for
24 h. The quenched reaction product was characterized using
X-ray diffraction (XRD), transmission electron microscopy
(TEM), and Raman spectroscopy.

Figure 1 shows XRD patterns from quenched samples at
varying reaction times. Before the addition of acid, no notable
peaks are observed (hydrolysis/condensation time, th/c ¼ 10

min and 24 h). The peak of anatase (A) appears with a trace of
rutile (R) in about 12 h after the addition of acid (peptization
time, tpep ¼ 12 h). After 24 h of reaction time, the maximum
peak intensity of rutile phase increases (250 ! 616 counts)
while that of anatase decreases (381 ! 323 counts).

Raman spectra from quenched samples at various reaction
times are shown in Figure 2. Spectra from th/c ¼ 10min and
24 h samples exhibit a broad band between 425 and 605 cm�1,
which results from amorphous or highly distorted phase in the
light of Ocana et al.5 who observed similar bands at 430 and
600 cm�1. Selected area diffraction pattern from the same speci-
men in TEMmode also showed a diffuse ring (not shown). These
results indicate that XRD patterns from th/c ¼ 10min and 24 h

result from the amorphous nature of the samples, not from the
ultrafine nature of nanocrystals.

For peptized samples, there is an evidence of crystalline
phase in Raman spectrum even when tpep is as early as 10min,
although crystalline phase appears only after tpep is about
12 h in XRD (Figure 1). However, in tpep ¼ 10min sample
(Figure 2), the shifted Raman peaks from the position of anatase
(A [A1g]: 515 cm

�1) and rutile (R [A1g]: 605 cm�1) and the
broad band at 400–440 cm�1 (A [B1g] and R [Eg]) indicate that
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Figure 1. XRD patterns from samples at various reaction times.
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Figure 2. Raman spectra from samples at various reaction
times.
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these specimens have highly distorted crystalline structure.6

Thus, the absence of specific peaks in XRD patterns of tpep ¼
10min and 6 h samples results from such nature of TiO2 nano-
crystals. When peptization time is increased to 24 h, Raman peak
positions are not shifted much, implying that the local crystal
distortion is less significant. In this sample, however, the peak
intensity of anatase is smaller than rutile in Raman spectrum
which characterizes a local atomic arrangement. In XRD
(Figure 1), which characterizes a global atomic arrangement,
anatase is certainly the major phase. Thus, the local distortion
in anatase does not seem to be completely eliminated before
the apparent growth of rutile at tpep ¼ 24{48 h (Figure 1).

From Figures 1 and 2, no evidence of crystalline phase is
found during hydrolysis/condensation reaction until th/c ¼
24 h. Bischoff and Anderson3 also reported similar results in
XRD. However, they interpreted their XRD results from initial
hydrolysis product that the crystallites were too small to be de-
tected by XRD as crystalline. However, from the additional evi-
dences in this work, the initial product of hydrolysis/condensa-
tion reaction is certainly amorphous. In their work, aging of the
acid-free hydrolysis/condensation product for 3–5 weeks yield-
ed crystalline (anatase and brookite) peaks in XRD. Therefore, it
would be inferred that the activation energy of conversion from
the highly metastable amorphous phase to the similarly metasta-
ble anatase in their work was fairly low so that the conversion
was achieved even at an ambient temperature.

At initial stage of peptization, anatase phase (tpep ¼ 10min
in Figure 2) is crystallized from the previously formed amor-
phous phase (thc ¼ 24 h in Figure 2). In general, the presence
of acid promotes the dissolution of an amorphous phase, and thus
the facilitation of amorphous to anatase transformation in the
acidic solution (a low-activation energy process) is believed to
be associated with the dissolution of amorphous phase and rep-
recipitation to anatase. The growth rate of anatase is such that a
detectable amount of anatase by XRD is observed as early as
12 h of peptization time. This result is fairly fast as compared
to the case of 3–5 weeks in acid-free solution.3 Such fast growth
rate is interpreted to be responsible for the local distortion of the
atomic arrangement in anatase. Thus, the fast-grown anatase in
the acidic solution is thermodynamically less stable as compared
to a well-crystallized anatase, allowing a more suitable transfor-
mation to a stable state, e.g., rutile. Summarizing the anatase for-
mation in acidic solution, the conversion rate of the amorphous
to anatase has been greatly facilitated by the presence of acid,
yielding a locally distorted atomic arrangement in anatase.

Once detectable amount of rutile by XRD is observed
at tpep ¼ 24 h (Figure 1), rutile phase grows predominantly
thereafter by decreasing anatase peak intensity, indicating that
anatase transforms to rutile. In general, anatase transforms irre-
versibly to rutile at temperatures ranging from 400 to 1200 �C,7,8

depending on particle sizes, crystal morphologies, and additives.
This implies that the activation energy (�E0) of the conversion
from anatase to rutile is fairly high, inhibiting the conversion at
low temperatures. It was previously pointed out that anatase
could not change to rutile under low-temperature hydrothermal
conditions in HCl solutions,9 presumably owing to the lack of
providing enough activation energy at a low temperature. How-
ever, our result clearly indicates a transformation of anatase to
rutile even at 30 �C. Although the temperature was not as low
as the one in the current work, Wu et al.10 also reported recently

that a treatment of an encapsulated sol product below 220 �C
yielded transformation of anatase to rutile. Therefore, it is nec-
essary to consider the reason why such anatase to rutile conver-
sion could be achieved at such a low temperature in solution.

The initial pH (pHi) of the solutions during peptization in
the current work was 0.66 and the initial concentration of Ti dur-
ing hydrolysis/condensation step was about 0.02M. In this high-
ly acidic and titanium-dilute conditions, thermodynamically
most stable Ti(IV) ionic species is Ti(OH)2

2þ.11 In the theoreti-
cal prediction by Lencka and Riman based on the ideal solution
approximation,11 there is a solution condition ([Ti] and pH)
where the order of the magnitude of the chemical potentials is
�r < �i < �a where� is the chemical potential, and subscripts
r, i, and a denote rutile, Ti(OH)2

2þ, and anatase, respectively.4 In
the experimental observation by Yamabi and Imai,4 our solution
condition is such a case. It is hypothesized that the presence of
the metastable state i in the reaction system would reduce the ac-
tivation energy from �E0 (the case when the metastable state is
absent in a solid-state reaction) to�E1 and�E2, for the two-step
process in a solution. If the presence of another metastable state i
lowers the activation energy as such (�E0 > �E1 and �E0 >
�E2), the transformation of anatase to rutile would be achieved
at a fairly reduced temperature. This low-activation-energy path
involves the dissolution of anatase to the metastable phase
Ti(OH)2

2þ, followed by the reprecipitation to the stable rutile
phase.

In summary, amorphous TiO2 phase forms before the pepti-
zation. Addition of acid (peptization) greatly facilitates the
growth rate of anatase from amorphous phase, yielding anatase
phase with a locally distorted atomic arrangement. Then, rutile
phase grows via the consumption of the metastable anatase in
the acidic solution. It was postulated that the presence of a ther-
modynamically metastable ionic species, Ti(OH)2

2þ, in the solu-
tion, provides a low-activation-energy path. Thus, the anatase to
rutile transformation would be achieved even at 30 �C in the
acidic solution via the dissolution of the locally imperfect ana-
tase to form Ti(OH)2

2þ, followed by reprecipitation to rutile.

References
1 A. Fujishima, T. N. Rao, and D. A. Tryk, J. Photochem.

Photobiol., C, 1, 1 (2000).
2 M. R. Hoffmann, S. T. Martin, W. Choi, and D. W.

Bahnemann, Chem. Rev., 95, 69 (1995).
3 B. L Bischoff and M. A. Anderson, Chem. Mater., 7, 1772

(1995).
4 S. Yamabi and H. Imai, Chem. Mater., 14, 609 (2002).
5 M. Ocana, J. V. G. Ramos, and C. J. Serna, J. Am. Ceram.

Soc., 75, 2010 (1992).
6 G. A. Tompsett, G. A. Bowmaker, R. P. Cooney, J. B.

Metson, K. A. Rodgers, and J. M. Seakins, J. Raman
Spectrosc., 26, 57 (1995).

7 F. C. Gennari and D. M. Pasquevich, J. Mater. Sci., 33, 1571
(1998).

8 R. L. Penn and J. F. Banfield, Am. Mineral., 84, 871 (1999).
9 T. R. N. Kutty, R. Vivekananandan, and P. Murugaraj,

Mater. Chem. Phys., 19, 533 (1988).
10 M. Wu, G. Lin, D. Chen, G. Wang, D. He, S. Feng, and

R. Xu, Chem. Mater., 14, 1974 (2002).
11 M. M. Lencka and R. E. Riman, Chem. Mater., 5, 61

(1993).

Chemistry Letters Vol.33, No.10 (2004) 1383

Published on the web (Advance View) September 25, 2004; DOI 10.1246/cl.2004.1382


