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Phase transition of individual anatase TiO2

microcrystals with large percentage of (001)
facets: a Raman mapping and SEM study†
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TiO2 has been extensively studied in many fields including photocatalysis, electrochemistry, optics, etc.

Understanding the mechanism of the anatase–rutile phase transition (ART) process is critical for the

design of TiO2-based high-activity photocatalysts and tuning its properties for other applications. In this

work, the ART process using individual anatase micro-particles with a large percentage of (001) facets

was monitored and studied. Phase concentration evolution obtained via Raman microscopy was corre-

lated with the morphological evolution observed in scanning electron microscope (SEM) images. The

ART of anatase microcrystals is dominated by surface nucleation and growth, but the ART processes of

individual anatase particles are distinctive and depend on the various rutile nucleation sites. Two types of

transformation pathways are observed. In one type of ART pathway, the rutile phase nucleated at a cor-

ner of an anatase microcrystal and grew in one direction along the edge of the crystal firstly followed by

propagation over the rest of the microcrystal in the orthogonal direction on the surface and to the bulk

of the crystal. The kinetics of the ART follows the first-order model with two distinct rate constants. The

fast reaction rate is from the surface nucleation and growth, and the slow rate is from the bulk nuclea-

tion and growth. In the other type of ART pathway, multiple rutile nucleation sites formed simultaneously

on different edges and corners of the microcrystal. The rutile phase spread over the whole crystal from

these nucleation sites with a small contribution of bulk nucleation. Our study on the ART of individual

micro-sized crystals bridges the material gap between bulk crystals and nano-sized TiO2 particles. The

anatase/rutile co-existing particle will provide a perfect platform to study the synergistic effect between

the anatase phase and the rutile phase in their catalytic performances.

Introduction

TiO2 has been extensively studied because of its interesting
chemical and optical properties. Rutile and anatase are the two
main polymorphs of TiO2 that are easy to synthesize. They have
been widely employed in areas such as photocatalysis,1–3

electrochemistry,4,5 photovoltaics,6–8 microwave absorption,9,10

etc. In photocatalysis, it is generally accepted that anatase
displays higher photocatalytic activities than rutile.11–16 Many

studies show that anatase/rutile mixed-phase TiO2 has higher
photoactivity than the single-phase TiO2

17–23 with the mixed-
phased TiO2 P25 being regarded as the ‘‘golden standard’’ for
photocatalysis. The synergistic effect between anatase and rutile
which enhances the separation of photogenerated electrons and
holes has been attributed to the high catalytic activities of mixed-
phase TiO2.

17–21 However, the synergistic mechanism is still
under debate.16,22 Therefore, understanding the phase transfor-
mation process of TiO2 is critical for achieving the desired crystal
phase for its designed applications.

Anatase is the metastable phase whereas rutile is the stable
polymorph under ambient conditions.13,24–29 Anatase–rutile
phase transition (ART) is complex as it occurs at a wide
temperature range between 4001 and 1200 1C24–26 depending on
grain size, impurities, morphology, sample preparation method,
heating process, etc.4,14,15,30 Both anatase and rutile are tetragonal
but have different space groups, I41/amd (a = 3.785 Å, c = 9.514 Å)
for anatase and P42/mnm (a = 4.594 Å, c = 0.2959 Å) for rutile,31,32

respectively. The TiO6 octahedra in the unit cell of an anatase
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crystal share four edges with neighboring octahedra, and TiO6

octahedra in the unit cell of a rutile crystal share two edges.33–35

Therefore, when the ART takes place, TiO2 undergoes a recon-
structive process that involves the breaking and reforming of
bonds and introduces about 8% volume contraction.13,36

Qualitative and quantitative phase analyses of titania parti-
cles have been performed using various techniques.25,27,28,37–41

X-ray diffraction (XRD) has been used in the determination of
the relative quantities of anatase and rutile components during
the phase transition process since the 1950s. The relative
percentages were calculated via the intensity ratio of the rutile
(110) peak to the anatase (101) peak of titania powder.14,25,38,42–44

However, the spatial resolution of the XRD is limited to tens of
micrometers even with micro XRD. Raman spectra have also
been employed for qualitative and quantitative phase analysis
because of the clear distinction between the anatase phase and
the rutile phase13,27,28,45,46 with a submicron meter spatial
resolution.47–49 Until recently, the understanding of the ART
mechanism and kinetics developed from the XRD and Raman
studies was based on the ensemble collections of the scattered
light from titania powder samples, which represent the collective
phase stability and transformation kinetics of nanoparticles.
However, transmission electron microscopy (TEM) studies can
directly image atomic-level structure changes of individual
nanoparticles during titania aggregations43,50 and have shown
that the ART process starts with rutile nucleation at anatase
{112} twin boundaries.42 Very recently, in situ TEM investigations
have shown different pathways of titania polymorphs’ phase
transition and electron beam irradiation induced titania phase
transition from individual nanoparticles.30 Although the ART
process and mechanism have been extensively studied, whether
the surface nucleation or bulk nucleation dominates the ART is
still a question.23,27,28 The connection between the phase transi-
tion kinetics obtained from ensemble studies and the ART
process observed at the single-particle level is also missing
because of the mismatch of the size of the nanoparticles and
the spatial resolution of these microscopy techniques.

Here, micro-sized single crystalline anatase particles with a
large percentage of reactive (001) facets51–54 were chosen to
study the ART process of a single particle. It is an ideal system
that overcomes the ‘‘size’’ issue of TiO2 nanoparticles and
bridges the size gap between the bulk crystal and nanoparticles.
It provides various well-defined crystal surface facets to correlate
the sub-particle structure with the ART process of a particle. We
determined the evolution of ART of individual micro-sized
anatase TiO2 single crystals. The crystal phases of these anatase
microparticles were spatially monitored using a Raman micro-
scope after different annealing times and were correlated with
the morphological changes in SEM images. The nucleation
location of the rutile phase and the gradual progression of the
rutile phase in the ART process were observed on each particle.
Our results showed that each anatase microparticle showed
different phase and morphological evolution pathways during
phase transition but are dominated by the surface nucleation
and growth. The kinetics of the ART were examined, and the
rate constants were determined. Individual particles with a

co-existing anatase/rutile interface were prepared which serve
as a perfect platform to study the synergetic effect of anatase/
rutile in photocatalysis.

Experimental section

Micro-sized anatase TiO2 single crystals with a high percentage of
(001) facets were synthesized by a hydrothermal route developed
by Yang et al.51,53 In our typical synthesis, TiF4 was dissolved in a
diluted hydrochloric acid (pH around 2) to form a 5.33 mM
solution. Next, 30 ml of the TiF4 aqueous solution and 90 ml of
concentrated hydrofluoric acid (50 wt%) were added to a Teflon-
lined autoclave. The mixture was kept at 180 1C for 18 hours in an
oven. After the hydrothermal reaction, the white precipitates were
collected, washed with DI water and ethanol three times, and then
dried in an oven at 100 1C for 6 hours. The anatase crystals were
subsequently redispersed in an ethanol solution and were drop
cast on a Si substrate.

The annealing process was carried out in the air in a muffle
furnace oven. First, the particles were annealed at 600 1C for
2 hours to remove the surface fluoride. Then particles were
heated at different temperatures (1000 1C to 1150 1C) for
various time durations (from 4 to 50 hours). Raman and SEM
measurements were carried out before annealing and after
annealing at various temperatures and various time durations
to monitor the morphological and structural changes of the
particles. Raman spectra showed no evidence of ART when the
anatase microcrystals were annealed up to 1000 1C for 20 hours.
Most of the anatase crystals started the ART within one or two
hours of annealing at 1100 1C. Therefore, the annealing tem-
perature of 1050 1C was chosen to monitor the ART phase
transition process with Raman and SEM. In a typical 1050 1C
annealing process, the sample temperature was increased
from room temperature to 1050 1C with a rate of 10 1C minute�1

and then kept at 1050 1C for 2 hours. After the annealing, the
sample was cooled to room temperature for Raman and SEM
measurements. Then it was heated up at a ramping rate of
30 1C minute�1 to 1050 1C and kept at 1050 1C for another
2 hours, noted as a total annealing time of 4 hours and so on.

Raman measurements were conducted using a lab-built
Raman microscope, which consisted of a 532 nm laser as the
excitation source and a Zaber ASR-E closed-loop microscope
stage (Zaber Technologies Inc., Canada) for scanning and
focusing control. A focused laser beam with a spot size of
B0.7 mm was scanned over the samples’ surface to obtain the
chemical information at a submicron level. The Raman spectra
were collected using a Princeton Instruments SCT-320 spectro-
meter with a 1200 lines per mm grating through a 0.85/60�
objective lens. Raman maps were collected with a 0.33 mm step
size and 1 second accumulation time. It must be mentioned
that mechanical drift can result in slight skewing in some of the
Raman maps. This is common and is similar to other scanning
imaging methods.55

Scanning Electron Microscope (SEM) images were collected
with an FEI Focused Ion Beam SEM Microscope (FEI-Versa 3D).
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Results and discussions

Fig. 1 presents SEM images and representative Raman spectra
from several anatase microcrystals (Fig. 1(a)–(c)) and the trans-
formed particles (Fig. 1(d)–(f)) after annealing at 1100 1C for
18 hours. Before annealing, anatase microcrystals expose a large
(001) facet surrounded by the {101} facets (Fig. 1(g) inset).
Compared to an elongated bipyramidal shape of natural anatase,
these microcrystals are of truncated bipyramid. The area of the
top (001) facet of Particle #1 (Fig. 1(a)) is measured as 5.1 mm �
5.1 mm. Based on the symmetries of anatase microcrystals
(Fig. S1, ESI†),47,51 the percentage of (001) facets is estimated
as 88%. The large (001) facet is a characteristic signature of the
isotropic growth along h100i as well as h010i axes and surmount-
ing the high surface energy of (001) with F� as a stabilizing
agent.51

The Raman spectrum taken from the center of the (001) face
exhibits an intense peak at 142 cm�1 (Fig. 1(g)), which is identified
as an Eg mode of the anatase vibrational spectrum.56–59 The peaks
at 395 and 637 cm�1 are identified as B1g and Eg modes,
respectively. The peak at 517 cm�1 is from the partially overlapped

peaks from A1g (513 cm�1) and B1g (519 cm�1) of anatase and the
Si B1g peak at 520 cm�1 from the substrate. Raman spectra from
the whole Particle #1 are presented in Fig. S2a (ESI†). The peak
position of the Ramanmodes from Particle #1 agrees well with the
values reported for anatase crystals with large (001) facets.26,47,57,60

Annealing Particle #1 at 1100 1C for 18 hours induced
significant changes in morphology and Raman spectrum. The
most noticeable change is the apparent truncation of the upper-
left-hand and lower-right hand corners (Fig. 1(d)), transforming
the shape from a perfect square to an irregular hexagon. In
addition, the angles at the lower-left hand and upper-right
hand corners increase from 901 to an oblique angle of 1001.
By comparing the images before and after annealing, the area
of the top surface of the particle decreased by about 9%. This
value is very close the reported volume contraction (B8.5%)
between anatase and rutile calculated from the density of anatase
(3.89 g cm�3) and rutile (4.25 g cm�3).13,31,44 This indicates that
there was little change in the thickness of Particle #1.

The Raman spectrum of the transformed Particle #1 indeed
shows the vibrational modes associated with the rutile phase
(Fig. 1(h)). The Raman spectra from the whole Particle #1 are

Fig. 1 SEM images and Raman spectra of anatase microcrystals with a large percentage of (001) facets and rutile microcrystals transformed from
corresponding anatase microcrystals after 18 hours annealing at 1100 1C. (a)–(c) Top view SEM images of anatase microcrystal Particles #1–#4; (d)–(f)
SEM images of rutile crystals after ART from corresponding anatase microcrystals in (a)–(c); (g) Raman spectrum of Particle #1 showing only anatase
modes (inset: facets of anatase microcrystals); (h) Raman spectrum of rutile particle transformed from Particle #1 showing only rutile modes. The scale
bars in all the SEM images are 2 mm.
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presented in Fig. S2b (ESI†). The peaks at 144, 445, and
609 cm�1 are assigned to the B1g, Eg, and A1g symmetry modes
of the rutile phase (D4h), respectively.59,61 The broad peak
at 235 cm�1 and a shoulder at 698 cm�1 are assigned to
disorder-induced scattering or second-order effect.60 The peak
at 520 cm�1 is the Si peak from the substrate as noted before.
There is no indication of the anatase phase within the detection
level throughout the transformed Particle #1 (Fig. S2b, ESI†).

Fig. 1(b) shows the SEM image of another anatase particle
(Particle #2). It is in general of similar shape and size as Particle
#1 but has a more substantial defective feature such as a screw
dislocation that is noticeable at the upper-right hand corner.
After ART, Particle #2 transformed into a twin with the contact
plane that is approximately along the square diagonal
(Fig. 1(e)). Similarly, Fig. 1(c) presents defective microparticles,
Particle #3 and Particle #4. Particle #3 has three intergrown
anatase crystals with prominent (001) facets that are inter-
penetrating approximately perpendicular to each other for
one pair. The other pair appears to be contact-twinned with
(001) facets slightly tilted from each other. Particle #4 has its
own defects: screw dislocations. The annealing transformed
Particles #3 and #4 into crystal shapes that are recognizable as a
rutile phase (Fig. 1(h)) after comparison with the rutile crystal
Wulff reconstruction (Fig. S3, ESI†).62,63 The pronounced
boundaries between the assigned low energy facets such as
{110}, {010}, and {101} are overlaid on top of the SEM image of
the transformed Particle #4. As with Particle #1, Particles #2
through #4 display the Raman peaks associated with the rutile
phase only and without any anatase signal throughout the
entire particles, showing complete the transformation.

The morphological changes of the particles in Fig. 1 before
and after the ART reveal that each particle follows a distinct
pathway during the phase transition. In our experiment,

Particles #1 through #4 were prepared in the same batch and
annealed in the same condition. The complexity of the initial
morphological states of the anatase microparticles complicated
the ART process, which resulted in rutile microparticles with
different morphologies. The ART is also expected to strongly
depend on annealing temperature and annealing time as it is a
process that involves bond breaking and reforming. We com-
pared particles with similar initial shapes and were annealed at a
slightly lower temperature (1075 1C) for 18 hours. As shown in
Fig. S4 (ESI†), three particles had similar square top-view SEM
images before the annealing (Fig. S4a–c, ESI†). The transformed
rutile particles roughly kept their square shapes (Fig. S4d–f,
ESI†) after the ART process because of the anatase’s topotaxy
nature.64,65 However, the morphology of the particles is different,
with one consisting of two grains (Fig. S4e, ESI†) and the other
two (Fig. S4d and f, ESI†) having a slightly curved and dipped
top surfaces, respectively. Our experiments show that besides the
annealing temperatures, the initial morphology, defects, and
twinning play important roles in the rutile phase nucleation and
growth within the anatase matrix. This observation is consistent
with the ART processes reported for natural mineral bulk
(millimeter-sized) anatase single crystals in the 1960s.39

To understand the ART process, we monitored the morphology
and structural change of the same microparticles at various
annealing stages using SEM and Raman spectroscopy. Two
anatase microparticles following two distinct pathways are pre-
sented below. Particle #5 was annealed at 1050 1C for various total
annealing durations from 0 to 50 hours with 2 or 4 hours
intervals. A detailed examination of SEM images from Particle
#5 is presented in Fig. 2 (see Fig. S5, ESI† for the whole set of SEM
images). Before annealing, Particle #5 was measured at 5.5 mm �
5.5 mm in a nearly square shape. An (x, y) coordinate system was
adopted to define the relative positions addressed in the context.

Fig. 2 Representative successive SEM images of an anatase microcrystal (Particle #5) transformed into rutile phase. (a)–(e) SEM images after different
total annealing times. The numbers on the images are the annealing times at 1050 1C. An (x, y) coordinate system is adopted to define the relative
positions that are addressed in the context. The left corner of the particle is defined as (0, 0) and the red dot on the right-top as (5.5 mm, 5.5 mm). (f) Plot of
changed surface area verse annealing time. (g) Plot of growth distance in y-direction versus annealing time. (h) Plot of growth distance in x-direction
versus annealing time. (i) Plot of the side lengths in x-direction (red squares) and y-direction (back squares) versus annealing time. The red dash lines in b,
c, and d show the position of the ART interface.
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The most obvious defects on the unannealed microparticle
(Fig. 2(a)) are a pit near the upper-left corner and an apparent
protrusion on the lower-left corner. In addition, the truncation
on the upper-right hand corner along with incompletely-
developed {101} facets on adjacent sides indicates that there
might be other defects on the sides or interior. After 4 hours of
annealing (Fig. 2(b)), a markedly striking feature, a lathe,
appeared on the lower-left-hand side. The lathe is about
2.3 mm long along the y-direction and 0.91 mm wide in the
x-direction.

The continued annealing for a total of 10 hours resulted in
the length of the lathe reaching the top end of Particle #5 (Fig.
S5f, ESI†). During this period, the width of the lathe increased
slightly to 0.95 mm. The zoom-in images (Fig. S5e and g, ESI†)
show that the lathe grows on the surface portion of the particle
and the bottom part of the particle stays intact. After 16 hours
of annealing, the vertical boundary marked the growth of a new
lathe that appeared at x = 2.1 mm (Fig. 2(c)). The previously
noted pit at the upper-left-hand side completely disappeared,
and no trace of the pit defect was noticeable. The vertical
boundary continued to move to the right upon further anneal-
ing; it reached x = 4.1 mm at 24 hours (Fig. 2(d)) and completed
the transformation by 50 hours of annealing (Fig. 2(e)).

The fraction of the surface area affected by the lathe formation
was plotted as a function of total annealing time (Fig. 2(f)). In the
first 10 hours of annealing, the surface area of the lathe-formed
region increased to 18%. During this period, the growth can be
characterized as quasi-one-dimensional, and the main growth
direction was along the y-direction with an approximately
linear growth rate of 0.55 mm h�1 (Fig. 2(g)). From 10 hours
until 50 hours, the growth direction was along the x-direction.

The growth rate is not simply linear; it apparently slows down
after 24 hours (Fig. 2(h)). The average growth speed from 10 hours
to 24 hours was 0.21 mm h�1, substantially lower than the growth
speed along the y-direction. The slowing of the transformation of
the surface area happens at around 24 h indicating the accumu-
lated growth stress slowing down the ART process (Fig. S5, ESI†).
Overall, Particle #5 exhibits about a 9% reduction in the width
along the x-direction while the length along the y-direction
remains about the same (Fig. 2(i)).

Raman maps of the microparticle were collected at each
annealing duration to gain chemical and structural insight into
the relationship between morphological evolution and the
ART process. The SEM image of Particle #5 with 20 hours of
annealing at 1050 1C (Fig. 3(a)) was compared to a Raman map
created from the spectral intensity integrated from 100 cm�1 to
800 cm�1 (Fig. 3(b)). The Raman map shows the square shape
of Particle #5 as in the SEM image but with significant spatial
variation in intensity. Two representative Raman spectra
(Fig. 3(c), (d), and Fig. S6, ESI†) corresponding to two points
(blue and red X marks) in the Raman map show that both
phases are present at these locations. The anatase signal is
stronger toward the right side of Particle #5 (red) while the
rutile signal is stronger toward the left side (blue). The relative
concentration ratio of anatase phase and rutile phase can be
quantitatively estimated using the integrated area of anatase
B1g mode at 395 cm�1 and rutile Eg mode at 445 cm�1 through
peak deconvolution (Fig. 3(c) and (d)). The calculated concen-
tration ratio of anatase to rutile is 0.32 : 0.68 on the left (blue)
and 0.63 : 0.37 on the right (red). The peaks were deconvoluted
with Voigt fits as the symmetric Raman bands of mineral
crystals are best fitted using either Gaussian–Lorentzian or

Fig. 3 Phase analysis of a two-phase TiO2 microparticle, Particle #5 after 20 hours annealing at 1050 1C. Top view SEM image (a) and Raman map (b)
from overall intensity between 100 cm�1 to 800 cm�1 of the anatase/rutile-phase microcrystal; deconvoluted Raman spectra (300 cm�1 to 500 cm�1)
from the blue cross spot (c) and the red cross spot (d) in panel b. The spectra were deconvoluted into anatase B1g peak and rutile Eg peak using Voigt fits.
(e) SEM of the two-phase microcrystal overlaid with the red lines and the green lines representing the position of the Raman spectra for the analysis.
(f) Anatase isoconcentration contour map calculated from I395/I445 with 6.7% concentration gradient. (g) plot of anatase concentration distribution along
y1, y2, and y3; (h) Plot of anatase concentration distribution along x1, x2, x3, and x4. The scale bars in the SEM images are 2 mm.
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Voigtian profiles.66,67 The intensities of anatase B1g and rutile
Eg modes were calibrated using bulk commercial single crystals
with the same experimental geometry. The detailed calibration
procedure is included in ESI† (Fig. S7). The curve fitting results
also suggest that at 395 cm�1 (445 cm�1) the spectral intensity
is mainly from anatase (rutile) with negligible contribution
from rutile (anatase).

A more detailed analysis of the spatial distribution of
anatase and rutile concentration for Particle #5 is presented
in Fig. 3(e)–(h). The horizontal line scans are shown at three
different vertical locations (green dots along y1, y2, and y3) in
Fig. 3(e). Each line scan consists of 12 horizontal positions
where the full Raman spectra were extracted (Fig. S8b–d, ESI†).
The anatase concentration falls off from 100% abruptly at x =
3.5 mm (Fig. 3(g)), and it approximately coincides with the lathe-
formed borderline in the SEM image as noted in Fig. 3(a). As
one moves to the left for each vertical position, there is a clear
gradient in the anatase concentration, decreasing to the mini-
mum value of about 25% at x = 1.1 mm. Interestingly, as we
move further to the left, the anatase concentration increases
back to a value ranging between 40% to 53%.

Likewise, vertical line scans at 4 different horizontal posi-
tions show the variation of the anatase concentration at various
places (red dots along x1 through x4 in Fig. 3(e)). (Raman
spectra were presented in Fig. S8e–h, ESI†). For each horizontal
position, the variation of the anatase concentration along the
vertical scan is rather small (Fig. 3(h)), compared to that along
the horizontal scan (Fig. 3(g)). The anatase concentration at x1,
x2, x3, and x4 is about 50%, 25%, 70%, and close to 100%,
respectively. Thus, the gradient of anatase concentration can be

roughly characterized as mainly 1-dimensional, e.g. along the x-
direction.

The results discussed above can be summarized into a
concentration map of the anatase phase of the entire Particle
#5 (Fig. 3(f)). The gradient of anatase concentration along the
x-direction between x = 1.1 mm and 4.0 mm is clearly seen,
irrespective of the vertical locations within the sample. The high-
est concentration of rutile produced after 20 hours of annealing is
observed not at the initial nucleation site (0 mm, 0 mm) but about
at x = +1.1 mm in a vertical channel with a width of about 0.8 mm.

The ART is a nucleation and growth process.42,44 From the
spatial phase analysis in Fig. 2 and 3, the ART of Particle #5 was
dictated by one nucleation location at the corner of the particle
surface. The newly-formed rutile lathe was first mainly grown in
the y-direction which could be the [%100], [100] or [010], [0%10]
direction on the (001) facet, then gradually spreading out in the
orthogonal direction (x-direction) along the surface. The ana-
tase concentration gradient along the x-direction indicates the
propagation of the rutile lathe extended into the bulk. The
growth front was rectangular which resembles the rectangular
growth fronts that were observed on a (001) section of natural
bulk anatase single crystals by Shannon et al.39 The almost
constant concentration in the y-direction and the linear rela-
tionship along the (001) facet in the x-direction show the
anisotropic growth behavior. This is expected as the ART
kinetics are sensitive to the compressive strain as well as the
crystallographic directions.68 Anatase crystals’ {101} facets have
lower surface free energy than (001) facets32,51 which is the
plausible explanation for the higher anatase concentration at
the edges of the x1.

Fig. 4 Temporal evolution of anatase concentration versus annealing time at 1050 1C. (a)–(d) Anatase intensity map with 10, 16, 40 and 50 hours of
annealing. (e) Plot of anatase concentration versus annealing time of 5 spots across the particle as shown in (a) to (d). The (x, y) coordinates of the five
spots in mm are p1 (0.3, 3.6), p2 (1.3, 3.6), p3 (2.3, 3.6), p4 (4.3, 3.6), and p5 (5.3, 3.6), respectively. (f) Log plot of anatase concentration versus annealing
time of (e).
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Fig. 4 presents the temporal evolution of the distribution of
anatase concentration of Particle #5 over the whole ART pro-
cess. The spectra of the whole particle are presented in Fig. S9
(ESI†). There was no significant formation of rutile in Particle
#5 after 10 hours of annealing (Fig. 4(a) and Fig. S9, ESI†). On
the other hand, the particle was completely transformed to
rutile after 50 hours of annealing with no anatase being
observed (Fig. 4(d) and Fig. S9, ESI†). For anatase concentration
maps taken after 16 hours (Fig. 4(b)) and 40 hours (Fig. 4(c)) of
annealing, the concentration distribution shows a similar trend
across the particle as the 20 hours annealing map (Fig. 3(f)).
The left part of the particle including the (101) face has a higher
rutile concentration compared to the right side. As the annealing
time increases, the boundary of high rutile concentration pro-
gresses from the left to the right across the (001) face. The left
edge, (101) facet part of the particle has a lower rutile concen-
tration compared to the nearby area on the right, although the
nucleation started at the left edge.

Anatase concentration from five locations (p1–p5) across the
particle was quantitatively analyzed with increasing annealing
times at 1050 1C (Fig. 4(e)). To reduce the effect of mechanical
drifting during the Raman mapping process, the average of
spectra from four pixels close to each of the marked spots was
used. The anatase concentrations from the five distinctive
positions show different temporal evolution trends. The p1
(black) and p2 (red) show a similar drop in the anatase
concentration once the onset of ART occurs. Likewise, the p3
(green) displays a similar drop but after a clear delay of the
onset. The p4 (dark blue) and p5 (light blue) show a gradual
decrease followed by the similar drop in anatase concentration.
The anatase concentration at p3 (green), p4 (dark blue) and at
p5 (light blue) clearly indicates that during ‘‘the delay’’ of the
onset, there is small but substantial conversion to rutile
occurring.

The anatase concentration at the five locations as a function
of annealing time is presented in a log plot in Fig. 4(f). The ART
follows the first order log (1 � a) = �kt where a is the fraction of
transformation completed and k is the rate constant. The slope
yields the rate constants. The values of the rate constant are
0.092, 0.14, and 0.14 h�1 at p1, p2 and p3, respectively, and
0.016 h�1 at p5. The rate constant at p5 is about an order of
magnitude smaller than those at p1, p2, and p3. This suggests
that there are two distinct rate constants. For p4, the data can
be fitted with two slopes: 0.016 h�1 during the initial ‘‘delay’’
(12–24 hours) and 0.089 h�1 for 24 through 40 hours of
annealing.

The two distinct rate constants can be understood by
correlating the ART data with the SEM data. One rate constant
is from the surface nucleation and growth, and the other is
from the bulk nucleation and growth. From the SEM images
(Fig. 2(h)), the surface demarcation line passes through after
6 hours of annealing for p1, approximately between 10 and
12 hours for p2, after 16 hours for p3, 24 hours for p4, and
between 40 and 50 hours for p5. The ART with the fast rate
(k1 = 0.092–0.14 h�1) is indeed observed (Fig. 4(e)) as the
lathe boundary passes through or approaches these locations.

With the completed lathe formation, the subsequent ART is
dominated by the fast surface transformation as it sweeps
through from the left to the right (Fig. 4(b) through Fig. 4(d))
and propagates to the bulk. On the other hand, the slow reaction
rate k2 = 0.016 h�1 is observed regardless of the location of the
surface demarcation line which indicates the bulk nucleation
and growth process. For instance, after 20 hours annealing
where the boundary line is at x = 3.2 mm, the anatase concen-
tration at p5, more than 2 mm away from the vertical line,
decreases to 89.5% (Fig. 4(e)).

Various kinetic models have been proposed for ART titania
powder based on ensemble X-ray diffraction studies. Rao et al.
reported that ART followed the first-order law in spectroscopi-
cally pure anatase TiO2 nanoparticles.

38 This first-order kinetics
model assumes random nucleation of particles and rapid sur-
face growth of nucleated particles.39,44 Despite the age of this
study, it is consistent with later studies69–71 and the most recent
studies.72 Zhang et al. recently reported that pure TiO2 powder
matches the first-order model.72 Other models have been
adopted to describe the ART process for the anatase
powders.39,44,73,74 A model based on a uniform spherical inward

growth of spherical particles follows 1� að Þ
1
3¼ ktþ c.44,73,74

When it includes the overlapping of nuclei, the kinetics follows

ln 1� að Þ½ �
1
3¼ ktþ c.44 An interfacial nucleation and constant

growth model was proposed to interpret the ART process of
TiO2 nanocrystalline.41,43,75 Second-order kinetics is expected
in this model because the nucleation involves the interfaces of
two contacting anatase grains. To test these models, we have
attempted to fit our data with all these models. The second-
order law shows the largest deviation from the data. In our
study, since the ART process was monitored on single particles
and there are no interfaces of the contacting anatase grains. As
expected, the growth kinetics does not follow second-order
kinetics. All the other three models (the first-order model, the
contracting spherical interface model, and the overlapping
nuclei model) fit the experimental data. This is similar to other
studies using nanoparticles, in that more than one model could
fit the experimental data well.44,74 In our study, the first-order
kinetics fitting shows the best fitting (Fig. 4). Experimentally,
Particle #5 exhibited one nucleation spot and grew rectangu-
larly across the particle. The SEM results (Fig. 2) do not support
the overlapping of the nuclei model. The contracting spherical
interface model suggests the complete coverage of the surface
nucleation and the spherical inward growth in the form of a
‘‘contracting sphere’’ from the surface nucleations which is
different from the rectangular growth of the particles in our
study. The first-order kinetic allows the random nucleation of
the particle and is followed by the surface growth of the
particle. This kinetic law includes the rate of reaction of both
parallelepiped growth and sphere growth. For this reason, first-
order kinetics is the most likely kinetic. The first-order growth
kinetics obtained from the Raman measurements in the micro-
sized TiO2 particles combined with the SEM observation sug-
gests that the ART transformation is dominated by surface
nucleation and growth (more in the discussion below). This
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ART process is consistent with the first-order model observed in
the nanoparticles.38,69–72

Here, the anatase/rutile ratio at a micron level was obtained
from an individual anatase microparticle via combined SEM
observation and Raman measurements. The rate constants
obtained at 1050 1C in our work are comparable to those obtained
from the anatase TiO2 nanoparticles (B0.04 mm) at a lower
temperature (643 1C) that follow the first-order kinetics.38 The
rate for the micro-sized particles is expected to be slower than that
for nanocrystals. Penn and Banfield reported that the reaction rate
obtained from larger (millimeter) particle-sized material at a
higher temperature (1173 K) is essentially identical to that occur-
ring at a lower temperature (527 K) in nanocrystals.42

Fig. 5 presents the SEM and Ramanmeasurements of another
anatase particle (Particle #6) which displayed a different ART

pathway. Since Particles #6 and #5 were on the same Si substrate
and the physical distance between them was about 60 mm, the
annealing condition of the two particles was identical. Like
Particle #5 in Fig. 2, reverse pyramids appeared on the (001)
facet after annealing for 6 hours at 1050 1C. Only one nucleation
location was observed at the corner of Particle #5, but the
nucleation simultaneously occurred at multiple locations on
Particle #6 as highlighted with blue circles. Two nucleation sites
at the edges and two nucleation sites at the corner of the
particles can be identified. There was no detectable rutile signal
across the particle at this stage (Fig. 5(b) and (c)).

After 10 hours of annealing (Fig. 5(d)), there were significant
morphological changes on the particle’s surface at the vicinities
of the multiple nucleation sites indicating ART occurred and
expanded simultaneously from the edges and corners toward

Fig. 5 ART of a TiO2 microparticle (Particle #6) with multiple nucleation sites when annealed at 1050 1C. (a), (d), (g), and (j) SEM images of Particle #6
after 6, 10, 12, and 14 hours of annealing. Different nucleation sites are highlighted by blue circles in (a). (b), (e), (h), and (k) Raman spectra from Spots p1
to p4 highlighted with black dots in (a), (d), (g), and (j). (c), (f), (i), and (l) Anatase isoconcentration contour map calculated from I395/I445 after 6, 10, 12, and
14 hours of annealing. The scale bar is 2 mm.
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the bulk of the particles. The morphological changes at indivi-
dual nucleation locations were different. In the area initiated by
the nucleus at p1, the expansion was rectangular on (001)
facets. This is similar to the rectangular growth front on
Particle #5 and natural anatase bulk single crystals by Shannon
et al.39 The expansion from the other three nuclei was irregular.
Although there is slight skewing in the Raman concentration
map (Fig. 5(f)) caused by the mechanical drifting during the
Raman scanning, the distribution of the anatase phase
matches the morphological changes in the SEM image well.
The Raman spectra (Fig. 5(e)) from new areas (e.g. spots p1, p2,
and p3) show more rutile concentration than those from the
unchanged area (spot p4). The rutile Eg mode at 445 cm�1 at
spot p4 is weak but distinguishable. As there is no surface
nucleation site observed at or near spot p4, the observed rutile
concentration would be from the bulk nucleation and crystal-
lization. However, surface transformation dominates the ART
of the particle.

After annealing for 12 hours (Fig. 5(g)), the anatase phase
continued to retreat towards the center as the rutile phase
expanded from the corners and the edges of the particle. The
two newly-formed rutile parts reached each other and formed
two neighboring grains at the upper portion of the particle.
In the spectra from spot p4, the anatase B1g at 395 cm�1 is still
stronger than the rutile Eg peak at 445 cm�1. The anatase
concentration map (Fig. 5(i)) shows that most of the upper part
of the particle transformed into the rutile phase, while the
bottom left-hand part of the particle remains mainly anatase.
The anatase concentrations at the (101) edge of nucleation site
p1 and p2 are higher than the inward vicinities which are
consistent with the slow ART transformation speed at the (101)
edge as observed in Particle #5. The original anatase particle
transformed into five connected rutile grains (Fig. 5(j)) as the
ART simultaneously propagated from several nuclei. Since ART
involves B8% shrinkage toward the nucleation sites, the stress
from the shrinkage could be why the single crystal cracked into
different grains. The Raman spectra across the particle (Fig. 5
and Fig. S10, ESI†) show that the ART of this microcrystal
finished after 14 hours of annealing. Among the twelve parti-
cles whose ART processes have been monitored individually,
the total time it takes for the anatase microcrystals to finish the
ART varies from 4 to 50 hours which indicates that the ART
process is strongly dependent on the various defects serving as
nucleation sites of each individual particle.

Discussion

The Raman and SEM results show that the ART transformation
is mainly surface nucleation and growth dominated for the
micro-sized anatase particles. For Particle #5, the nucleation
occurred at the corner of the particle. Then the surface region
adjacent to the nucleation spot was transformed, and this
transformed zone expanded through the particle. The growth
of the nuclei at the initial stage was mainly on the surface along
the crystal edge between (101) and (001) facets with slight

growth into the (001) top facet. No rutile Raman signal was
observed until 10 hours of annealing even at the nucleation
location (Fig. S11, ESI†). This is likely due to the low cross-
section of rutile Raman modes compared to those of the
anatase.23,27,28 Once the rutile phase is detected, the gradient
of the rutile phase across the particle supports the propagation
of the surface-transformed zone towards the bulk. Otherwise,
the surface-transformed portion of the particle would show a
uniform rutile concentration from the Raman scattering since
the penetration depth (B0.7 mm) of the 532 nm laser is expected
to excite the Raman scattering from both surface and bulk.
Particle #6 shows a similar trend of surface crystallization and
propagation but with multiple surface nuclei present simulta-
neously. The contribution of bulk nucleation is noticeable but
small which is consistent with what was observed for Particle #5.

The direct comparison of the contribution of the surface
nucleation and the bulk nucleation to the ART has not been
reported previously. Using UV Raman spectroscopy to probe the
surface region and visible Raman spectroscopy to probe both
surface and bulk, Zhang et al. reported that for large agglom-
erated particles (460 nm), nucleation on the surface, interface,
and bulk are all likely to contribute to the ART.23,27,28 Our
results show that while both surface nucleation and bulk
nucleation contributes, the surface nucleation dominates the
ART for micro-sized anatase particles. This ART process is
different from what was suggested for the smaller (o60 nm)
nanoparticles23,27,28 where the rutile nuclei form in the interior
of the particle at interfaces of the contacting anatase grains.

Our experiments show that besides the annealing temperatures,
the initial morphology, defects, and twinning play important roles
in the rutile phase nucleation and growth within the anatase phase.
This observation is consistent with what was reported for natural
mineral bulk (millimeter-sized)39 and submicron30 anatase single
crystals. Distinctive anatase rutile transformation pathways are
attributed to defects, impurities, and the morphology of individual
particle,30,39 as well as the strain between the particles and the
substrate.76,77 These nucleation sites in the bulk crystals are on a
millimeter-scale. The similarities of the ART processes of bulk,
micro-sized, and submicro crystals suggest the possible close
correlation of these ART processes with the ART of nanoparticles.
Additionally, the two-phased particles provide a perfect platform for
studying spatially resolved photoreaction activity at the interface to
correlate the synergistic effect of the anatase/rutile phases.

Conclusions

In summary, the ART process of individual anatase micro-
particles was monitored after various annealing times at the
ART temperature using a Raman microscope and SEM. The
ART processes of anatase microcrystals with a large percentage
(001) facets are distinctive depending on the various rutile
nucleation sites. While both surface nucleation and bulk
nucleation contribute, the surface nucleation dominates the
ART for micro-sized anatase particles. Two types of transition
pathways were observed. In one pathway, rutile nucleation
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formed at a corner of an anatase crystal and grew along the
edge of the microcrystal. The rutile phase then gradually grew
orthogonally towards the other side of the microcrystal. The
phase concentration calculated from Raman spectra revealed
that the ART transition follows the first-order reaction mecha-
nism with two distinct reaction rates, a fast reaction rate from
surface nucleation and a slow reaction rate from the bulk
nucleation. In the other growth pathway, multiple rutile nuclea-
tion sites formed and propagated simultaneously over the
particle.
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