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Phase Transformations among TiO2 Polymorphs
 Miao Song, ‡, a Zexi Lu, ‡, a Dongsheng Li*a 

Polymorphs widely exist in nature and synthetic systems and are 
well known to determine material properties. Understanding phase 
transformation mechanisms among polymorphs enables the design 
of structures and tuning of phases to tailor material properties. 
However, current understanding is limited due to the lack of direct 
observations of the structural evolution at the atomic scale. Here, 
integrating (semi) in situ transmission electron microscopy and 
density functional theory, we report atomic structural evolutions of 
phase transformation from anatase (A) to rutile (R), brookite (B), R-
phase, and TiO. Besides the consistent paths with previous reports, 
we discover several unreported paths, including a [001] direction 
and (020) plane of anatase to [100]R and of rutile, (𝟎𝟏𝟏)𝑹

respectively, ( , ) and [𝟎𝟎𝟏]𝑨||[𝟏𝟎𝟎]𝑹  (𝟎𝟐𝟎)𝑨||(𝟎𝟏𝟏)𝑹 [𝟎𝟎𝟏]𝑨||
, . Density functional theory analysis [𝟎𝟎𝟏]𝑩 (𝟎𝟐𝟎)𝑨||(𝟐𝟐𝟎)𝑩

elucidates atomic structural evolution during the processes and 
over 16% of Ti-O bonds break and reform during the processes with 
energy barriers of ~0.7-1.0 eV per TiO2 formula unit. Under 
electron-beam irradiation, anatase particles transform into TiO2-R 
phase or TiO at high or room temperature, respectively. We also 
reveal the anisotropic nature of the electron-beam effect, which is 
seldom discussed: dependence of crystallographic orientation with 
respect to electron-beam irradiation direction. Understanding the 
atomic structural evolution sheds light on interpreting and 
controlling TiO2 polymorphs and interface structures for various 
applications. The revealed electron-beam effects in our work 
provide guidance for in situ transmission electron microscopy 
studies. 

Polymorphs widely exist in nature and synthetic systems of 
crystalline materials, such as polymers 1, minerals 2, and metals 
3. Crystal phases determine materials’ properties and functional 

applications, such as photocatalysis 4, clinical drugs 5, energy 
storage 6, mechanical deformation 7, etc. For example, anatase 
is known to have better photoactivity than rutile because 
charge carriers excite deeper in the bulk contribute to surface 
reactions in anatase than that in rutile 8. Hematite (α-Fe2O3) and 
maghemite (γ-Fe2O3) present a significant difference in 
magnetic properties 9. More recently, the phase-function 
relationship has attracted attention for improving material 
properties. Black TiO2 has been reported with greatly increased 
solar absorption by introducing an amorphous structure in the 
surface layers of nanophase TiO2 10. The interfaces between 
anatase and brookite can greatly enhance the photocatalytic 
activity for photocatalytic H2 production 11. Photocatalytic 
efficiency was optimized by mixed phases of anatase and rutile, 
such as Degussa P-25 (~85 wt% anatase (A) and ~15 wt% rutile 
(R)) 4, 12. In addition, phase transformation plays a key role in the 
material synthesis and particle assembly process, such as 
oriented attachment 13. For example, rutile nanowires and (101) 
twin interfaces form through the oriented attachment of (103)A 
facets of anatase particles onto (101)R facets of rutile particles 
and the following phase transformation from anatase to rutile 
13.

Understanding phase transformation mechanisms enables 
us to control materials synthesis and processing and thus to 
design materials phases with tailored properties. Here, we 
investigate the phase transformation mechanism among TiO2 
polymorphs due to its extensive applications, such as 
photocatalysis 14-16, solar energy conversion 17-18, energy 
storage 19-20, biomedicine 21-22, and nonvolatile memory 23-24. 
Phase transformation of TiO2 has been widely investigated 
focusing on factors such as temperature 25, particle size 26-28, 
evolution sequence 29, and surface chemistry 30, etc. For 
example, it has been reported that aggregated anatase particles 
can transform into rutile irreversibly at elevated temperatures 
(400–1200°C) 25. For a single anatase particle, the anatase phase 
is stable up to 1000°C 31. A generally recognized anatase to rutile 
transformation (ART) mechanism was proposed by Penn et al. 
32 and Zhang et al. 33 that rutile phase nucleates at anatase 

 twin boundary due to the low activation barrier. The {112}
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process of rutile nucleation and growth involves displacement 
of one half Ti atoms and rupture of 7 of 24 Ti-O bonds in an unit 
cell 32, keeping the orientation relationship of 〈010〉𝐴||〈110〉𝑅

. Other ART orientation relationships also were , {112}𝐴||{010}𝑅

reported in previous studies, such as  〈110〉𝐴||〈011〉𝑅, {112}𝐴||
34 (Table S1). {200}𝑅

All these studies mainly are focused on aggregated 
particles by postmortem experiments, which do not yield 
information about intermediate phases, particle aggregation 
and rotation, morphological evolution, and interface migration 
at high temperatures. Therefore, to some extent, previously 
reported mechanisms are hypothetical. More importantly, 
because information about the phase transformation process of 
a single particle is lacking, little is known regarding key 
information needed for tuning materials structures, such as the 
evolution of atomic structures, twin interface formation, and 
intermediate phases during phase transformation processes. 
Twin interface formation not only plays an important role 

during TiO2 phase transformation 32 but also is employed to 
tune particle morphology 35-36. The twinning process of rutile 
can be realized by topotaxial growth 37-38, deformation 38-39, and 
orientation attachment 13, 40-41. However, the twinning 
mechanism during the ART process is still unclear. Here, we 
employed a recently developed double tilt TEM holder 
equipped with the capability of heating up to 1100°C to track 
the phase transformation of a single particle and investigate the 
phase transformation relationship of various TiO2 polymorphs 
of anatase, rutile, brookite (B), R-phase, and TiO. Twinning 
mechanisms during the ART process also were discussed.

Generally, the thermodynamical stability of rutile is higher 
than that of anatase and brookite when the particle size is larger 
than tens of nanometers 42. After heating at 900–950°C for 280 
min, the square platelet-shaped anatase particle (~ 200 nm, Fig. 
1a-b) evolves into a particle with a hexagonal shape (Fig. 1c-d), 
which is identified as rutile by fast Fourier transform (FFT) 
diffraction patterns (DPs) from two different zone axes 
obtained by tilting the sample (Fig. 1d and S1). By tracking the 

Fig. 1 ART following the pathway of , . (a) and (c) Bright field (BF) images of a (001)-platelet before and after heating at 950° for 30 min, [001]𝐴||[100]𝑅 (020)𝐴||(011)𝑅

respectively. (b) and (d) FFT images of HRTEM images of the red-boxed areas in (a) and (c), respectively. (e–h) 3D crystal structures of anatase, hypothetical intermediate 

phases, and rutile showing atomic rearrangement during the ART process from  to . (i) Lattice parameters of anatase and rutile employed for density functional [001]𝐴 [100]𝑅

theory (DFT) simulation. (j) Three-dimensional (3-D) map showing three paths employed for DFT simulation. (k) Two-dimensional map of lowest potential energy surface 
according to tb and tc. The simulated ART path 1, 2, and 3 were highlighted by the cyan, orange, red lines, respectively. (l) Energy evolution during ART simulated by DFT. (m) 
Evolution of lattice parameters of the path 1 during the DFT simulated ART process.
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same locations of the particle before and after the heating 
process, FFT DPs from high-resolution transmission electron 
microscopy (HRTEM) images confirm that  of anatase [001]𝐴

transforms into  of rutile, , and  [100]𝑅 [001]𝐴 || [100]𝑅 (020)𝐴

plane transforms into ,  (Fig. 1b, d, and (011)𝑅 (020)𝐴 || (011)𝑅
Fig. S1), consistent with the shape evolution as indicated by the 
trace of the original anatase square shape around the 
hexagonal projection (Fig. 1c). This path differs from previously 
reported ART orientation relationships 32, 34 (Table S1).

To explore the details of atomic movements, bond breaking 
and reformation, and energy barriers, we perform DFT 
calculations (see experimental and SI-section 2 for details). 
Based on the above ART orientation relationship, we first build 
the corresponding supercells of anatase and rutile; that is, 

, , and 2  of anatase correspond to 2 , [001] [110] [110] [100] [01
, and  of rutile as the cell parameters of a, b, and c, 1] [013]

respectively (Fig. 1i). Based on the corresponding supercells, we 
calculate possible intermediate structures along with the three 
directions from ta=tb=tc=0 (anatase) to ta=tb=tc=1 (rutile), where 
ta, tb, and tc, are the transition steps along a, b, and c directions, 
respectively (Fig. 1e-h, See SI-section 2 for details). Five steps 
are introduced along  b and c directions, with Δtb=Δtc=0.25. Only 
two steps (Δta=1) are introduced along a direction since the 
displacements of Ti atoms along this direction are negligible. 
Therefore, altogether there are 50 possible intermediate 
structures. We select the lowest-energy barrier pathway as the 
most feasible pathway (path 1, Fig. 1j, and k). The DFT 
calculation shows that the anatase supercell (Fig. 1e) shears to 
the right first with the formation of a possible intermediate 
phase (Fig. 1f), then shears to the left (Fig. 1g), and finally 
transits into rutile (Fig. 1h), also shown by the lattice parameter 
changes of   and  (Fig. 1m). In addition, there are obvious 
lattice expansions or compressions during the transformation. 
For example, expansions of a (7.0%), b (14.8%), and c (8.1%) 
provide extra space for rearrangement of oxygen atoms at t=0.5 
(ta=1, tb=0.25, tc=0.25), t=0.66 (ta=1, tb=0.75, tc=0.25), and 
t=0.66-0.75 (ta=1, tb=0.75-1, tc=0.25), respectively (Fig. 1m). 
These strains are accompanied by Ti-O bond breaking and 
reformation, such as 2.0%, 24.0%, and 16.7% Ti-O bonds 
breaking at t=0.58 (ta=1, tb=0.5, tc=0.25), 0.66 and 0.75, 
respectively (assuming Ti-O bonds with a length larger than 2.5 
Å are broken). All these bonds recombine at t=0.83 (ta=1, tb=1, 
tc=0.5) and converge to rutile bond lengths afterwards. During 
this lattice deformation and bond-breaking-recombination 
process, the energy barrier is ~0.71 eV per TiO2 formula unit 
(path 1, Fig. 1l). For comparison, we exam two extreme 
pathways: (1) path a-b-c (path 2) where Ti atomic displacements 
happen along a direction only first, then b direction only, and 
finally c direction, and (2) path b-c-a (path 3) where the 
displacements of Ti atoms along b first, then c, and finally a 
direction (Fig. 1j). The corresponding energy barriers are 0.77 
and 0.94 eV per TiO2 formula unit for path 2 and path 3, 
respectively (Fig. 1l). The higher energy barriers probably 
originate from the slightly large change (Fig. S2a-c) in cell shapes 
(lattice parameters) of the transitional structures compared 
with the optimal path 1 (Fig. 1m), which has much smoother 
transitions.

Besides the above ART process, by in situ selected area 
electron diffraction (SAED) TEM (SI-section 3), we also observe 
a different ART pathway of , . [001]𝐴||[112]𝑅 (020)𝐴||(110)𝑅
The in situ SAED patterns show multiple sets of patterns, 
instead of one single crystal pattern (Fig. S3), indicating that the 

single crystal transforms into a polycrystal and some unknown 
intermediate phases during ART process; that is, the new 
phases nucleate and grow simultaneously at various locations 
in the bulk, instead of directly transforming from one phase to 
another trigged by one nucleus. This pathway is equivalent to 
previously reported , 34 by 〈110〉𝐴||〈011〉𝑅 {112}𝐴||{200}𝑅
postmortem experiments (Fig. S3e). Based on various paths of 
the ART process reported previously 32, 34 (Table S1) and 
observed in our experiments (Fig.1 and Fig. S3), we hypothesize 
that the path is related to the particle size, morphology, heating 
conditions (heating rate and temperature).

In our semi-in situ experiment, approximately 9% rutile 
particles (total ~100 particles) were found with lowest-energy 

 twin structures 43 based on a statistical analysis of twin {101}𝑅
contrast in BF images or HRTEM images. We propose three 
mechanisms for twin interface formation during ART process.

For the first mechanism (i.e., inheritance from the original 
anatase),  twin interfaces are common in anatase {112}𝐴

particles (Fig. 2a-c) 32-33. During the pathway of 〈001〉𝐴||〈100〉𝑅, 
 (Fig. 1), the  plane evolves into a   {020}𝐴||{011}𝑅 {112}𝐴 {101}𝑅

plane (Fig. S4), leading to existing  twin interfaces in  {112}𝐴
anatase particles 44 (Fig. 2a-c) transform into rutile  twin {101}𝑅
interfaces (Fig. 2f). For the second mechanism, a twin structure 
is induced by partial dislocation slipping, which is known as a 
general pathway to form twin interfaces 45. In our experiments, 
we observe zigzag surface near twin boundaries (Fig. 2d-e) in 
rutile crystals, which is a typical morphology resulting from 
partial dislocations slipping of planes 46, indicating twin 

Fig. 2 Twinning mechanisms of a  twin during the ART process. (a) BF image {101}𝑅

of an octahedral nanoparticle with a twin interface. (b) HRTEM image of the white-
boxed area in (a), showing the  twin interface (cyan-dashed lines). (c) FFT {112}𝐴

image of (b) verifying the twin relationship. (d) BF image of a twinned rutile 
nanoparticle formed after heating at 1100°C for 50 min. The zigzag edges are 
denoted by gray lines. (e) HRTEM images of the white boxed area in (d) showing 
some partial dislocations (denoted by yellow “└”) on twin boundaries. (f–h) 
Schematic illustration to show three possible twinning mechanisms of  twin. {101}𝑅

IP denotes intermediate phase.
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formation via a  partial dislocation (  slipping 
5

12{101}〈101〉 {101}

plane moving on  direction with a magnitude of  ) 〈101〉
5

12〈101〉
39 in rutile crystals. For the third mechanism, we propose that 
atoms move in opposite directions along a specific anatase 
plane, which will be the twin boundary of a rutile particle after 
ART (Fig. 2h). During different ART pathways, various anatase 
planes can transform into a rutile  plane. The twin {101}
formation depends on the energy barrier and the feasibility of 
opposite moving of Ti atoms.

Besides ART, we also study the ABT phase transformation 
at a lower temperature of 900°C via a semi-in-situ heating 
experiment. After heating at 900°C for 240 min (Fig. 3a-b), the 
brookite phase (Fig. 3c) forms within the anatase platelet 
particle (~170 nm, Fig. 3a-b). Brookite was identified by FFT DP 
(Fig. 3b inset) of the HRTEM image and further confirmed by FFT 
DPs obtained by tilting samples to three different zone axes (Fig. 

S5a-c). The FFT DPs (Fig. 3a and Fig. S5a-c) and HRTEM image 
(Fig. 3c) show that this ABT follows ,[001]𝐴||[001]𝐵 (020)𝐴||

, leading to excellent coherent interfaces of (220)𝐵 (220)𝐵/
(Fig. 3d) and  due to the perfect match of (200)𝐴 (220)𝐵/(020)𝐴

theoretical lattice spacings (d) of anatase (𝑑(200)𝐴 = 𝑑(020)𝐴

, ) to brookite (= 1.892Å 𝑑(002)𝐴 = 4.758Å 𝑑(220)𝐵 = 𝑑(220)𝐵

, ), respectively, with 1.0%–3.7% = 1.872Å  𝑑(020)𝐵 = 4.580Å
lattice mismatch and volume variation of -5.9%. This small 
lattice deformation in 3-D space facilitates the formation of the 
brookite in anatase platelet particles. Based on 18 examples, 
the morphology barely changes during ART processes (Fig. 3a-
b, Fig. S5), unlike the obvious morphology change during ART 
processes (Fig. 1). This path differs from previously reported 
ABT orientation relationships 46, 47 (Table S1).

Fig. 3 ABT following the pathway of , . (a) and (b) BF images of a (001)-platelet before and after heating at 900°C for 240 min, respectively, [001]𝐴||[001]𝐵 (020)𝐴||(220)𝐵

showing no obvious morphology change. Insets are FFT images of corresponded red-boxed areas. (c) HRTEM images of the red-boxed area in (b) showing a rectangular brookite 

(denoted by yellow-dashed box) embedded in the anatase nanoparticle. (d) Inverse FFT images of , showing perfect match of anatase and brookite lattices. (e–h) 3-D (200)𝐴

crystal structures of anatase, hypothetical intermediate phases, and brookite showing atomic rearrangement during the ABT process from  to . (i) Lattice [001]𝐴 [001]𝐵

parameters of corresponding supercells of anatase and brookite. (j) 3-D map showing the three paths employed for DFT simulation. (k) Two-dimensional map of lowest potential 
energy surface according to ta and tb. The lowest-energy barrier ABT path (path 1) is highlighted by the cyan line. (l and m) Evolution of energy and lattice parameters, 
respectively, calculated by DFT.
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Same as the ART process, we further investigate the ABT 
process using DFT calculations. Five transitional steps are 
introduced in all three directions (Δta=Δtb=Δtc=0.25), resulting 
in 125 possible intermediate structures, among which the 
transitional structures with the lowest energy barrier (Path 1, 
Fig. 3e-k) are chosen as the most likely pathway. During the 
simulated ABT process (path 1), the anatase supercell (Fig. 3e) 
shows a shear deformation first (Fig. 3f) as observed during the 
ART process (Fig. 1f), then shears back (Fig. 3g), and transits into 
brookite (Fig. 3h). Lattices deform obviously at t=0.4 and 0.83 
(Fig. 3m), corresponding to two energy barriers at the same 
t=0.4 and 0.83 (Fig. 3l). For example, at t=0.41 (ta=0.5, tb=0.75, 
tc=0), there is a lattice expansion of c (6.5%). At t=0.83 (ta=1, 
tb=1, tc=0.5), a lattice compression of c (10.0%) and lattice 
expansions of a (5.9%) and b (13.2%) occur (Fig. 3m). 
Correspondingly, the volume increases by 7.0%, providing extra 
space for the rearrangement of oxygen atoms. Nearly the entire 
ABT process of t >=0.17 is accompanied by Ti-O bond breaking 
and reformation, with its peak at t=0.83 where 18.3% of the 
bonds are broken. The energy barrier of ~0.96eV per TiO2 
formula unit also appears here. For comparison, we show two 
other energy less favorable pathways: diagonal path (path 2, 
Fig. 3j) and path c-a-b (path 3, Fig. 3j). The corresponding energy 
barriers are 1.69 and 1.86 eV per TiO2 formula unit for paths 2 
and 3 (Fig. 3l), respectively. The high energy barrier originates 
from the more dramatic cell shape change (Fig. S2d-f) as 
compared with the pathway of the lowest energy barrier.

Notably, the experimental phase transformation also 
involves morphology evolution, similar to that in the ART 
process, and is supposed to be affected by particle size, exposed 
surfaces, local environment (e.g., strains induced by lattice 
mismatch among original, intermediate, and final phases), 
heating conditions (e.g., heating rate and temperature), etc. 
These factors are not manifested in the DFT calculation. 
Furthermore, because of the periodic boundary conditions, the 
calculated transformation pathways represent homogeneous 
transitions of all unit cells in the entire bulk material. On the 
other hand, in experiments, the transformation can happen 
locally in a few unit cells first and then gradually propagate 
throughout the particles. Consequently, all unit cells do not 
overcome the energy barrier simultaneously, resulting in an 
easier and smoother transformation. Therefore, it is expected 
that the calculated energy barrier would be higher than that 
obtained from experiments. The obtained atomic structural 
evolution represents the most likely one among the 50 (ART) or 
125 (ABT) feasible pathways built based on TEM observation.

To study e-beam effects, we introduce e-beam irradiation 
at a high temperature. We first heat the sample without the e-
beam at 950°C for ~1046 s, during which no obvious 
morphological and structural changes are observed. However, 
R-phase immediately nucleates and grows (within 10 s) when 
the e-beam is introduced (Fig. 4a-c and S5a-c). R-phase is 
confirmed by multiple DPs obtained by tilting the particle to two 
different zone axes (Fig. S5d-e). Time-sequenced HRTEM images 
(Fig. 4a-c) show that R-phase nucleates at the surface of the 
anatase particle and grows by steps along the interface of 

  (yellow arrows in Fig. 4b). The height of steps (101)𝐴/(100)𝑅𝑃

is multiple of   (red arrows in Fig. 4a). The phase 2𝑑(100)𝑅𝑃

transformation follows ,  (Fig. [010]𝐴||[010]𝑅𝑃 (101)𝐴||(100)𝑅𝑃
4d-e). The R-phase induced by the e-beam is not stable and 
transforms back into the anatase phase during further heating 
and e-beam exposure (Fig. 4d-e). The anatase phase is 
confirmed by multiple FFT DPs by tilting the sample to three 
different zone axes (Fig. S6f-g). However, the transformation 
back to anatase is not a reversible path and follows the 
transformation relationship of , [010]𝑅𝑃||[113]𝐴 (100)𝑅𝑃||

 (Fig. 4e-f). Overall, under e-beam irradiation and (110)𝐴
heating, the anatase phase transforms into a different 
orientation of anatase through R-phase, i.e. .[010]𝐴||[113]𝐴

An e-beam also can reduce Ti4+ into Ti2+ at room 
temperature (Fig. 5 and Fig. S7-8) 48 with small particles of ~20 
nm. The TiO phase was confirmed by FFT DPs (Fig. S7e-f). An 
electron energy loss spectroscopy (Fig. S7g-h) spectrum of the 
transformed phase shows the loss of peak splitting of Ti L3,2 
edge, further confirming the TiO phase. A reduction-oxidation 
(redox) reaction is initiated at the surface of the nanoparticles 
and advanced from the periphery to the center of the 
nanoparticles with the orientation relationship of [010]𝐴||

,  (Fig. S7e and f). This redox process [010]𝑇𝑖𝑂 (002)𝐴||(020)𝑇𝑖𝑂
is associated with e-beam sputtering of O atoms 50. The critical 
dose rate for this redox process is proposed to be
 ~4.0 × 104 e·nm-2·s-1 based on testing of various electron dose 
rates at room temperature for ~300 s (Fig. 5a-d, Fig. S7-8).
Interestingly, this redox reaction depends on crystallographic 
orientation with respect to the e-beam irradiation direction. 
The redox reaction is mainly observed in the nanoparticles with 

 being parallel with e-beam direction (Fig. 5a-d), while [010]𝐴
particles with other orientations are relative stable (Fig. 5e-l) 
with the similar electron dose rate (6 × 104 e·nm-2·s-1 - 1.1× 104 
e·nm-2·s-1) and irradiation time (~ 300 s).

We propose this preference of  for the redox [010]𝐴
reaction is likely related to the Ti-O bond directions. We 
calculate the energies needed to displace O atoms along the 
three e-beam directions using DFT (Fig. 5m-n). The 
displacement energy E is defined as the energy per length 
needed to move an atom from its equilibrium position by 0.2 Å 

Fig 4. Electron-beam induced phase transformation at high temperature. (a–c) 
Time-sequenced in situ HRTEM images (red-boxed area in inset of (a)), showing 
phase transformation formation process from anatase to R-phase. The interface 
between anatase and R-phase is denoted by yellow-dashed lines. (d–f) BF images 
and corresponding FFT DPs (insets) showing the original morphology, phase 
change, and orientation of nanoparticles before and after heating at 1080°C for 5 
min under the e-beam, and 1080°C for 80 min without e-beam, respectively.
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along a specific orientation (please see SI for calculation 
details). Ti-atom displacements are not considered since they 
are heavier than O atoms. These calculations can reasonably 
represent the sputtering of O atoms which are displaced by 
collision with incoming electrons, whose momentum is along 
the e-beam direction. Lower energy indicates O-atom 
displacements are more likely to happen thus facilitating the 
sputtering. 

There are three modes of displacements of O atoms (Fig. 5m), 
i.e., bending (B), compression (C), and stretching (S) when Ti-O bonds 
are bent, compressed, and stretched during displacements of O 
atoms, respectively. In principle, perpendicular alignments between 
the O atom displacements and the Ti-O bonds define pure B modes, 
while parallel alignments define pure C or S modes. Here we consider 
alignments with angles greater than 60ᵒ as B modes, and those with 
angles smaller than 30ᵒ as C or S modes, while the rest are mixed 
modes (Fig. 5n). We find that bending requires the lowest energy 
when the Ti-O bond has a 90ᵒ or near 90ᵒ (78ᵒ-82ᵒ) angle with the e-

beam direction. For example, it requires an energy of 0.31 eV/Å to 
displace an O atom with three B modes (3B) in contrast to 0.91-1.48 

eV/Å of combined modes (2B+1C, 2B+1S, or 1B+1C+1S). S mode 

requires lower energy (0.91eV/Å for modes of 2B+1S, Fig. 5n) than C 

mode (1.47 eV/Å for modes of 2B+1C, Fig. 5n). Along : 50% O [010]𝐴

atoms have all of their three Ti-O bonds perpendicular to the e-beam, 
and the displacement causes only bond-bending. The other 50% O 
atoms have one Ti-O bond perpendicular to the e-beam which 
experiences bending, while the other two are almost parallel with an 
angle of 12.7° and mainly experience strain (stretching or 
compression). In comparison, O atoms displaced along  or [101]𝐴

 directions always experience strain in their Ti-O bonds (Fig. [111]𝐴
5m), which explains their higher displacement energies. 

On average, O atoms need an average of 0.89 eV/Å to be 
displaced along , while they need 1.26 and 1.20 eV/Å to [010]𝐴
be displaced along  and  (Fig. 5n), respectively, [101]𝐴 [111]𝐴
demonstrating that it is easier to remove O along  [010]𝐴
direction, consistent with our experimental observations. Semi 
in situ TEM enables us to track the structural and morphology 
evolution of a single particle during a phase transformation 
process, thus providing missing information about intermediate 
steps and avoiding the confusion caused by particle aggregation 
in postmortem experiments. For example, two ABT orientation 
relationships can be concluded based on the analysis of SEAD 
patterns of the particles (particle I in Fig. S10, and particle III in 
Fig. S11) before and after heating experiments; that is, [001]𝐴||

,  (Fig. S10) and ,[001]𝐵 (020)𝐴||(220)𝐵 [010]𝐴||[001]𝐵 (002)𝐴||
 (Fig. S11). However, by tracking the particle I, we find (110)𝐵

that the brookite is very likely transformed from a different 
particle II, which is in contact with particles I (Fig. S10). Likewise, 
the brookite in particle III is transformed from particle IV, 
instead of particle III (Fig. S11). Therefore, the obtained 
orientation relationship via postmortem experiments may be 
misleading, while (semi) in situ TEM provides direct evidence of 
phase transformation relationships and intermediate phases.

In summary, our findings reveal several previously 
undiscovered pathways of phase transformation among TiO2 
polymorphs (Table 1) under heating or e-beam irradiation. 
Through in situ observations, we reveal that the growth of new 
phases can nucleate either at multiple sites in the bulk (e.g., 
ABT, Fig. S5g), from one side to another side (e.g., anatase to R-
phase, Fig. 4), or from the surface to the center of the particles 

(e.g., anatase to TiO, Fig. 5). Corresponding DFT calculations 
reveal the feasible atomic structural evolution during the 
processes. We found that energy barriers of ~0.7-1.0 eV per 
TiO2 formula unit need to be overcome in ABT and ART 
processes, mainly due to (over 16%) Ti-O bond breaking and 
reformation.

The phase transformation induced by an e-beam is 
crystallographic orientation dependent with respect to the e-
beam irradiation direction in the case that the e-beam is the 
dominant driving source. For example, at room temperature, 
small (< 20 nm) anatase nanoparticles can be reduced to TiO. 
When [010]A of anatase are aligned with the e-beam direction, 
it is relatively easier to reduce anatase to TiO because more Ti-
O bonds are perpendicular to e-beam direction, making it easier 
to break Ti-O bonds than   and  . In addition, with [101]𝐴 [111]𝐴

 
Fig. 5 E-beam induced reduction of anatase TiO2 into TiO at room temperature and 
its dependence on crystallographic orientation with respect to e-beam irradiation 
direction. (a–d) Time-sequenced in situ HRTEM images showing the phase 
transformation from anatase to TiO under irradiation of e-beam with dose rate of 
6.2 ×104 e·nm-2·s-1. The edges of the original anatase particle are outlined by white 
lines. The interface between anatase and TiO are denoted by yellow dashed lines. 
The phase transformation directions are denoted by yellow arrows. (e–h) and (i–l) 

Time-sequenced in situ HRTEM images of   and  nanoparticles under [101]𝐴 [111]𝐴

irradiation of e-beam with dose rate of 6.4 ×104 e·nm-2·s-1and 1.1 ×105 e·nm-2·s-1, 
respectively. No obvious structure variations were detected. (m) Schematic of e-
beam direction with respect to the crystallographic orientation, showing Ti-O bond 
alignment with e-beam. For each e-beam direction, different colors are used to 
distinguish O atoms with different displacement modes. (n) Distribution of O atoms 
with different displacement modes for each direction and their respective 
displacement energies.
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the e-beam effect, at high temperature (>900°C), anatase can 
transform into TiO2 R-phase first and then transform back to 
anatase but with a crystallographic orientation change.

The obtained understanding of the phase transformation 
orientation relationships among TiO2 polymorphs, twining 
mechanisms, and atomic structural evolution sheds light on 
interpreting and controlling TiO2 polymorphs and interface 
structures for various applications. In situ TEM studies have 
been used extensively in various fields and provide important 
information about the kinetics and intermediate steps that 
cannot be obtained otherwise. However, the electron-beam 
effect is always a concern during in situ TEM studies. The 
revealed electron-beam effects revealed in our work provide 
guidance for in situ TEM studies.
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