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The growth morphologies of two types of single crystal forms the induced multiple interface structures in TiO2 (B)/anatase 

nanofibers were investigated by means of scanning and transmission electron microscopy. It is suggested that both single 

crystal forms have the same lath shaped morphology with the only differences of size and thickness. By calculating 4 

parameters which may affect the growth of selected facets from the perspective of crystallography, the competition 

mechanism between two single crystal forms has been interpreted successfully. Moreover, different interface structures 

induced by different single crystal forms of TiO2 (B) were also confirmed during the phase transformation from TiO2 (B) to 

anatase. Through the analysis of these interface structures, it is believed that the interface of                   contain 

larger nanotunnels than that in                  interface. These nanotunnels are considered more suitable for lithium 

ions intercalation and deintercalation in the application of Li+ batteries. Moreover, the existence of these coherent 

interfaces is favorable to the carrier transfer during the photocatalytic process. The results of this work provide a potential 

idea to prepare the TiO2 nanocrystals with multi-purposes. 

1. Introduction 

TiO2 is one of the most popular materials in the field of 

photocatalyst.
1-4

 Available in four common polymorphs (TiO2 

(B), anatase, rutile and brookite), TiO2 have been widely 

developed into nanostructures or thin films to utilize at variety 

areas such as solar cells, 
5, 6

 lithium ion storage
7
 and biological 

use.
8
 Besides the usage of  absorption and catalyst like anatase 

and rutile,
9-11

 TiO2 (B) (TB) is also found very suitable for 

lithium ions insertion under nanometer size due to its open 

structure which can allow small ions to pass through.
12, 13

 The 

existence of these “nanotunnels” in TB is the decisive factor to 

the passing rate of lithium ions. However, the single crystal 

form (SCF), which has been determined during the crystal 

growth process, will lead to the formation of different crystal 

morphology and structures and thus, affect the quantity and 

shape of nanotunnels inside the crystals. Considering the 

widely used TB nanofibers, the SCF belongs to simple planar 

groups, for example,       or      , each of which is 

enclosed by a pair of parallel facets. For the common TB 

nanofibers grown by hydrothermal reaction, the growth 

direction is normally along       because the system energy is 

the lowest under this growth behaviour. This suggests the 

most probable SCFs for TB are       and      † with similar 

larger d-spacing (0.6237 nm for         and 0.5826 nm for 

       ). Here, the cell parameters of TB are a=1.2208 nm, 

b=0.3749 nm, c=0.6535 and β=107.36°, which are taken from 

the XRD database (JCPDS file number 46-1238). In fact, these 

two SCFs have been observed and analyzed in previous 

research works.
14

 However, the coexistence and competition 

mechanism between different SCFs of TB are still mystery up 

to now. These two aspects will definitely affect the internal 

structure of the nanofibers including the shape and quantity of 

nanotunnels at the interface region. 

    On the other hand, interface plays a very important role in 

the application of TiO2 photocatalysts as the electrons will flow 

from one phase to another when their band-gap and work 

functions are different.
15-18

 Therefore, the synthesis of 

nanocomposites with different TiO2 polymorphs to enhance 

the photocatalytic response and activity is one of the typical 

way in recent research works.
19, 20

  Since there are two SCFs of 

TB coexistent during the crystal growth process, it is essential 

to figure out the differences of the interface structures 

induced by different SCFs. This is quite important to the charge 

transfer as well as the size and quantity of nanotunnels. 

Normally, the best choice for the anode of lithium ion 

batteries is pure TB phase if interface cannot maintain or 

expand the nanotunnels. For the case of TB, the C sites lie in 

the open channel along the b-axis is the most easily occupied 
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position for lithium ions.
12, 21

 Therefore, it can be speculated 

that the transport of these ions may be blocked if the parent 

and new phase do not exhibit a b-axis parallel orientation 

relationship (OR). Although the main       parallel OR in 

TB/TA system has been confirmed,
22, 23

 the diversity interface 

structures with incoherent status are stilled observed in our 

previous research works.
24

 Hence, the existence of these 

incoherent interfaces is speculated to prevent the intercalation 

and deintercalation of the lithium ions. On the contrary, the 

photocatalytic properties require interfaces to enhance the 

charge transfer based on the band alignment between 

different TiO2 polymorphs.
10, 25, 26

 In this case, the fabrication 

of TB/TA nanofibers with multiple purposes is feasible if the 

OR between TB and TA can be controlled to make the 

nanotunnels expanded at the interface region.  

The structures of TB/TA interfaces have been confirmed to 

have a major OR of                 .
22, 23

 However, the 

results here are all based on the       SCF although it has 

never been pointed out in the related references. For       

SCF, the OR and lattice correspondence are considered to be 

different. As mentioned above, our recent studies indicates 

the interfaces between TB and TA may have different ORs 

apart from                  when the calcination 

temperature reached 700 °C.
24

 The diversity of TB/TA interface 

structures will also affect the photocatalytic properties as 

different structures are speculated to have different charge 

transfers across the interfaces. Therefore, it is quite essential 

to investigate and interpret the different TB/TA interface 

structures induced by different SCFs in order to deep 

understand the variation mechanism of the photocatalytic 

properties. 

The purpose of this work is dedicated to interpret the 

crystallographic features as well as the competition 

mechanism of two SCFs in TB nanofibers. Meanwhile, the 

formation of multiple ORs between TB and TA induced by 

different SCFs are also explained in detail. Furthermore, 

through the analysis of TB/TA interface models with different 

lattice correspondence, the lithium ion transport through 

different interface structures were also discussed. This work 

also provided a possible concept to synthesis the TB 

nanofibers with multiple purposes. 

2. Experimental 

The TB nanofibers used in this study were synthesized from 

H2Ti3O7 nanofibers. To achieve the goal, H2Ti3O7 nanofibers 

were first prepared by a hydrothermal reaction between a 

concentrated NaOH solution and an inorganic titanium salt.
27

  

In detail, TiOSO4·xH2O (10.7 g) was dissolved into water (80 mL) 

and stirred until clear. Then the resultant TiOSO4 solution was 

mixed with NaOH solution (100 mL, 15m) while stirring. The 

mixture was then transferred into a 200 mL Teflon-lined 

stainless steel autoclave and kept at a temperature (Th) 

between room temperature and 200 °C for 48 h to obtain 

titanate precipitates through a hydrothermal reaction. The 

white precipitates in the autoclaved mixture were collected by 

centrifugation and washed with distilled water five times by 

dispersing the wet cake into water (100 mL) and recovering 

the solid by centrifugation. The sodium titanate product was 

then neutralized using HCl solution (0.1 M) and washed with 

water to remove most of the sodium ions. The final product 

was H2Ti3O7 nanofiber. Pure TB nanofigers can be obtained by 

calcining the H2Ti3O7 nanofibers in air under 400 °C for 2 hours. 

The detailed phase transformation and dehydration 

mechanism from H2Ti3O7 to TB can be found in our previous 

work.
28

 The JSM-7610F scanning electron microscope (SEM) 

was employed to investigate the growth morphology of the 

two SCFs of TB nanofibers. To obtain the interfaces between 

TB and TA, some TB nanofibers were continued to heat at 

650 °C for 1 hour to promote the phase transformation from 

TB to TA. Both the nanofibers with pure TB and mixed phase 

were dispersed on a copper grid with holy carbon film for TEM 

observation which was carried out on JEM-2200FS and JEM-

3000F filed emission TEM. The series tilting experiment was 

carried out to determine the most suitable viewing directions 

to observe the morphology of the nanofibers with different 

SCFs. To achieve the goal, an X-Y type double-tilt TEM 

specimen holder with the tilting limit of TX=TY=±30° was 

employed for the experiment. 

3. Results 

3.1 The morphologies of two SCFs of TB nanofibers 

Figure 1 shows the SEM results illustrating the growth 

morphology of TB nanofibers with different SCFs. Seeing from 

Fig. 1 (a), it can be seen that the as-synthesized TB nanofibers 

have a typical morphology of 1D nanocrystals. The size 

distribution of these nanofibers is somewhat nonuniform. The 

width of the nanofibers is ranging from 40-600 nm while the 

length is between 0.5 and 12.0 μm. Through careful analysis 

on Fig. 1 (a), it is noticed that there are two types of nanofibers 

with similar morphology coexisted in the system. The first type 

is flatter with larger exposed facets while the second type is 

thinner and longer. We believe that the two types of 

nanofibers can be ascribed to the two SCFs in TB, as illustrated 

in the figure. Moreover, the SCF with larger diameter is found 

dominant in quantity during the entire experiment. This can be 

attributed to the competition of two SCFs in TB and will be 

discussed in Section 4.1. By increasing the magnification, it is 

possible to measure the detailed diameter of the two types of 

SCFs, as shown in Fig. 1 (b) and (c). Seeing from the figures, it is 

found that the sizes of the two SCFs are quite different. For the 

first type with larger facets, the diameter of the nanofibers is 

also larger (mostly > 140 nm). While for the second type, the 

size of most nanofibers are at the range from 40nm to 140 nm. 

This interesting results can be attributed to the different 

exposed facets of the two SCFs. Through a close-up viewing of 

one nanofibers which taken from the red rectangle in Fig. 1 (b), 

the lath shape morphology can be observed clearly, as 

indicated in Fig. 1 (d). The results obtained here are consistent 

with the previous observations.
14

 

    In order to further investigate the detailed crystallographic 

features of the two SCFs in TB, TEM experiment was carried  
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Fig. 1 The SEM overview images (a) of the as-synthesized TB nanofibers. The enlarged 

images (b) and (c) indicate different diameters of the two SCFs. Both SCFs are found to 

have the lath shaped morphology with the only difference of size and thickness 

according to (d) which was taken from the red rectangle area in (b). 

out under different viewing directions. Fig. 2 (a) and (b) 

illustrate the TEM bright field (BF) images of two types of SCFs 

in TB nanofibers. The corresponding selected area electron 

diffraction (SAED) patterns are shown in Fig. 2 (c) and (d) 

respectively. It is noted that plenty of “wrinkles” like contrast 

will appear for both SCFs when tilting the samples to the zone 

axes which contain strong reflections of      . This 

phenomenon, which can be utilized to determine whether a 

certain zone axis is reached, is only found in H2Ti3O7 and TB 

nanofibers. The reasons for this can be concluded to the 

following two aspects. Firstly, the       growth directions 

(also the normal direction of      ) of TB will lead to the 

relatively strong diffraction intensity for       plane due to 

the 1D structure and lath shape morphology. Secondly, the 

plenty of defects in TB inherited from the hydrothermal 

synthesized H2Ti3O7 nanofibers will give additional contrast to 

the TEM BF images. These “wrinkles” like contrast which are 

similar to the equal inclination fringes can only show one pair 

of fringes in such 1D structure, which is quite different from 

that in the bulk materials. By comparison, the observed 

contrast in TA is quite different. It is noticed that the surface of 

TA phase transformed from TB exhibit a smooth status. The 

strong diffraction intensity of       becomes the main 

contribution to the contrast of TA. Therefore, it is a intuitive 

method to distinguish TB and TA phase through the 

differences in the diffraction contrast in TEM BF images. 

For the two types of SCFs in TB nanofibers, the most suitable 

viewing directions should be       and      , which is also 

the method to distinguish different SCFs in present work. It is 

noted that the lattice spacing of       and       are very 

close to each other (for instance 0.6237 nm for       and 

0.5826 nm for       ). In this case, the obvious differences in 

the SAED patterns are the existence of       and        spots 

in       SCF as the       series of spots are all forbidden 

reflections in TB when viewing along       direction. 

Combined with the different lattice spacing between       

and       spots with high index, it is possible to distinguish the 

two SCFs in TB nanofibers. 

The thickness maps of the two types of SCFs in TB are also 

collected along       and       zone axis for       and       

SCF to further establish the detailed crystallographic 

morphology models respectively. The profile line chart was 

shown in Fig. 2 (e) and (f). It is noted that the surface of TB 

nanofibers are not smooth for both SCFs, which confirms the 

existence of defects at the surface. In addition, the mean 

thicknesses illustrated by blue dashed lines are found to be 

37.89 nm and 30.83 nm for       and       SCFs.  As the SCF 

of TB with 1D nanostructure belongs to the simple planar 

group in monoclinic structure, it can be speculated that the 

morphologies of nanofibers are lath shape based on the SEM 

results. However, the arc shaped thickness curves for both 

SCFs do not meet the speculations. This may be due to the 

inappropriate viewing directions for capturing of thickness 

maps as there are 17.3° and 18.1° deviation from      to 

       and       to        for TB respectively. Here       

 

 
Fig. 2 The TEM BF images (a), (b) and corresponding SAED patterns (c), (d) for the two 

types of TB SCFs indicate two different zone axes. The orange arrows in (a) and (b) 

represent the position of carrying out thickness map experiments. The appearance of 

      and        spots in the SAED patterns taken along       zone axis is the main 

difference to distinguish the two SCFs. The thickness profiles for       (e) and       (f) 

SCF suggest the similar morphologies. The schematic drawings with detailed 

crystallographic features of two SCFs are also illustrated (g) and (h). A 17.36° and 18.14° 

angle differences between the plane normal and direction with the same index are also 

illustrated in the images. 
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and       represent the normal directions of       and 

      plane. As the viewing directions in this study were 

determined by monitoring the SAED patterns, such difference 

will lead to the oblique projection of the nanofibers, and 

further generating the arch shaped curves. Moreover, due to 

the tilting limit of the TEM sample holder, it is difficult to have 

the incident beam directions along        or        in our 

experiment.  

Based on the results and discussions above, the schematic 

images illustrating the detailed crystallographic features of two 

SCFs can be drawn, as shown in Fig. 2 (g) and (h). Here, the red 

and blue parallelepipeds illustrate the actual lath morphology 

of       and       SCFs, while the blue and red frame outside 

the parallelepipeds indicate the crystal cell enclosed by 3 basal 

axes. As the viewing directions for the two types of SCFs are 

set to be       and      , the observed morphology is not to 

be the standard parallelepiped due to the difference of β angle 

in monoclinic structures, which are also revealed in the 

thickness map profiles. In addition, the directions which 

perpendicular to       and       in TB are calculated to be 

      and       respectively, 17.36° and 18.14° away from 

      and       directions. These angle deviations on the 

viewing directions are the reason of arch shaped curves shown 

in the thickness map results. Furthermore, the minor facets 

are also marked as       and       for       and       SCFs 

respectively in order to illustrate the morphology intuitively. 

But these two planes have limited area and effect in the 

practical application. 

By carrying the above method to distinguish the two types 

of SCFs, we have recorded the different diameters of several 

nanofibers accurately by TEM to illustrate the relationship 

between the size and the SCF type, eight of which has been 

summarized in Table 1. Consistent with the SEM results,       

SCF normally have larger diameter compared with       SCF. 

This can be attributed to the smaller d-spacing of       planes 

which may lead to a larger growth speed. The TEM BF images 

and corresponding SAED patterns for the nanofibers listed in 

Table 1 can be found in the supplementary materials‡ of this 

paper. Moreover,       SCF is proved to be dominant again 

among all the nanofibers, indicating       SCF win the SCF 

competition during the crystal growth process. 

 

3.2 Determination of the most suitable viewing directions of TB 

nanofibers 

Suitable viewing direction is essential in TEM experiments 

when analyze the detailed crystallographic features of TB 

nanofibers. Owing to the low structure symmetry and the size 

effect of TB nanofibers, the reciprocal points are normally 

elongated, which will relax the diffraction conditions, leading 

to the appearance of some spots even the incident beam is not 

strictly along a certain zone axis. Meanwhile, the growth  

direction of TB nanofibers prepared by hydrothermal method 

is mainly along       direction, leading to the existence of 

strong       reflection in the SAED patterns. Therefore, 

previous researches on TB nanofibers normally regard the 

SAED patterns with the coexisted       and       or        

Table 1 The diameters and corresponding SCF of TB nanofibers. 

No. Diameter (nm) SCF 

1 47       

2 73       

3 88       

4 133       

5 140       

6 176       

7 210       

8 216       

 

spots as the zone axis of       and        respectively.
23, 29

 In 

fact, these zone axes are normally with the index of        or 

      respectively. The spots representing       or       will 

appear sometimes due to the size effect of TB nanofibers. 

In order to determine the most suitable viewing directions 

of TB nanofibers, the series tilting experiment was performed. 

The       SCF was chosen as an example to carry out the 

tilting experiment. The tilting range for the holder is from -30° 

to +30° for both along X and Y directions. Fig. 3 (a)-(g) 

summarized the SAED patterns of 7 viewing directions (VDs) 

for TB nanofibers grown along       direction. Each SAED 

pattern was taken at almost the same place of the nanofiber, 

which can be confirmed from the existence of equal inclination 

fringes from BF images. The TX and TY values illustrated in the 

image of each VD are recorded directly from TEM goniometer 

system. The tilting from VD1 to VD6 is along the normal 

direction of      , which has been marked with green circle in 

each figure. In addition,       series of spots were keeping 

bright during the tilting from VD1 to VD7. The actual angle 

values between every two VDs shown near the blue arrows are 

estimated through the following equation: 

                                                                                (1) 

Here θ represents the actual orientation differences between 

two VDs. ΔTX and ΔTY indicate the TEM recorded angle 

differences along x or y axes between two VDs. It is worth to 

mention that Eq. (1) is not the strictly accurate formula. 

Therefore, the nearby zone axes besides each VD are also 

taking into consideration to help the indexing of SAED patterns. 

Moreover, the calculated viewing directions are normally 

illustrated by fractional indexing as it is quite difficult to 

precise control every VD parallel to a certain zone axis during 

the experiment. 

To start, the sample was first tilt to       zone axis with the 

SAED patterns similar to Fig. 2 (c). It is worth to mention that 

there are some impurities in the nanofiber which contribute 

the weak spots between       and       series of spots. This 

can also be found at some other VDs such as VD2 and VD6. 

When tilting along       axis for 4.84°, the spots representing 

      and       are still visible, indicating the viewing 

direction is not far away from       zone axis. The calculated 

viewing direction is                     through Eq. (1). The nearest 

zone axis around VD2 is found to be       , which is illustrated 

at the lower right corner in Fig. 3 (h). This phenomenon is very 

common in TEM experiments because the strong reflections 

are still visible when the deviation of incident beam directions 

from the zone axis does not exceed ±5°. The       series of  
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Fig. 3 The series tilting procedure on TB       SCF nanofibers with the initial VD of 

     . The tilting was carried out along         axis to reach VD2 to VD6 (b)-(f) and  

      axis to reach VD7 (g). The       spots marked with green circles were keeping 

strong during the tilting. Typical mirror twinning features with the twin plane of       

in TB nanofibers can be seen from the SAED patterns taken along       zone axis. The 

blue and red indexing characters indicate matrix and twin respectively. Moreover, the 

crystallographic relationship of all VDs is illustrated in the stereographic projection of 

vectors (h). The green spots indicate the unapproachable position of normal direction 

of       due to the tilting limit of TEM. 

spots disappeared after tilting for another 9.77° to VD3. At this 

stage, the zone axis is close to       . Continue tilt the sample 

along       axis for 8.84°, 10.45° and 8.51°, VD4-6 can be 

obtained with the zone axes close to       ,        and        

respectively. For VD7, the tilting axis and angle are set to be 

the normal direction of       and 14.75°. Besides VD1 and 

VD7, the       spots are found very strong for the other 5 VDs, 

indicating these VDs are away from the closed-packed or near 

close-packed viewing directions. 

By indexing the SAED pattern in Fig. 3 (g), the twin features 

can be obtained by perform a reflection operation with the 

mirror plane of      . The index for matrix and twin is 

illustrated with blue and red characters. The HRTEM images 

were also taken under this viewing direction to illustrate the 

detailed structure of the extended defects. The existence of 

anti-phase boundary parallel to        plane can also be 

confirmed. Detailed images of the extended defects in TB 

nanofibers can also be found in the supplementary materials‡ 

of this paper. The extended defects found here is compliance 

with the previous research works.
14

 Finally, the VDs involved 

here are all projected in the stereographic projection of 

vectors (Fig. 3 (h)). Two traces of       and       shown in 

the figure reveal the different rotation axes. It is worth to 

mention that       is the normal direction of       plane. 

Therefore, it is reasonable that the orientations located on the 

trace of       are all suitable directions to observe the twins 

in TB as       series of planes can always be seen. Moreover, 

the normal direction of       plane is close to the direction 

of      , which is 17.8° away from       zone axis (green 

spots in Fig. 3 (h)). For the collection of thickness map, this 

direction is the most suitable zone axis as the nanofiber will be 

in the orthographic projection state. However, due to the 

specimen tilting limit, this orientation is difficult to achieve in 

our experiment. Therefore, it is reasonable that the thickness 

maps shown in Fig. 2 have gradual edges because the 

nanofibers are not in an edge-on position. 

 

3.3 Diversity interface structures in TB/TA nanofibers induced by 

different SCFs. 

After calcining the TB nanofiber at 650 °C for 1 hour, the 

interface structures between TB and TA were observed for 

both SCFs, as shown in Fig. 4 (a) and (b). It is noted that the 

interfaces are not strictly parallel to a certain lattice plane, 

indicating the release of internal stress is almost finished. At 

the beginning of the phase transformation, we have also found 

that the interfaces between TB and TA are very smooth. These 

interfaces are normally parallel to         for       SCF (The 

results are not shown). However, no such initial interfaces can 

be found in       SCF. The reason for this may be due to the 

different surface energies of the two SCFs with different facets. 

When seeing from the HRTEM images shown in Fig. 4 (c) and 

(d) for       and       SCFs, steps and kinks are found 

located along the interfaces, suggesting a typical edge 

mechanism of the phase transformation process from TB to TA. 

In addition, no obvious dislocations or stacking faults can be 

found, indicating a fully coherent status of the interfaces. From 

the inset FFT images, it is found that TA has the zone axis of 

      for both SCFs, while TB has the incident beam directions 

along       and       for       and       SCF respectively. 

The existence of       and        spots in the FFT image of TB  

with       SCF is the main difference compared with       

SCF. In addition,       spots keep overlapping for both SCFs 

according to the similar d-spacing of         and        . 

Therefore, two types of orientation relationships can be 

obtained as follows: 

                ,                  

                                      ,                                (2) 

The IFFT images shown in Fig. 4 (e) and (f) illustrate the 

detailed structures. The interfaces for both       and       

SCFs are found parallel to         and         respectively. 

The detailed crystallographic features of the interfaces based  
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Fig. 4 The TEM BF images showing the curved interface structures for       (a) and 

      (b) SCF respectively. HRTEM figures (c) and (d) illustrate two types of ORs for the 

two SCFs. Meanwhile, the steps on the interfaces illustrated in the IFFT images for both 

SCFs (e) and (f) suggest the typical diffusional phase transformation process. The 

detailed crystallographic features for the two ORs are drawn in the stereographic 

projections of planes (g) and (h). Both ORs reveal an excellent crystallographic 

symmetry with       plane keeps overlapping. 

on       SCF has already been reported in our previous 

research works.
24

 Based on the TEM results, the stereographic 

projection of planes were drawn and shown in Fig. 4 (g) and (h) 

to illustrate the detailed ORs for both interfaces. The pole 

centers were set to be                   and           

        for       and       SCF respectively, which were 

also considered to be the first lattice correspondence between 

TB and TA. Here          and          correspond to the 

normal plane of       and       directions respectively. The 

blue, red and black spots represent the lattice planes for TB, 

TA and overlapping spots respectively. For both ORs, the 

second lattice correspondence is                  

according to Eq. (2). Under this conditions, the third lattice 

correspondence which perpendicular to the first two can be 

identified as                  and                  for 

      and       SCF respectively. Based on the lattice 

correspondence from the 3 basal axes, the detailed 

crystallographic OR can be projected. As seen from the Fig. 4 (g) 

and (h), both ORs show an excellent crystallographic symmetry, 

suggesting a lower strain for the lattice correspondence. 

4. Discussions 

4.1 The competition between       and       SCF in TB 

nanofibers. 

The selection of SCFs normally happens during the nuclei and 

growth process and, definitely, will be affected by crystal 

growth environment such as temperature, concentration of 

solution and pressure. However, once these parameters are 

determined, the only factor which may influence the 

competition of SCF is the geometry factors, that is, the 

crystallographic structure and symmetry. Therefore, a 

simplified calculation based on the geometry factors has been 

carried out to interpret the competition mechanism of the two 

SCFs. To perform the calculation, 4 parameters which closely 

associate with the lattice planes were taken into consideration: 

1. Lattice spacing (dhkl). The d-spacing is an important index to 

consider the importance of a certain lattice plane. Normally, 

planes with larger values of dhkl have lower growth speed and 

greater possibilities to be the slip plane of dislocations. 

Moreover, it is known that the lattice planes with a large d-

spacing can be regarded as the close-packed plane or at least 

fairly close-packed.
30

 

2. Multiplicity factor (P). The multiplicity factor is the impact 

factor of equivalent plane numbers on the diffraction 

intensities. Larger P value suggests more equivalent planes 

included in a certain lattice plane with miller index of (hkl). 

3. Lorentz-polarization factor (φ (θ)). The Lorentz-polarization 

factor is also known as the angle factor. As a function of the 

diffraction angle (θ), this parameter reflects the differences of 

scattering intensity of atoms and cells along different 

directions. The factor can be calculated as follows: 

                                             
        

         
                                     (3) 

4. Energy factor (Ehkl). The energy factor reflects the energy 

values of different lattice planes. If a plane does not contain or 

cut through any bond in the crystal lattice, then it can be 

defined as the “ground state”. A positive value “s” will be used 

to represent the status. For a plane contain or cut through the 

bonds between anion and cation, the weight ratios are set to 

be 0.5 and 1 respectively. For example, if a lattice plane 

contain 4 bonds and cut through 2 bonds at the same time, 

then the energy factor should be 2s/(4×2)=s/4. For the special 

situation that only 1 bond is cut through or falls on a certain 

lattice plane, the weight ratio is set to be 1.5 to distinguish 

from the ground state. The more bonds are included or cut by 

a certain lattice plane, the larger growth speed is likely to 

present on the corresponding plane. 

By multiply the 4 parameters together, a list represents the 

importance of different lattice planes can be obtained. The 

calculation results for       and       of TB are summarized 

in Table 2. The product column in the table indicates the 

product of the four factors listed above. Considering this 

column in the table, it is noted that       plane, which have a 

larger values of d-spacing and angle factor, ranked front than 

      plane although the energy factor of       is only one 

quarter than that of      , indicating       SCF has a larger 

chance to win the competition. In fact, for the situation of 

diffraction in real lattice,       is forbidden due to the zero 
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value of structure factor. The       plane is found to have the 

similar diffraction intensity and structure factor with      , 

suggesting the similar importance. However, the drop of the 

index would double the d-spacing and diffraction angle, 

leading to the significant increase of the importance. Also, the 

growth speed of       plane is likely to be lower than       

due to its larger d-spacing according to Bravais’ Law. Therefore, 

most of the nanofibers remain to be       SCF due to the 

lower growth speed of       plane in our experiment. 

 

4.2 The potential effect of multiple interfaces on the lithium ion 

transport properties. 

As two types of TB/TA interfaces which are induced by the 

different TB SCFs coexisted, it is essential to understand the 

differences between these two types of interfaces from the 

perspective of lithium ion transport. As mentioned above, 

dual-phase interfaces are detrimental to the transport of 

lithium ions under normal circumstances. With different 

interface structures, the size of nanotunnels may vary across 

the interfaces, leading to the formation of different pathways. 

In this case, the crystal models of the two types of interface 

structures have been drawn to interpret the mechanism, as 

shown in Fig. 5 (a)-(d). For each SCF, two projection directions 

were chosen to illustrate both nanotunnels and interface 

coherency. According to the TEM results, the interfaces for 

      and       SCFs are parallel to         and         

respectively. Meanwhile, the growth directions of the 

nanofibers are found along         for both SCFs. According 

to the previous results, the lowest energy lithium site is a 

slightly off-center position in the b-axis channel for low lithium 

concentration (x<0.125 for LixTiO2-B). In addition, low Li 

migration energies are also found for pathways along b-axis 

channel.
21

 Therefore, for the observation of nanotunnels in TB, 

the viewing directions were set to be                  for 

both SCFs, as shown in Fig. 5 (a) and (c). The interfaces 

between TB and TA are shown by yellow dashed lines. 

The biggest nanotunnel located at the center of TB is the 

main and most effective one. It is also noticed that TB has 

larger size nanotunnels than TA, which is consistent with its 

excellent lithium ion transport properties. Although the 

interfaces observed from the direction of                  

do not show an excellent coherent status, the nanotunnels at 

the centers of interfaces are all expanded for both SCFs. As the 

most suitable pathway for lithium ions is moving along 

       , which is the same with the growth direction of TB 

nanofibers, the interface here will not block the movement of 

lithium ions. Instead, the expansion of tunnels may allow more 

ions to pass at the same time, suggesting an increase of 

transport efficiency. In addition, the       SCF is found to 

have larger expanded tunnels and regular shaped interfaces, 

indicating a more suitable pathway than       SCF. Therefore, 

it is a possible effective way to enhance the lithium ion 

insertion properties by controlling the growth of TB nanofibers 

with       SCF. 

According to the TEM results shown in Fig. 4, the interfaces 

of TB/TA show a great coherent state. Therefore, the interface 

models with the viewing directions of                  and 

                 (the same with TEM results) are also drawn 

in Fig. 5 (b) and (d). Seeing from the figure, it is found that 

both interfaces are fully coherent under this viewing direction. 

In addition, the nanotunnels of       SCF are larger than that 

of       SCF, consistent with the results from Fig. 5 (b) and (d). 

Considering the previous reports, low migration energy (~0.5 

eV) along the direction of         is confirmed besides the 

optimized b-axis pathway in TB structure.
21

 This is another 

evidence to show that the nanofibers with       SCF have  

 

 
Fig. 5 The interface schematic graphics of       (a), (b) and       SCF (c), (d) 

respectively. Each SCF has two projection directions to illustrate the structures of 

nanotunnels and interface coherency. Both SCFs exhibit coherent interface structures 

when viewing along the same zone axes with the TEM results. Also, the       SCF 

shows larger nanotunnels expansion and less dangling bonds at the interface area (c) 

when compare with       SCF (a) when viewing along                  direction, 

indicating possible higher lithium ion transport efficiency for the TB nanofibers with 

      SCF. 
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Table 2 The calculation results for       and       planes in TB 

 

 

 

 

better lithium ion transport properties. 

 

4.3 Controlled synthesis of nanofibers with certain SCF 

The researches on the controlled synthesis of metal-oxides 

nanocrystals with specific exposed facets are somewhat 

abundant recently.
31-34

 Crystallographically, the nanocrystals 

with different facets normally belong to different SCFs. For 

certain nanocrystals, the competition between different SCFs 

is often existed during the crystal growth process. If the 

dominant facets are unwanted, the common method is to 

dope some elements to replace the atoms at the wanted 

planes to limit the growth rate. This method has been proved 

to be effective during the growth of anatase nanocrystals with 

certain facets.
34

 The most available anatase crystals are 

dominated by the thermodynamically stable facets       

(more than 94 per cent, according to the Wulff construction).
35

 

That is,       SCF wins the competition during the growth 

procedure. In fact,       in anatase has the largest diffraction 

intensity and lattice plane density no matter considering 

Bravais lattice or real lattice. However, the most reactive facet 

in anatase has been proved to be      , which has the 

diffraction intensity five times lower than that of       

(considering the plane of      ).
35-37

 In this case, fluorine was 

added during the growth process to replace some oxygen 

atoms at the surface, leading to the fluorine-terminated 

surfaces with reversed priority.
34

 For the situation of TB, the 

controlled synthesis of nanocrystals with certain SCF may 

easier as the importance difference between the first and 

second ranked planes is not as large as that of anatase. Further 

investigations may be needed to find out the elements which 

are suitable to dope into TB for the selection of different SCFs. 

5. Conclusions 

In summary, the morphology and competition mechanism of 

TB nanofibers with two types of SCFs were investigated in 

detail. The lath shape morphology for the two SCFs was 

confirmed through SEM observation and the thickness 

mapping technique. Moreover, by precisely determine the 

type of SCFs, TB nanofibers with       main facets have been 

confirmed to be dominant. By calculating 4 crystallographic 

parameters, the competition mechanism between different 

SCFs was successfully interpreted. Furthermore, the TB/TA 

interfaces with different ORs have been produced and 

analyzed in detail. Both interfaces reveal fully coherent status 

with different crystallographic ORs. Moreover,       SCF is 

found to have larger nanotunnels at TB/TA interface region, 

indicating a better lithium ion pathway. The controlled 

synthesis of TB nanofibers with certain SCF is also prospected 

at last. 
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Two types of TiO2 (B) single crystal forms as well as the induced TiO2 (B)/anatase interfaces in one 

nanofiber with different orientation relationships are well studied with the aim of multi-purpose 

nanofiber synthesis. TiO2 (B) fibers with �001� single crystal form are confirmed to reveal larger 

nanotunnels, which is speculated to enhance the passing rate of Li
+
 ions though the quantity is 

not dominant. In addition, the interfaces with two orientation relationships exhibit fully coherent 

status which will definitely improve the photocatalytic performance for the dual-phase 

nanofibers. 
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