Coherent Interfaces between Crystals in
Nanocrystal Composites

Hongwei Liu," Zhanfeng Zheng," Dongjiang Yang,” Xuebin Ke," Esa Jaatinen,” Jin-Cai Zhao,* and

Huai Yong Zhu™*

TChemistry, Queensland University of Technology, QLD 4001, Australia, and *Institute of Chemistry, The Chinese Academy of Science, Beijing 100080, China

he interfaces between crystals of dif-

ferent phases (crystal interfaces or

interphase boundaries) play an im-
portant role in determining the structure of
materials that consist of nanocrystals' ~* be-
cause of the large relative fraction of at-
oms that exist in the interfacial regions.*
These crystal interfaces are important as
many properties of the solid materials
formed depend on them. For example, a
random connection of two different crys-
tals would lead to dangling bonds, large
crystallographic discrepancies, and voids in
the interface region. These structural imper-
fections can significantly affect many of
the physical and chemical properties of the
materials. Conversely, if two different nano-
crystals join at surfaces of crystallographic
similarity, then the formation of chemical
bonds between atoms of opposing surfaces
is maximized and full coordination can be
achieved. Bonding between two phases re-
duces overall energy by minimizing surface
energy associated with unsatisfied bonds.
Such coherence between two nanocrystals
results in a reduction of Coulomb forces and
a minimization of dangling bonds, thereby
creating stable interfaces. The interfaces be-
tween nanocrystals, formed by phase trans-
formation, reaction, or spontaneous attach-
ment are different from those formed by
other forces, such as magnetic and electron
static forces, confining or jamming forces,
capillary forces, and friction and lubrication
forces. The latter plays an important role in
assembling nanoparticles and has been ex-
tensively studied,® while the former is much
less understood at the atomic level be-
cause the crystallographic features of inter-
faces are very difficult to investigate, al-
though nanocrystals are assembled by
these interfaces in many advanced materi-
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ABSTRACT Numerous materials are polycrystalline or consist with crystals of different phases. However,
materials consisting of crystals on the nanometer scale (nanocrystals) are not simply aggregates of randomly
oriented crystals as is generally regarded. We found, that in four different materials that consist of nanocrystals
of two different phases and were obtained by different approaches, the nanocrystals of different phases are
combined coherently forming interfaces with a close crystallographic registry between adjacent crystals (coherent
interfaces). The four materials were fabricated by (i) depositing Ag,0 nanoparticles on titanate nanofibers, (ii)
phase transition from Ti0,(B) nanofibers to the nanofibers of mixed Ti0,(B) and anatase phases, (iii) dehydration
of the single crystal fibril titanate core coated with anatase nanocrystals, and (iv) attaching zeolite Y nanocrystals
on the surface of titanate nanofibers. The finding suggests that preferred orientations and coherent interfaces
generally exist in nanocrystal systems, and according to our results, they are largely unaffected by the fabrication
process that was used. This is because the preferred orientations require that the engaged crystal planes from
two connected crystals have the same basal spacing and that the crystals can interlock tightly at the atomic level
to form thermodynamically stable interfaces. Hence it is rational that the preferred orientations and coherent
interfaces dominant the nanostructures formed between the different nanocrystals and play a key role in
assembling the composite nanostructures. The orientation and interfaces between crystals of different phases in
mixed-phase materials are extremely difficult to determine. Nonetheless, the thermodynamic stability of the
coherent interfaces allows us to apply phase-transformation invariant line strain theory to predict the preferred
orientation (and thus the structure of the coherent interfaces). The theoretical predications agree remarkably with
the transmission electron microscopy (TEM) analysis. This implies that we may acquire knowledge of the
orientation and the interface structures in the mixed-phase materials without TEM measurement, and the
knowledge is essential for comprehensively understanding properties of the many materials and processes that

depend on the interfaces.
KEYWORDS: interface - nanocrystal - assembly - transmission electron microscopy

als. It has been reported recently that the in-
terfacial orbitals undergo “reconstruction”
when oxide crystals combined coherently.5”
This is an important finding for understand-
ing the behavior of high-temperature su-
perconductors and ferromagnets of oxides
that have a perovskite structure with similar
lattice parameters, as it ensures well-
matched interfaces. The crystal interfaces
are determined by the relative orientation
between the adjacent crystals. Particles con-
sisting of two mixed phases have been gen-
erally regarded as aggregates of randomly
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Figure 1. (A) TEM analysis of the Ag,0 nanoparticles depos-
ited on the sodium titanate surface. A large number of Ag,0
nanoparticles with size <10 nm are observed homogenously
distributed on the titanate fiber surface. (B) The surface has a
planar normal [100];, confirmed by selected electron diffrac-
tion pattern. (C) An image of a spherical Ag,0 particle is
shown. (D) Image was obtained by inversing the FFT of the im-
age in C. The lattice fringes in this image can be observed
clearly. It can be seen in D that the orientation of [100]; is par-
allel to [031]..

oriented crystals, and thus there should be an infinite
array of crystal interfaces with no statistically dominant
interface structure prevailing throughout the material.
But this hypothesis may not be valid in many nanocrys-
talline materials, since preferential oriented attach-
ment of nanoparticles has been observed in self-
assemblies of nanocrystals.2~"" Therefore, this raises
the question: is the phenomenon that two nanocryst-
als combine coherently forming interfaces with a close
crystallographic registry (i.e., coherent interface) a typi-
cal feature that exists across a diversity of nanocrystal
systems, or does it simply arise in a few specific systems
and situations? If it is a predominant feature, then de-
termining what the principle underlying this phenom-
enon is and understanding it well enough to be able to
predict the coherence between the constituent nano-
crystals becomes important.

Answers to these questions would lead to two im-
portant outcomes. First, the structure of the coherent
interfaces and thus the orientation may be predicted
from knowledge of the interface energy and the lattice
parameters of the crystals involved. Second, if an ori-
ented attachment is a common phenomenon in many
systems of nanocrystals, then it would therefore play an
important role in the assembly and self-assembly of
these crystals in advanced material fabrication.
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While it is readily accepted, the hypothesis that par-
ticles of two different phases are aggregates of ran-
domly oriented crystals has never been verified for
nanocrystalline materials. Unlike aggregates of large
particulate materials, in nanocrystal systems, the con-
stituent nanoparticles have a relatively large surface
area to volume ratio, and thus the surface energy ac-
counts for a considerable fraction of the overall system
energy. An argument can then be said that when a
large fraction of atoms exist in the interface regions,
such as in nanocrystal aggregates, the thermodynamic
stability of the coherent interfaces with a close crystal-
lographic registry dominates the overall stability of the
system. Hence, coherent interfaces and thus the orien-
tation between nanocrystals should widely exist in
nanostructural materials. Unfortunately, the structural
information revealing the orientation of nanocrystals
and the nature of the interfaces can be extremely diffi-
cult to determine even with high-resolution transmis-
sion electron microscopy (HRTEM). This lack of knowl-
edge is a serious impediment to developing a
comprehensive understanding of the properties of
polycrystal materials and in designing new functional
materials based on nanocrystals.

In this study, we determine the structure of the co-
herent interfaces between crystals of two different
phases in four systems (and thus the crystallographic
orientation of the crystals of one phase to the crystals
of another phase) by using transmission electron micro-
scopy (TEM) and predict it by applying phase-
transformation invariant line strain (ILS) theory. The
four systems are: (1) Ag,0 nanoparticles depositing on
the titanate nanofibers, (2) the nanofibers of mixed
TiO,(B) and anatase phases obtained from nanofibers
of TiO,(B) by phase transition, [TiO,(B) is a polymorph
of titanium oxide with monoclinic baddeleyite-like
form; here “B” represents baddeleyite as the lattice of
this TiO, polymorph and is very similar with baddeley-
ite (a rare zirconium oxide mineral)], (3) the nanofibers
of a single crystal TiO,(B) coated with anatase nano-
crystals obtained from the nanofibers of mixed ana-
tase and titanate phases, which involves a dehydration
reaction (H,Ti;O; to TiO,), and (4) zeolite Y nanocrystals
attached on the surface of titanate nanofibers. The
choice of nanofibers for this investigation was impor-
tant as the nanofiber morphology is particularly well
suited for TEM study of the crystal interface structure,
in contrast to irregular shaped or spherical particles
with mixed phases. The fibers have thicknesses of sev-
eral tens of nanometers, and TEM micrographs can pro-
vide clear information about the lattice structures of fi-
bers with such dimensions. Also, the directions of the
engaged lattices relative to the fibril axis can be ascer-
tained because the fibers always lay flat on the speci-
men holder making it simpler to determine the relative
orientation of the lattices.
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RESULTS AND DISCUSSION

Ag,0 Nanocrystal-Bonded Na-Titanate Nanofibers. Figure 1
shows the TEM images of Ag,0 particles deposited on
the surface of Na-titanate nanofibers. Titanate nano-
fiber was identified by electron diffraction pattern
shown in Figure 1B. Ag,0 (PDF card number 43-0997)
has a crystal structure with space group pn3m and lat-
tice parameter a = 0.4726 nm. TEM and HRTEM investi-
gations have confirmed that the Ag,0 nanoparticle
size does not exceed 15 nm (see single particle shown
in Figure 1C and D, an inverse fast flourier transforma-
tion (IFFT) image of 1C) and that they are homoge-
nously and densely distributed on the titanate surface
as shown in Figure 1A and E. There exists a closed crys-
tallographic registry between the Ag,0 and Na-titanate
phase, as we have found that all of Ag,0 articles have
the same crystallographic registry with respect to the
substrate fibers. In Figure 1E is shown an HRTEM image
of Ag,0 particles distributed on titanate fibers. Figure
1F and G are the fast Fourier transform (FFT) and IFFT
images corresponding to Figure 1E. That is, the direc-
tion [021]; is parallel to [100], and the plane (112); is
parallel to (013),. The subscripts “t” and “s” are for titan-
ate and silver oxide, respectively. The crystallographic
orientation relationship (COR) can be expressed in low
index as (110)s//(111),, [11114//[011],, and [112]//[110];
(See Figure 1G and detailed calculation in Section S1 of
the Supporting Information.)

The best matching of a crystal with an adjacent crys-
tal is achieved when the interface between the two
crystals has a minimum misfit strain, and the system of
two crystals has minimal interfacial energy, resulting in
coherent interfaces and in the creation of the most
stable structure. Thus we can apply the ILS theory to de-
termine the structure under which the minimum inter-
face strain occurs.'® According to ILS theory, the crystal-
lographic orientation relationship between the initial
phase and a newly formed phase in many diffusion-
controlled phase transitions can be derived by match-
ing the lattices of the two phases and rotating one lat-
tice relative to the other.'* ¢ If the difference between
the two crystals at the interface, for example, the inter-
planar spacing (d-space) of the two crystals, is large, ro-
tating one lattice about a principal axis (e.g., “Z" axis)
will be necessary to minimize the interface strain. Such
a rotation can be calculated using eq 1, which was de-
rived using matrix algebra:'”

1
cos) = —= (1

Here 6 is the angle of lattice rotation, and m; and m;,
are the principal distortions required to make the two
lattices coincident. Best matching of one crystal with
the other is achieved when the interface between them
has a minimum misfit strain and the system of the two
crystals has low interfacial energy. To match the lattices
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of two crystals, multiple rotation operations may be re-
quired, and the details of the operations are given in a
previous work.'®

Obviously, once the interfaces with minimum inter-
face strain are determined, the orientations between
the crystals of different phases are also known. In pro-
cess (1), silver oxide nanocrystals formed on the Na-
titanate surface can be treated as an epitaxial growth.
The invariant line theory can be applied for epitaxial
growth by considering the habit plane at the surface
of the substrate. Ag,0 has a cubic structure, and Na-
titanate has a monoclinic structure (C2/m, a = 0.8570,
b = 0.3800, c = 0.9135 nm, B = 101.57°). There is a
simple lattice correspondence relationship between
the cubic phase and monoclinic phase, that is, [101];
corresponds to [100];, [010]; to [010],, and [101]; to
[001];. Set the main strains for the three axes as 1, 1,
and m3 and the habit plane denoted as (hk/);, whose nor-
mal is parallel to [100];. By resolving the following
equations:

Ly + 7
X2 2
LrL4Z @
N M M
hx + ky + Iz

1

0

An invariant line or growing direction [x, y, z]; was
found to be [0.3276, 0.8380, 0.4347]; after considering
coordinate transition. This direction has a departure
angle of 33° from [010].. The COR between the two
phases was also derived theoretically to be close to ob-
served OR and is provided in Section S1 of the Support-
ing Information.

The results demonstrate that coherent interfaces ex-
ist in system (1), the heterogeneous epitaxy of Ag,0O
nanocrystals deposited on the Na-titanate nanofibers,
and the orientation of the Ag,0 nanocrystals with re-
spect to the Na-titanate fibers can be successfully de-
rived using crystallographic theory. Supported Ag,0
nanoparticles have been found to be active catalysts
in selective catalytic reduction of NO,." To prevent los-
ing the Ag,0 nanoparticles in the catalytic operation,
the nanoparticles have to be well bonded to the sup-
port. The Ag,0-coated titanate nanofibers prepared in
this study will be competitive as Ag,O nanoparticle
catalysts in such applications, since they are strongly
and stably bonded to the fibers through the formation
of coherent interfaces. Oxygen atoms at the interfaces
are shared by the two phases.

Phase Transition from Ti0,(B) Nanofibers to the Nanofibers of
Mixed Ti0,(B) and Anatase Phases. TEM and HRTEM analysis
indicates the fibril morphology was maintained during
the phase transition under heating (Figure S1 in the
Supporting Information), and in the product, TiO,(B)
and anatase phases coexisted in a single nanofiber. The
electron diffraction patterns of the mixed phase nano-
fibers are shown in Figure S2A—D of the Supporting In-
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Figure 2. Microstructure and interface structure of a T600 nanofiber with mixed TiO,(B) and anatase phases. (A) TEM micro-
graph of a T600 nanofiber, which was obtained by calcining TiO,(B) at 600 °C. Anatase phase is adjacent with the residual

TiO,(B) phase, and the fibril morphology was maintained during the phase transition under heating. (B) Composite electron
diffraction patterns of the sample T600 taken down [100], and [001],. (C) HRTEM image of the interface between anatase

and TiO,(B) phases, and the inset is a FFT image corresponding to the square area marked with a dash line. (D) Inverse FFT im-
age from the square area in G, illustrating the good matching between plane (002), and plane (200),. The crystallographic ori-
entation relationship (COR-1) between the two phases could be expressed as [100],//[001], and (001),//(100),. (E) Atomic ar-
rangement down [100], and [001], of the interface formed by connection of (010), and (010), planes in the fibers of mixed

anatase and TiO,(B) obtained from process (2).

formation. T600 fiber, calcined at 600 °C and consisted
of mixed TiO,(B) and anatase, was chosen as a represen-
tative to study the interface structure and crystallo-
graphic orientation relationship between the two
phases. According to the TEM analysis, the crystallo-
graphic orientation relationship between the two
phases can be expressed as [1001,//[001], and (001).//
(100), and from here on will be referred to as COR-1.
The symbol “//" indicates that the two items are paral-
lel, and the subscripts “a” and “b” are for anatase and
TiO,(B), respectively. The orientation relationship in this
system, expressed by composite stereographic projec-
tions of plane and direction, are shown in Figure S3A
and B of the Supporting Information. The stereographic
projection of the crystal plane is different than that of
the crystal direction, even though they have the equiva-
lent pole center, if the crystal structure is not cubic.
Both of them are shown to make the crystallographic
orientation relationship between anatase and TiOy(B)
better to understand. Indeed, there are preferred crys-
tallographic orientations of anatase crystals with re-
spect to TiO,(B) crystals in the mixed-phase fibers. In
these nanofibers, the interface is formed by connect-
ing the (010), plane in anatase with the (010), plane of
TiO(B) crystals. The (010), planes of anatase have a
basal spacing of 0.378 nm, close to that of the (010),
planes (0.374 nm) in the adjacent TiO,(B) (Figure 2C and
D, its IFFT image). With (001), parallel to (100),, the
structure has an appearance that (001), and(100), have
the same orientation so that the (010) plane of anatase
extends across into the adjacent phase TiO,(B) (see Fig-
ure 2E). It also follows that since the number of pairs
of parallel planes, which have similar basal spacing, is fi-
nite and that the number of the types of interfaces be-

tween the two phases is limited. Banfield and co-
workers? have also discovered that in polycrystalline
rutile the single crystals attach to one other with a pre-
ferred orientation. In this study, the two phases were
also identified by HRTEM and electron diffraction. For
comparison, the TEM images of pure TiO,(B) fibers, the
mixed-phase fibers obtained at different calcining tem-
peratures, and the pure anatase fibers are provided in
Figure S1 of the Supporting Information.

ILS theory was also applied for predicting the crystal-
lographic orientation relationship between two TiO,(B)
and anatase crystals in the nanofibers obtained from
process (2). We found that the crystallographic features,
including the orientation relationship and interface pre-
dicted by the theory, agreed well with those obtained
experimentally from TEM measurements. The detailed
procedures and results are given in Section S3 of the
Supporting Information.

Dehydration of the Single Crystal Fibril Titanate Core Coated
with Anatase Nanocrystals. In system (3), the anatase thin
plates formed first on the surface of the H-titanate
nanofibers have a relatively regular polygonal morphol-
ogy (see Figure 3A). The interface structure and crystal-
lographic registry between the two phases were also
determined. It shows that [100], is nearly parallel to
[001]; and that there is a slight divergence (about 2°) be-
tween plane (011), and (110),, as shown in the stereo-
graphic projection (see Figure S3 in the Supporting In-
formation).

After calcinations at 450 °C, the H-titanate core con-
verted into a TiO,(B) single crystal, while anatase nano-
crystals remained on the surface of the TiO,(B) fiber (see
Figure 4A). The interface structure and crystallographic
registry between the anatase thin plates and the TiO,(B)
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Figure 3. Microstructure of H-titanate fibers covered with anatase platelets. (A) TEM image of such a fiber with an in-set
showing the corresponding electron diffraction patterns. The anatase thin plates on the surface of the H-titanate nano-
fibers have a relatively regular polygonal morphology. (B) Index of the FFT image in C, the incident beam direction is B =
[100]./[001];. (C) HRTEM image of an anatase particle on the surface of H-titanate fiber, and the in-set is an FFT image show-
ing the electron diffraction patterns of the involved phases anatase and H-titanate. (D) Inverse FFT image from the square
area in C. It indicates that plane (011), is nearly parallel to plane (110),. As summarized in B, [100], is nearly parallel to [001],,
and there is a slight diverge (about 2°) between plane (011), and (110),.

nanofiber core were also investigated and shown in Fig-
ure 4D, F, and G. An inverse fast Fourier transform im-
age (Figure 4F) was obtained from the pattern shown in
Figure 4E. Figure 4C and F clearly indicate that the
plane (011), in anatase is parallel to plane (110), in
TiO,(B) and that both of them have the same interpla-

nar spacing. The crystal interface between the two
phases is (110),//(011),. The resulting crystallographic
orientation relationship, referred to as COR-2, in these
core/shell structure fibers can be summarized by the
following planar and directional relationships: (011).//
(110)y, [1001,//[001],, and [010], is nearly parallel to

Anatase i TIOAB)

Figure 4. Microstructure of TiO,(B) fibers covered by anatase platelets. (A) TEM micrograph of single TiO,(B) fiber. (B, inset)
Corresponding electron diffraction patterns taken down in B = [001],. (C) Index of the FFT image (E). (D) HRTEM image of an
anatase particle on the surface of a TiO,(B) fiber. (E) FFT image giving the matching pattern between anatase and TiO,(B).
(F) Inverse FFT image from the marked area in D, indicating a good match between plane (011), and (110),. The resulting crys-
tallographic orientation relationship (COR) in the fibers obtained from process (3) (COR-2) can be summarized by the follow-
ing directional relationships: (011).//(110)y,, [100].//[001],, and [010],~/[010],, with a divergence of about 2° from the experi-
mental observations as shown in C. (G) Atomic arrangement in the interface region illustrates the interface structure of the
fibers of TiO,(B) coated with anatase nanocrystals, obtained from process (3).
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Figure 5. Preferred orientations in the assembly of titanate coated
with zeolite Y nanocrystals. (A) and (B) TEM images showing the in-
duced angles between zeolite (111) plane and titanate (001) plane
parallel to [010].. (A, inset) Enlarged lattice fringes of the zeolite par-
ticle and the interplane distance of (111) planes. (C) Possible self-
assembly of zeolite Y nanoparticle of rhombic shape and enclosed
by {111} and {110} planes. Here the symbol {} means that the planes
involved belong to a crystal plane family, e.g., {111} includes eight
planes (111), (111), (111), (111), (111),(111), (111) and (111). A
maximum of five zeolite crystals can connect each other at a planar
surface by forming coherent interfaces with their (111) planes. This al-
lows six possible departure angles between every two (111) planes
as listed in Table S3 of the Supporting Information. (D) 3-D profile of
the zeolite nanocrystals attaching on the surface of titanate nano-
fiber by keeping their (111) plane parallel to the (011) plane of the fi-
ber. Please note that the interplane distance of (111),is 1.42 nm, ex-
actly four times of that of (011), (0.355 nm).

[010], with a small divergence of about 2°, as deter-
mined from the experimental observations (Figure S3B
and E of the Supporting Information). A schematic pro-
file of such an interface is shown in Figure 4G, illustrat-
ing the atomic arrangement in the interface region. It
demonstrates that the crystallographic orientation rela-
tionship between the anatase and the TiO,(B) phase in
the fiber has the (011), plane parallel to (110)y,, with the
[100], direction parallel to [001],. This indicates that
the orientation of the anatase crystals with respect to
the TiOy(B) crystals in the fibers obtained from process
(3) is the same as that observed in the mixed-phase fi-
bers of system (2).

The above conclusion is also confirmed by the theo-
retical ILS analysis of System (3). To match the lattices
of TiO»(B) and anatase (lattice correspondence), we set
the body diagonal line of the tetragonal anatase phase,
[111],, parallel to the face diagonal line of monoclinic
TiO,(B) phase [110],.2" The predicted crystallographic
features, including the crystallographic orientation rela-
tionship, invariant line, and crystal interfaces, are listed
%\K) VOL. 4 = NO.10 = LIU ET AL

in Tables S1 and S2 of the Supporting Information. The
detailed calculation procedure is also given in Sections
S3 and S4 of the Supporting Information. The new crys-
tallographic orientation relationship derived by apply-
ing the ILS theory is in good agreement with that ob-
served in the TEM analysis, and the conclusion that new
crystallographic orientation relationship in the core/
shell structure nanofibers is the same as COR-1 ob-
served in process (2) is also illustrated by the stereo-
graphic projection of orientation and plane (Figure S3A
and B of the Supporting Information).

These results reveal that in mixed-phase fibers the
anatase crystals always connect with TiOy(B) crystals in
preferred orientations regardless of the fabrication pro-
cess. Intrinsically this is because the preferred orienta-
tion between the crystals results in a thermodynami-
cally stable structure when the interface strain is at a
minimum. This is also the reason that the choice of fab-
rication process had only a minor influence on the ori-
entation and the interface structure. Actually, it is an im-
plied prerequisite for the application of the ILS theory
that the preferred orientations and the coherent inter-
face structures of the mixed phase systems are inde-
pendent of the fabrication process. The above results
offer strong support that ILS theory can be successfully
used to predict the crystallographic orientation rela-
tionship between different crystals obtained via vari-
ous fabrication processes.

It should be noted that more than one type of crys-
tal interface can exist for a particular crystallographic
orientation relationship between TiO,(B) and anatase
crystals. For example, other possible interfaces in the
nanofibers of system (2) are revealed in the stereo-
graphic projection of the plane displayed in Figure S3B
of the Supporting Information. Some of the possible in-
terfaces include (103),//(302), formed by connecting
the (103), plane of anatase with the (302), plane of
TiO,(B) crystals, (010),//(010), and (001),//(100),. How-
ever, it is difficult to observe all of the possible interface
structures with HRTEM.

Zeolite Y Nanocrystals Attached on the Surface of H-Titanate
Nanofibers. System (4) is more complicated in which zeo-
lite Y nanocrystals were attached on the surface of the
titante nanofibers via two types of coherent interfaces:
the coherent interfaces between zeolite and titanate
and between zeolite Y nanocrystals (a self-assembly of
zeolite nanocrystals). Images of zeolite Y nanocrystals
attached on the surface of the titanate fiber are shown
in Figure 5A and B.

The nanocrystals of zeolite Y have a rhombic mor-
phology enclosed by planes {110} and {111} (see Fig-
ure 5D). Planes (020) and (011) are often observed in the
[100] direction for titantate nanofibers (see Figure 5D).
At first glance of the TEM images, it appears no clear
dominant orientation of the zeolite crystals exists with
respect to the substrate fibers, as the zeolite crystals
could attach to the fibers in various orientations. How-
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TABLE 1. Comparison of Crystallographic Features between the Predictions of the ILS Theory with the Results of TEM
Analysis for All the Four Systems

systems comparing features theoretic values(deg) measured values(deg) ()

titanate/Ag,0” orientation relationship (110)3.5° — (117, (110),//(117), <48
[111144° — [011]; (11171011l
[112],4.7° — [110], [112],//1110],

Ti0,(B)/anatase orientation relationship (001),//(100),, (001),//(100),; 0.5
[1001,0.5° — [001],; (1001,//1001],;
[0101,0.5° — [010], [010],//[010],

Ti0,(B) core/anatase shell* orientation relationship (011),//(110),,; (011),//(110),; 0.4
[100],1.6" — [001],; [100],2.0" — [001],;
[010],1.6° — [010], [010],2.0° — [010],

Titanate/zeolite Y¢ planar matching 67.4 64;70.5 34,31
.1 45 29
29.4 28.6;33 1.8;2.9
18.6 20.2 1.6
49.9 49 0.9

“Orientation relationship calculated has a small departure (smaller than 5°) against the experimental observation. °[010], is nearly parallel to [010], with a divergence of
0.5°, and so is [100], to [001],. [010], is nearly parallel to [010], with a divergence of 2.0° and so is [100], to [001]},. “Induced angle between the trace of plane (111), and

[010];, the long axis of titanate fiber regarding to six variants.

ever, given that the d value of the plane (111) of zeo-
lite Y (1.42 nm) is four times that of the d value of the
plane (011) of the titanate fibers (0.355 nm), it is ex-
pected that the (111) plane of zeolite should preferen-
tially align itself parallel to the (011) plane of titanate to
achieve the best matching with the titanate fibers. The
orientation of the zeolite crystals relative to the nano-
fibers can be determined from the TEM analysis (such as
Figure 5A and B and the selected area electron diffrac-
tion). The first zeolite particle is attached on titanate in
an orientation where the (111) plane of zeolite is paral-
lel to the (011) plane of titanate (an assembly process,
schematically shown in Figure 5D). Other zeolite par-
ticles will then connect to particle 1 with their (111)
planes aligned [(111) plane to (111) plane, a self-
assembly process]. There should be five orientations
for the self-assembled zeolite Y crystals on a planar sur-
face. This is because the internal angle between (111)
planes is 70.5° for a cubic structure. As a result, all zeo-
lite particles exhibit six orientations with respect to the
substrate titanate nanofiber. As shown in Figure 5C, the
six possible orientations of the zeolite crystals ex-
pressed as the angle between plane (111),and (011),
are 0°,70.5° 142°, 211.5°, 282° and 352.5°, respectively.
The theoretically predicted possible orientations and
those experimentally observed by TEM are listed in
Table 1. Crystallographic features between the predic-
tions of the ILS theory with the results of TEM analysis
for all the four systems, as well as in Table S3 and Fig-
ure S6 of the Supporting Information, which show that
all observed orientations agree with the predicted ori-
entations with a discrepancy that is less than 3.5° are
also summarized in Table 1.
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Assemblies of zeolite nanocrystals on titanate
nanofibers discussed here are of great practical
importance.?2?® The coherent interfaces in the sys-
tem prevent zeolite nanocrystals from being lost in
catalytic operation, greatly improving yield of prod-
ucts. Also we could control aggregation of the nano-
crystals as well as the pore entrances to be exposed
by adjusting the population of the zeolite crystals on
the fiber and by utilizing the defined orientation of
the zeolite nanocrystals to the substrate, as shown in
Figure S6 of the Supporting Information. This can
significantly improve the accessibility of the active
sites of the zeolite nanocrystals and enhance adsorp-
tion selectivity and catalytic performance of zeolite
Y.

The results presented here for the materials of sys-
tems (1) and (4) are of significance not only for re-
search of catalysts, where zeolite nanocrystals and
noble metal oxide nanoparticles play important roles,
but also for understanding the assembling processes
that occur in nanocrystal systems when other functional
structures and devices are fabricated from nanocryst-
als. The component crystal phases in these systems are
chemically different substances and are not related by
phase transitions. The system described by process (4) is
more complicated, involving two assembling mecha-
nisms: assembling zeolite Y crystals with titanate and
self-assembling zeolite Y nanocrystals. Assembling vari-
ous nanocrystals by different mechanisms in one sys-
tem also has great potential for producing new unique
functional structures.

The results obtained by HRTEM and ILS analyses for
the four systems are compared in Table 1, which indi-
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cates that we are able to predict the structure of nano-
crystal assemblies by applying the ILS theory.

Finally it is also important to note that all the coher-
ent interfaces studied in the present work are formed
under thermodynamic control. Many nanostructure
fabrications are under kinetic control, and the inter-
faces between nanocrystals formed in these processes
may be different from those in this study. An example is
the heteroepitaxial interfaces between different crys-
tals of a nanocomposite prepared from solution (under
kinetic control) changed when the sample was anneal-
ing at high temperatures (under thermodynamic equi-
librium conditions).? The interfaces formed in kinetic
control processes are worth future investigation.

CONCLUSIONS

Both high-resolution transmission electron micro-
scopy (HRTEM) and invariant line strain (ILS) analysis
confirms that the preferred orientation between nano-
crystals of different phases exists in all four systems dis-
cussed here. Since the preferred orientations between
crystals of different phases can result in thermodynami-

METHODS

In this study, four systems were investigated to determine
how two nanocrystals of different phases combine coherently
by forming interfaces with a close crystallographic registry be-
tween adjacent crystals.

System (1). Sodium titanate (Na,Ti;O-, or Na-titanate) nano-
fibers were employed as support to coat silver oxide (Ag,0)
nanocrystals. For instance, 200 mg Na-titanate nanofibers, which
were synthesized by a reaction between concentrated NaOH so-
lution and a titanium compound under hydrothermal condi-
tions (200 °C),'? were dispersed into 200 mL pure water. The pH
value of the suspension was adjusted to ~11 by adding diluted
sodium hydroxyl aqueous solution dropwise. The nanofibers
were collected by centrifuging and were added into 200 mL 1
X 1072 M silver nitrate aqueous solution. After stirring for 24 h,
the solid was collected and dried at 80 °C for 12 h.

System (2). Nanofibers of mixed TiO,(B) and anatase (TiO,)
phases were obtained from nanofibers of TiO,(B) by phase tran-
sition. The TiO, nanofibers were prepared from the protonated
titanate (H,Ti3O;, or H-titanate) nanofibers that were obtained by
treating Na-titanate nanofibers with dilute HCl acid solution.'?
Heating H-titanate nanofibers at temperatures between 550 and
700 °C results in nanofibers of mixed TiO,(B) and in anatase
phases because of gradual phase transition, while calcinations
at a temperature of 700 °C or above yields pure anatase fibers.
The calcination temperature is indicated in the sample name: for
instance, samples T300 and T400 were the samples calcined at
300 and 400 °C, respectively.

System (3). Nanofibers of a single crystal TiO,(B) coated with
anatase nanocrystals were obtained from H-titanate (H,Ti;O;)
nanofibers.'? The H-titanate nanofibers were dispersed in a di-
lute (0.05M) HNO; acid solution and kept at a designed temper-
ature for 2 days. The external surface of H-titanate nanofibers
was converted into anatase nanocrystals of 10—20 nm in size,
while the fiber core remained in the titanate phase. Subsequent
heating at 450 °C converted the H-titanate core of the acid-
treated fibers into TiO,(B) by a dehydration reaction (H,Ti;O; to
TiO,). We obtained composite nanofibers with a TiO,(B) core
coated with anatase nanocrystals.

System (4). Zeolite Y nanocrystals were attached on the sur-
face of H,Ti;O; nanofibers. The surface charges of the H-titanate
fibers were first modified using poly(diallydimethylammonium
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cally stable coherent interfaces, we are able to predict
the structure of nanocrystal assemblies by applying ILS
theory. The results obtained by HRTEM and ILS analyses
for the four systems well support this conclusion. The
fabrication process has little influence on the preferred
orientation. We infer that preferred orientations and for-
mation of coherent interfaces are expected to exist
widely in systems of nanocrystals. Once the crystallo-
graphic orientation relationship between two phases
involved is known, the atomic arrangements of the co-
herent interfaces, as shown in Figures 2E and 4G, can be
derived with crystallographic knowledge of the phases.
This will allow us to know the orientation and interface
structures in many solids of nanocrystal composites by
applying ILS theory, without needing to experimentally
determine the overall structure by conducting HRTEM
measurements that are often difficult to perform. The
knowledge acquired in this study is essential for under-
standing the properties of nanostructural materials, in-
cluding nanocrystal self-assembly, and the relative ori-
entation of the crystals in nanocrystal composites.

chloride) surfactant, and then the fibers were coated with zeo-
lite Y seeds in an alkali solution. The zeolite Y seeds were pre-
pared with molar composition of 1Al,05:4.355i0,:2.4TMAOH:
1.2TMABr:0.048Na,0:249 H,0. The loaded zeolite seeds further
grew to nanocrystals by consuming a zeolite precursor solution
with a similar composition (with higher water content). The fi-
bers loaded with zeolite seed were dispersed in the precursor so-
lution. The size and distribution of the zeolite crystals on the fi-
bers were controlled by tuning the experimental conditions of
growth process and the quantity of the loaded zeolite seeds.

The structures of the composite nanofibers of the four sys-
tems were investigated by transmission electron microscopy
(TEM) using a Tecnai F20 microscope operating at 200 kV. The
specimens for TEM studies were prepared by dispersing and de-
positing a drop of the sonicated ethanol suspension samples
onto a copper grid coated with a holey carbon film.
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