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twin boundary (TB) is a two-

dimensional crystal defect and con-

stitutes a special high-symmetry
grain boundary.! A twinned interface con-
sists of a single atomic plane, at which only
the crystallographic orientations of two ad-
jacent crystal domains change. As a result,
usually no dangling bonds exist at their in-
terface. From the viewpoint of TB genesis,
twins are generally classified as growth
twins, transformation twins, and mechani-
cal or gliding twins. Given that the forma-
tion of TBs requires very little energy in
many crystal structures like zinc blende and
spinel, TBs occur commonly in various
minerals.’

The structure and origin of TBs have
been thoroughly investigated for more
than two centuries." Accompanying the
rise of nanotechnology, increasing atten-
tion has been paid to the formation and
structure of TBs in various
nanostructures.2” " One-dimensional (1-D)
semiconductor nanowires with very high
surface area-to-volume ratio are very prom-
ising materials for electronic, photonic, me-
chanical, and chemical applications because
of their unique electronic, optical, mechani-
cal, and catalytic properties.’> ' It was re-
ported that the presence of a large number
of crystal imperfections such as multi-TBs
can limit the performance of optoelectronic
nanowire devices.>'>'¢ In addition, it was
found that in some occasions TBs could act
as dislocation obstacles to affect the defor-
mation behavior of nanostructures.'%>"
Designed elimination or creation of TBs dur-
ing crystallization processes will give addi-
tional routes to fabricate new functional
materials targeted to specific applications.
Therefore, investigations on multitwins
formed during crystal growth of 1-D semi-
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ABSTRACT Nanowires with twinned morphology have been observed in many cubic-phase materials including
spinel. We study systematically the formation of multitwinned Zn,Ti0, nanowires based on a solid—solid reaction
of Zn0 nanowires with a conformal shell of Ti0,, which is deposited by atomic layer deposition (ALD). By varying
the solid-state reaction temperature, reaction time, and Ti0, shell thickness, the formation process is carefully
analyzed with the help of transmission electron microscopy. It is found that the multitwins develop through an
oriented attachment of initially separated spinel nanobricks and a simultaneous Ostwald ripening process. The
oriented assembly of the individual bricks is strongly dependent on annealing conditions, which is required to
favor the motion and interaction of the bricks. This mechanism differs dramatically from those proposed for
twinned nanowires grown with the presence of metal catalysts. Our result provides new insights on controlling

the morphology and crystallinity of designed 1-D nanostructures based on a solid-state reaction route.

KEYWORDS: Zn,TiO, - twin boundary - core—shell nanowires - solid—solid
reaction - self-assembly - oriented attachment - Ostwald ripening

conductor nanowires have attracted par-
ticular interests in recent years.3™°

In 2006 Johansson et al.® examined GaP
nanowires with pseudoperiodical
multitwinning structures grown by
metal—organic vapor-phase epitaxy, and
proposed that twin-plane nucleation is fa-
vored by fluctuations in mass transport as
well as thermal fluctuations during
vapor—liquid—solid (VLS) growth. Later,
Zhang et al.® revealed that the lattice mis-
match between the catalyst particle and the
grown nanowire may be another contribut-
ing factor to the formation of multitwin-
ning nanowires in some cases. Davidson et
al” systemically investigated multiple
lamellar twins in GaAs, GaP, and InAs
nanowires synthesized by supercritical
fluid—liquid—solid (SFLS) and
solution—liquid—solid (SLS) approaches. In
their studies, a semiquantitative model was
developed, elucidating that twinning de-
pends on the ability of the contact angle at
the three-phase boundary to fluctuate
enough to accommodate the sidewall
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faceting of a twinned plane nucleated at the nanowire
tip.” The above contributions basically reveal the forma-
tion mechanism of multitwinning semiconductor
nanowires grown by VLS, SFLS, and SLS processes, in
which a seed metal catalyst is involved to promote
semiconductor nanowire growth. There are only a few
reports on fabrications of multitwinned nanowires via a
catalyst-free approach. Recently, Yang et al.? reported
the synthesis of multitwinned Zn,TiO, ternary oxide
nanowires by reacting ZnO nanowires with a
magnetron-sputter-deposited stoichiometric metal Ti
layer. Structurally the sputter-deposited Ti layer was not
conformal. Furthermore, the electron and ion bombard-
ment during the sputter process caused concentration
fluctuations in the ZnO nanowires prior to the high tem-
perature solid—solid reaction. It was concluded that
these two types of unavoidable nonuniformity prob-
ably contributed to the formation of multitwinned
Zn,TiO,4 nanowires. However, the formation mecha-
nism suggested by Yang et al. was only hypothetic and
the science behind it has still not yet been resolved.

In the current work, we will investigate the forma-
tion of Zn,TiO, multitwinned nanowires using single-
crystalline ZnO nanowires as a reactive template. Un-
like the work by Yang et al.® we coat a very thin and
uniform TiO, film around ZnO nanowire cores by atomic
layer deposition (ALD). It is known that ALD is a rela-
tively mild deposition method that allows conformal
coating and precise thickness control without destroy-
ing the surface.'® On the basis of the controlled solid-
state reaction of these 1-D ZnO/TiO, core—shell nano-
wires with a uniform interface, we are able to reveal
the general mechanism of multitwinned nanowires
formed via a solid—solid reaction of 1-D core—shell
nanostructures. Our result is not only useful to the un-
derstanding of twin boundary formation in nanostruc-
tures, but also provides new information on how to
control the crystallinity of nanowires via designed solid-
state reactions.

RESULTS AND DISCUSSION

General Morphology of the Multitwinned Nanowires. The as-
grown ZnO nanowires prepared by gold-catalyzed
vapor-phase transport in this experiment grew along
the [0001] direction. The diameter of the ZnO nano-
wires is in the range of 60—200 nm. An overview of
the ZnO nanowires after depositing titania by applying
300 ALD cycles is shown in a TEM image (Figure 1a),
where individual nanowires with different diameters
can clearly be observed. From a high magnification TEM
image shown in Figure 1b, a smooth TiO, film with a
uniform thickness of ~5 nm is found to coat the sur-
face of ZnO, forming ZnO/TiO, core—shell coaxial
nanowires. The as-deposited TiO, film is primarily amor-
phous because of the relatively low deposition temper-
ature (100 °C). However, this amorphous phase can
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Figure 1. (a, b) TEM images of core—shell ZnO/TiO, nano-
wires obtained by atomic layer deposition of ~5 nm TiO,
film around ZnO nanowires.

transform into crystalline TiO, films by a subsequent an-
nealing step at temperatures of more than 300 °C.2°

A high-temperature solid-state reaction or high-
energy ball milling of a ZnO/TiO, mixture has been re-
ported for the fabrication of zinc titanate
nanocrystallites.?'?? To induce the interfacial
solid—solid reaction for the formation of Zn,TiO, spinel
based on our ZnO/TiO, core—shell nanowires, we an-
nealed the samples at 900 °C for 8 h in an open furnace.
After the reaction, a large fraction of nanowires trans-
formed into zigzag structures, as presented in Figure 2a.
Moreover, the diameter of the annealed nanowires is re-

§ 25 nm
Figure 2. (a, b) TEM images at different magnifications
showing the zigzag morphology of Zn,TiO, multitwinned
nanowires by solid-state reaction of ZnO/TiO, core/shell
nanowires at 900 °C for 8 h. Note that the twinning is nonpe-
riodic. (c) A closer view at one twin boundary and the corre-
sponding FFT pattern. (d) Several twinning boundaries with
a fixed zigzag angle of 141°.
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duced to the range of 30 to 80 nm, which means a re-
duction by more than 50%. Close observation reveals
that the nanowires are composed of large
parallelogram-shaped subcrystallites, but do not
present periodic stacking (Figure 2b). The high-
resolution TEM (HRTEM) images presented in Figures
2¢,d reveal that these nanowires consist of phase-pure
Zn,TiO,4 spinel with a face-centered cubic (fcc) crystal
lattice structure. Moreover, the zigzag feature originates
from multiple microfaceted twin subunits of alternat-
ing orientation. The interplanar spacing of 0.49 nm
measured in Figure 2¢ perfectly matches the d;q; lat-
tice distance of a Zn,TiO, crystal, demonstrating the
[111]-oriented growth direction of each individual seg-
ment grain. The fast Fourier transform (FFT) pattern of
the TB (inset of Figure 2c) indicates clearly a typical
(111) twin structure: two mirror planes sharing a com-
mon (111) face. No misfit dislocations were observed at
the TB interfaces. The linked subunits with diverse thick-
ness are constantly separated by twin planes, resulting
in the 1-D multitwinned nanostructure. It is known that
(111) twinned crystals have a relative rotational angle
of 70.5°. The angle across the TB (Figure 2c) as well as
that induced by the sidewall surfaces between the
neighboring subunits (Figure 2d) was measured to be
~141°, consistent with both theoretical and experimen-
tal values obtained from twinned nanostructures of
spinel Zn,Sn0,4 and Zn,Ti0,,*® as well as cubic binary
compounds.

Effect of the Reaction Temperature. As seen in Figure 1b,
the deposited TiO, film is rather thin compared to the
diameters of the ZnO nanowire core. Therefore, the ZnO
is present in excess for the reaction between TiO, and
ZnO, where a Ti/Zn atomic ratio of 1:2 is usually needed
to form stoichiometric Zn,TiO,.8?2 However, we still pro-
duced phase-pure Zn,TiO4 nanowires from the unsto-
ichiometric ZnO/TiO, core—shell nanowires under the
current annealing conditions. Combined with the fact
that the diameters of the starting core—shell nanowires
were obviously reduced after the annealing at 900 °C,
we considered that a partial “loss” of ZnO should ac-
company the formation of the multitwinned Zn,TiO,4
nanowires. To get more details of the involved process,
we first lowered the annealing/reaction temperature
to 700 °C. A representative morphology of the 1-D
nanostructure after annealing at 700 °C for 4 h is shown
in Figure 3a. It seems that the surface of the nanowire
is inlaid with many individual nanocrystallites, which
we name “bricks” according to their appearance. The
corresponding electron diffraction (ED) pattern in Fig-
ure 3b includes a set of spots from single-crystal hex-
agonal ZnO with a [0001] growth direction along with
polycrystalline diffraction rings from Zn,TiO, spinel.
Therefore, the 1-D nanostructure formed at this low
temperature condition is a ZnO/Zn,TiO, nanocompos-
ite in which the unconsumed ZnO nanowire core re-
mains while the inlaid bricks on the surface are indi-
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Figure 3. (a, b) TEM image and its corresponding ED pattern of ZnO/TiO,
core/shell nanowires after annealing at 700 °C for 4 h. Typical TEM images
of spinel nanostructures obtained by annealing ZnO/TiO, core/shell
nanowires at (c, d) 800, and (e) 900 °C for 4 h. (f) Schematic diagram of
the growth process for multitwinned Zn,TiO, nanowires from ZnO/TiO,
core/shell nanowires by annealing at high temperatures.

vidual Zn,TiO4 nanocrystallites. As mentioned above,
amorphous TiO, readily crystallizes at a temperature of
300 °C or higher. The initially continuous 5-nm TiO; shell
on the surface of the ZnO nanowires is expected to
transform into anatase TiO, islands at the elevating
temperature before the commencement of the
solid—solid reaction. These islands are loosely intercon-
nected or isolated as a result of volume shrinkage of
the amorphous TiO, thin film. During the annealing at
higher temperatures like 700 °C, the TiO, islands could
be incorporated in the ZnO lattice as a solid solute at
the early stages because of the faster diffusion rate of
Ti** than that of Zn?*.22 Subsequently, the Zn,TiO,
spinel nanocrystallites formed through lattice rear-
rangement. Unlike the reaction of ZnO—Al,0; nano-
wires, no voids or tubular structures appeared at the
Zn0/Zn,TiO, interface, indicating that the in-diffusion
of Ti** is dominating for the TiO,/ZnO thermal couple
as expected. Consequently, the produced spinel bricks
are closely attached to the surface of the unconsumed
ZnO nanowire substrates, as shown in Figure 3a.
However, if we adjusted the reaction temperature
to 800 °C (with the same duration of 4 h), some multi-
twinned spinel nanowires were found mixed with the
Zn0/Zn,TiO, nanocomposite structure. In addition, a
type of fractured 1-D nanostructures (see Figure 3c) was
often encountered during TEM observations. These
1-D nanostructures usually contain irregular inner cavi-
ties, indicating the loss of the unconsumed ZnO core at
higher temperatures.?® The walls of these structures
consist of both multitwinned fragments and untwinned
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Figure 4. (a) TEM image of an incompletely evolved nanowire after annealing

The oriented attachment of preformed crystals had
already been suggested as an important mechanism
for the formation of twins.?® Penn et al. revealed that
an imperfectly oriented attachment in solution can give
rise to crystals separated by twin boundaries or other
planar defects. This also well explains the twins fre-
quently observed in natural and synthetic
nanocrystallites.?’?® However, the oriented attachment
of nanocrystallites more possibly led to the formation of
single crystalline nanowires/nanorods or those with dis-
locations and infrequent TBs in some cases.? There-
fore, the appearance of the multitwinned nanowires
observed here requires further elucidation.

Figure 4a shows an incompletely evolved nanowire
after annealing the ZnO/TiO, core—shell nanowires at
900 °C for 4 h. The stem and several inlaid bricks are
marked as 1, 2, 3, 4, and 5, respectively. The residual
stem consists of the single-crystal ZnO nanowire which
maintains its original orientation (Figure 4b) though its
surface has been dramatically modified. Figure 4 panels
¢, d, e, and f present HRTEM images of the respective
bricks 2, 3, 4, and 5, in conjunction with each corre-
sponding overview. Although every Zn,TiO, spinel brick
tightly contacts the ZnO stem, there exist grain bound-
aries at the ZnO/Zn,TiO, interfaces. Therefore, an epi-
taxial growth relationship cannot be established. How-
ever, all these spinel bricks are aligned on a (011) basal
plane. Bricks 2, 3, and 4 are facetted and at least show a
couple of exposed (111) parallel surfaces.5* This is rea-

sonable since the (111) facet has the lowest surface en-
ergy for an fcc structure. Accordingly, the (111) plane
is usually the dominant facet enclosing the crystal. In-

ZnO/TiO, core—shell nanowires at 900 °C for 4 h. Magnified views of the areas
(b) 1, (c) 2, (d) 3, (e) 4, and (f) 5 marked by the enumerated white frames shown
in panel a. (g) Artificial extraction of bricks 2, 3, and 4 from panel a for mimick-
ing the process of the oriented attachment. (h) Schematic diagram of the two

assembly modes of different bricks with a pair of exposed (111) surfaces on a
(011) basal plane.

ones, which are inclined to assembly into longer aggre-
gates. In some cases one can even identify that some
of these individual bricks begin to attach to each other
(see Figure 3d). When the annealing was conducted at
900 °C for 4 h, the hollow 1-D nanostructures mostly dis-
appeared, whereas the major result is solid, multi-
twinned spinel nanowires, as exemplified by the im-
age in Figure 3e.

Formation Mechanism. On the basis of the above inves-
tigations, we propose the following. The formation of
the multitwinned Zn,TiO, nanowires by annealing the
ZnO/TiO, core—shell nanowires at 900 °C involves over-
all multiple stages: First, spinel Zn,TiO, nanobricks form
on the surface of the ZnO nanowires. Subsequently,
the unconsumed ZnO core is desorbed or evaporated
through the gaps of the bricks, very much like a chemi-
cal desorption of surface atoms of Zn—0.2"2" Lastly,
the remaining loosely connected bricks tend to attach
to each other, coalesce, and finally evolve into the
multitwinned spinel nanowires. This formation process
is schematically illustrated in Figure 3f.

ASNAN() voL.3 = NO.3 = YANG ET AL

terestingly, twin boundaries have already been formed
in some bricks like brick 5 for instance shown in Figure
4f. We assume that the TB formation as in brick 5 most
probably happened during the spinel nucleation stage.
Compared with ordinary plane nucleation, the TB for-
mation is energetically less favored. However, this en-
ergy barrier might be easily overcome owing to the
relatively low twin-plane energy. Consequently, twin-
plane nucleation could be induced by different factors
involved in accidental departure from minimal energy
conditions such as impurity incorporation, mass fluctua-
tions, and thermal fluctuations during annealing.®

It is reasonable to assume that, with further desorp-
tion or evaporation of the unconsumed ZnO stem, the
quasi-1-D ZnO/Zn,TiO, composite structure will gradu-
ally collapse. As a result, the individual spinel bricks with
compatible surfaces will approach each other. When
two bricks come into contact with a random orienta-
tion, they tend to rearrange their orientation and
achieve an oriented attachment. The driving force is a
reduction of free surface energy by forming chemical
bonds between opposite surface atoms for complete
removal of pairs of surfaces.>' For mimicking this pro-
cess, we artificially extracted bricks 2, 3, and 4 from Fig-
ure 4a and show the individual crystallites. As illus-
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trated in Figure 4g,h, the oriented attachment along
the [111] axis among these bricks has two possibilities.
If only a planar rotation is considered, the (111)-
oriented attachment between bricks 2 and 3 will pro-
duce a larger single-crystal spinel brick. In contrast, the
attachment between bricks 3 and 4 leads to the forma-
tion of a twin boundary. The probability of both events
is equal, so the nonperiodic multitwinned Zn,TiO,
nanowires are finally shaped through the linear brick
aggregations stochastically following these two modes,
as simulated in Figure 4qg.

Sunagawa and Tomura in 1976 suggested the term
“flying magic carpets”, to indicate the moving of thin
lamellar phlogopite crystals in the crystallization me-
dium (lavas) while they are growing, which leads to
multi-individual twins of widely different sizes.>? The
mechanism of twin formation in our system is partly
similar to this one. However, our bricks cannot “fly”
freely. Their “flying” directions are basically determined
by the 1-D ZnO template. It should be noted that in ad-
dition to short-range interactions between the adja-
cent surfaces, rotations of approaching nanoparticles
in solution might also be driven by Brownian motion,
which is favorable for the “bricks” to find the lowest-
energy configuration between the adjacent surfaces,*
so the chance for formation of multitwinned nanowires
in solutions is low. In contrast, during the solid—solid
reaction in our experiment, the adequate rotation of the
bricks within aggregates will be severely restricted.
Therefore, the multiple TB can survive as the second
lowest energy configuration. Because of the
rapid agglomeration of the spinel bricks at
the high temperature, the attachment
among the bricks cannot exclusively hap-
pen in a well-oriented manner. As shown in
Figure 5, we can also detect other defects
such as grain boundaries mixed with the TB
in some Zn,TiO4 nanowires.

Comparing the model we suggest (Fig-
ure 4 panels g and h) with the actual multi-
twinned Zn,TiO, nanowires (Figure 2), it can
be seen that the bottlenecks between the
adjacent spinel bricks must have been filled
up. Moreover, the exposed surfaces of each
subunit were also smoothed and recon-
structed in the final structure. This process
most likely occurs during the final stage,
which involves an Ostwald ripening process
following conventional mechanisms of disso-
lution and growth of monomers, as illus-
trated in Figure 4h.%®

Formation of Nanobricks by e-Beam Irradiation.
Another interesting phenomenon is the for-
mation of spinel nanobricks induced by the
electron beam irradiation. During the TEM
observation of the multitwinned Zn,TiO,4
nanowires, we noticed the gradual appear-
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Figure 5. (a—d) TEM images of other defects like grain boundaries mixed
with TB in some 1-D Zn,TiO, nanowires.

ance of many tiny nanocrystallites on the exposed sur-
faces of the nanowires. The HRTEM image shown in Fig-
ure 6a presents several nuclei of nanocrystallites
attached to the exposed (111) surfaces of each sub-
unit. Careful TEM analysis of their structure (Figure 6b)
confirms that all these new nanocrystallites are cubic
spinel-phase Zn,TiO,. To further investigate the evolu-
tion of these nanocrystallites, we irradiated the Zn,TiO,
nanowires by electron beam operating at 400 kV in
TEM for a designated duration. TEM images in Figure
6¢,d show the surface structure of a multitwinned nano-
wire after beam irradiations over a time of 12 and 28
min, respectively. High-magnification views of the
nanowire surface in the identical area (marked by the
black frame in Figure 6 panels c and d) are shown in Fig-
ure 6 panels e and f, respectively. Two main changes
can be easily identified (indicated by the arrows): First,
the nanowire was decorated with numerous tiny nano-
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Figure 6. (a) TEM image of a multitwinned Zn,TiO, nanowire attached with many
nucleated nanocrystallites while exposed to the electron beam for some time. (b) TEM
images and their corresponding FFT patterns showing that these tiny nanocrystallites
are Zn,TiO, spinel. TEM images of a multitwinned Zn,TiO, nanowire after approxi-
mately (c) 12 and (d) 28 min exposure in the electron beam produced at 400 kV accel-
erating voltage. (e, f) Magnified views of the area respectively selected from panels c
and d marked by the black frame. The arrows illustrate the change in the size of the
nanocrystallites and surface flatness of the nanowire.
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Figure 7. (a, b) TEM image and its corresponding ED pattern of ZnO nano-
wires shelled by a ~17 nm TiO, film after annealing at 700 °C for 4 h. (c) Tu-
bular Zn,TiO, structures after a partial removal of the unconsumed ZnO core.
Note that only local TB structures are observed as marked by white boxes.
(d) TEM image of ZnO nanowires shelled by a ~17 nm TiO, film after anneal-
ing at 800 °C for 4 h. Grain boundaries between adjacent bricks are clearly
presented.

particles after 12-min irradiation. The number of the at-
tached nanocrystallites significantly dropped after the
irradiation time was extended to 28 min. Second, while
some nanocrystallites started to epitaxially fuse into
the nanowire, edge and screw dislocations were syn-
chronously produced (Figure 6e). After 28-min electron
beam irradiation, the number of such dislocations was
reduced and the nanowire surface became crystallo-
graphicly flatter (Figure 6f). The above results demon-
strate that a larger single-crystalline subunit can be
gradually formed by fusing the attached nanocrystal-
lites into the stem over elongated e-beam irradiation.
We consider that the high energy of the electron
beam in TEM induces the decomposition of meta-
stable or small spinel nanocrystallites in the annealed
products because of their higher chemical potential.
The monomers are thus produced and then attached
to the exposed surfaces of the nanowires, which leads
to the new nucleation of many spinel nanocrystallites.
The multitwinned Zn,TiO4 nanowires can thus grow at
the expense of the attached spinel nanocrystallites.
Though this irradiation mechanism might be some-
what different from the thermal approach on crystal
growth via Ostwald ripening, we believe a similar pro-
cess happens during the final assembly stage of the
spinel individuals at high temperatures, that is, the
multitwinned Zn,TiO4 nanowires with all the exposed
(111) surfaces are finally developed via Ostwald ripen-
ing after the oriented attachment of “imperfect” bricks.
Larger Ti0, Layer Thickness. Formation of the multitwins
depends also on the thickness of the TiO, layer. In
above experiments, all the TiO, thicknesses were 5 nm,
which is a skinny layer relative to the diameter of the
ZnO nanowire core (60—200 nm). In a control experi-
ment, we deposited a TiO; layer of ~17 nm on the ZnO
nanowire template by increasing the number of ALD
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cycles and annealed this ZnO/TiO, core—shell nano-
wire sample at various temperatures. Figure 7a shows
a typical TEM image of the sample after annealing at
700 °C for 4 h. A core—shell nanowire with a rugged in-
terface is now observed. The corresponding ED pat-
tern (Figure 7b) and the other morphology characteriza-
tions (not shown here) confirm that this 1-D structure
is a ZnO nanowire core surrounded by a continuous
Zn,TiO4 nanoparticulate film. Obviously, the amount of
17-nm TiO; layer is still insufficient for the complete
consumption of ZnO core during the solid—solid reac-
tion. However, in contrast to the product resulting from
the 5-nm TiO;, layer, the size of the Zn,TiO, crystallites
in the shell is much larger and no intervals exist be-
tween them. To further investigate the structure of the
Zn,TiOy4 shell, we released the Zn,TiO, shells by dissolv-
ing the unconsumed ZnO core in a dilute hydrochloric
acid solution (0.01 M). Figure 7c shows such a hollow
structure after partial dissolution of the ZnO core. The
tubular section generally presents a polycrystalline
structure. Though we can also detect some areas in-
cluding the TB, as marked by the white frames, no long-
range lamellar twinning is found.

When the core—shell nanowires with a ~17 nm
TiO, layer were annealed at 800 or 900 °C for 4 h, no
multitwinned spinel nanowires were observed; instead
the nanowires are composed of grains. Figure 7d shows
a representative TEM image of the sample after anneal-
ing at 800 °C for 4 h. Like before, all the unconsumed
ZnO was desorbed at this high temperature and only
the phase-pure spinel nanowires remained. However,
the formed 1-D nanowires consist of big spinel bricks
joined by grain stacking rather than TB.

An active oriented attachment usually depends on
an environment favoring the motion and casual interac-
tion of the preformed crystals, that is, the crystals
should somehow be free for moving and
interacting.?®3' When the thickness of the TiO, layer
was increased from 5 to 17 nm, the solid—solid reac-
tion with the thicker TiO, shell not only produced larger
spinel bricks, but also partly eliminated the space be-
tween the bricks. Therefore, the individual bricks will be
maintained in their original orientation because of
steric hindrance to reorientation. The “frozen” orienta-
tions mostly prevented the oriented attachment of the
adjacent or approaching spinel bricks during the subse-
quent assembly process. This is in qualitative consis-
tency with the conclusion by Penn et al.,** that the over-
all rate constant for growth by oriented aggregation
decreases noticeably with increasing primary crystal
size. Therefore, most of these larger bricks aggregated
into the 1-D nanostructure without showing the same
crystallographic orientation and thus no multitwinned
Zn,TiO,4 nanowires were formed. It is expected that,
with further increases in the TiO, layer thickness, the
whole reaction process will be more like the conven-
tional solid-state reaction of powder oxide mixtures,
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where grain boundaries dominate twin boundaries in
the final structure.

CONCLUSIONS

Multitwinned Zn,TiO, nanowires have been synthe-
sized via a solid-state reaction of ZnO nanowires with
a 5-nm TiO; shell. On the basis of experimental results
from different reaction temperatures and durations,
and careful TEM investigations, we propose that the
multitwinned nanostructures develop via an oriented
attachment of preformed spinel nanobricks. Specifi-
cally, three steps are involved during the annealing:
first, the initially continuous 5-nm amorphous TiO, shell
on the surface of ZnO nanowires transforms into ana-
tase TiO, islands, which are isolated from each other as
a result of crystallization-induced volume shrinkage.
Second, the TiO, is incorporated into the ZnO lattice as
segregation and reacts into individual spinel crystallites

EXPERIMENTAL SECTION

ZnO nanowires were grown by vapor-phase transport in a
double-tube furnace using a source material consisting of a mix-
ture of ZnO and graphite powder in a weight ratio of 1:1."° In
brief, the source material was loaded into an alumina boat at the
high-temperature zone (925 °C), while a cleaned silicon sub-
strate with Au nanoparticle catalysts was placed downstream of
the Ar flow at the low-temperature zone (750 °C) for harvesting
the ZnO nanowires. Typically the maximum temperature was
kept under a constant Ar flow of 30 standard cubic centimeters
per minute (sccm) for 30 min. The furnace was naturally cooled
down to room temperature after the growth.

The as-prepared ZnO nanowires were then transferred into
an ALD chamber. ZnO/TiO, core—shell nanowires were fabri-
cated by ALD deposition of a TiO, film on the ZnO nanowires us-
ing titanium tetraisopropyl oxide (TifOCH(CHs),l,, TIP) and wa-
ter as Ti precursor and oxygen reactant sources, respectively. Ar
flow served as both the carrier of the precursors and the purging
gas. The deposition was conducted with a substrate tempera-
ture of 100 °C and a background pressure of 0.15 Torr. We used
a total number of 300 cycles to obtain TiO, films with a thickness
of ~5 nm. We also deposited TiO, films with a thickness of ~17
nm by increasing the ALD cycles to 1500 for a control
experiment.

The ZnO/TiO, core—shell nanowires were then annealed in
an open quartz tube furnace at 900 °C for 8 h to induce the in-
terfacial solid state reaction for the formation of zinc titanate. An-
nealing was also carried out at 700 and 800 °C or a shorter time
to trace the process of this solid—solid reaction.

The obtained nanostructures were characterized and ana-
lyzed using TEM (JEOL, JEM-1010; Philips, CM20T), and high-
resolution TEM (JEOL, JEM-4010). In-situ morphology evolution
of the Zn,TiO4 nanowires at different electron beam irradiation
duration was performed in the JEM-4010 TEM microscope.
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