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ABSTRACT: Vanadium dioxide (VO,) is a key material for thermochromic smart windows that can respond to environmental
temperature and modulate near-infrared irradiation by changing from a transparent state at low temperature to a more reflective
state at high temperature, while maintaining visible transmittance. Here, we demonstrate for the first time that the Mott phase
transition characteristics in VO, nanoparticles can be remarkably modified by misfit strains occurring at the epitaxial interface
between VO, and the anatase TiO, of VO,/TiO, core—shell particles. The heteroepitaxial growth of the as-synthesized particles
followed an unprecedented orientation relationship, and an epitaxial growth mechanism is proposed to explain this behavior. A
relatively small theoretical coherent misfit (3—11%) and a moderate heating rate (20 °C-min™") in the preparation of the core—
shell structure were critically important from the thermodynamic and kinetic perspectives, respectively. The misfit-induced
interfacial strain along the uniaxial ¢y axis increased the transition temperatures, especially on the cooling portion of the heating—
cooling cycle, leading to a notably reduced transition hysteresis loop width (from 23.5 to 12.0 °C). Moreover, the optical band
gap was also engineered by the interfacial effect. Such a reduced hysteresis showed a benefit for enhancing a rapid response for
energy saving thermochromic smart windows.
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1. INTRODUCTION shell heteroepitaxy was conventionally held to follow the
Stranski-Krastanov model with a large misfit strain energy and
the occurrence was only limited to two crystals of the same
symmetry. A shell of a few monolayers in thickness can act as a
passivation layer and provides a specified potential well to
achieve carrier separation and/or manipulation, thus controlling
the light emitting efficiency and lifetime. Exploring the
interfacial strain effect on functions in other nanosized core/
shell heterosystems is of great value from the scientific
perspective.

As a typical phase transition compound, the Mott-type
semiconductor vanadium dioxide (VO,) undergoes a fully

Strain is critically important in tuning the electronic and/or
optical properties of nanosized colloids. Since the adventure of
core/shell nanotechnology, the ability of using lattice-
mismatched strains to tailor the band energy and carrier
transport behaviors in semiconductor colloids has been
confirmed. Using the interfacial interactions of a core/shell
structure to tune the optical,1 electrical,® or magnetic3
properties of the core materials has been widely reported.
The effect of the internal stress state on the permittivity
response of BaTiO; can be induced by coupling or by the
confinement effect at the interface.” Recently, a novel strategy

to control the light-emitting property of CdSe @CdTe core/ reversible metal-to-semiconductor phase transition (MST) at
shell semiconducting nanoparticles or nanodots"™* was
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~68 °C (in a bulk crystal). This thermally driven phase
transition concurs with a crystallographic transition from a low-
temperature monoclinic (M1 phase, space group P2,/c) to a
high-temperature tetragonal rutile (R phase, space group P4,/
mnm) structure and is accompanied by a rough variation in
optical, electrical, and magnetic properties.® In particular, the
semiconducting M1 phase is nearly transparent in infrared light,
whereas the metallic R phase is highly reflective with nearly
maintained high luminous transmittances, which is mostly
promising for applications in energy-saving smart windows.
VO, thermochromic coatings/films can be produced using gas
phase reactions (e.g, sputtering’ or chemical vapor deposi-
tion®”) or polymer-assisted solution deposition,'°~'* and more
recently, VO, nanopowder-based flexible foils have been
developed by our group using nanopowder dispersions'*'*
and exhibited excellent solar energy modulation efficiency.

The familiar and fundamental factor for inducing Mott phase
transitions in correlated VO, is heat; some unusual external
stimuli, such as light,15 electric field,'® stress,'”'® and/or their
combinations, have also been confirmed to have special effects.
Currently, the strain effect has been widely studied in VO, thin
films. Intentionally applying strain to VO, particles can
remarkably change the relative thermodynamic stability of the
M1 and R phases, thus modifying the transition temperature
and other opto-electronic properties. Cao et al.'” demonstrated
a novel method for controlling the periodic insulating and
metallic phase domains along the VO, nanobeams (//cg) by
tuning the strain in the VO, particle, which lowered the MIT
temperature to room temperature. A uniaxial stress parallel to
cg can also be typically formed by substrate mismatch,
adhesion,”” bending, 7 or mechanical rnanipulation21 to explore
applications in actuators or sensors. In VO,-based optoelec-
tronic devices,”> heteroepitaxial strains were first utilized to
ensure a sharp Mott transition, which is required to achieve
precise and highly reversible control of the switching property.
Generally, epitaxial VO, thin films grown on specific surfaces of
r-sapphire’® or rutile TiO, single crystals®**® have been
reported to have a very sharp transition behavior, which was
attributed to stress-related modifications of the relative
thermodynamic stability of the M1 and R phases, wherein the
residual strains can counteract the transition energy barriers
and can stimulate the occurrence of the transition sharply, with
pixel-by-pixel transition to avoid the effect of intragrain
propagation.

However, how heterointerfacial strains affect the Mott phase
transition of VO, nanoparticles is currently unclear because of
the difficulties in the design and preparation of a proper
particulate system to manipulate interfacial stresses. However,
many interesting scientific problems could be resolved if such
particles were available. The objectives of this study were to (i)
understand the thermodynamics and kinetics of heteroepitaxy,
which is usually unclear in core/shell nanoparticles and (ii)
explore the interfacial effect on the Mott phase transition
property. To achieve these objectives, VO,@TiO, core/shell
nanoparticles with clear heteroepitaxial coherent interfaces were
prepared using a sol—gel-based coating method and carefully
designed annealing with a relatively slow heating rate under an
appropriate atmosphere. An unexpected and unprecedented
epitaxial growth of anatase TiO, was observed on every faceted
VO, surface by high-resolution transmission electron micros-
copy (HRTEM). Such an epitaxial structure can be observed on
either the side surfaces of {011} or the end surfaces of {210} in
VO, (M1). The formation of a local diffusion interface
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composed of V,_ Ti O, was confirmed by both energy
dispersive spectroscopy (EDS) and the analyses of the
theoretical misfit and lattice compatibility; this interface is
proposed to be the thermodynamically preferable nucleation
site for coherent growth. The heating rate was also a critical
factor for ensuring the 2-dimensional growth rather than island
growth from the kinetic perspective. These nanoparticles
exhibit remarkably modulated MST characteristics with respect
to the transition temperature and hysteresis width.

By tuning the shell thickness, a designed interfacial stress and
Ti-doping can be achieved to yield largely reduced hysteresis. A
large strain caused by an ultrathin TiO, shell coating on VO,
can lower the hysteresis from 23.5 to 12.0 °C due to interfacial
stress and confinement. Such an interfacial effect can also work
well in W-doped VO,@TiO, nanostructures with nearly
ambient transition temperatures, suggesting a potential
application in energy-efficient windows. The films on glass
composed of the as-prepared composite particles exhibited a
remarkable solar energy modulation ability and a considerably
reduced hysteresis width compared with pure VO,. Our finding
is important both from basic and applied scientific perspectives.
The as-obtained nanocomposite particles will benefit future
applications of rapid response and high-precision controlling
materials, particularly for energy-saving smart windows.

2. EXPERIMENTAL SECTION

2.1. Preparation of VO, Nanoparticles. VO, nanoparticles with
a short diameter of ~50 nm were prepared by hydrothermal treatment
of V,05 gel and hydrazine monohydrate (Aladdin) at 260 °C for 24 h
as reported in our recent paper.’® Typically, V,05-nH,0 gel was
prepared by dissolving 0.3 g of V,05 powder into 10 mL of H,0,
solution (5 wt %) in a 25 mL Teflon vessel. Then, the Teflon vessel
was sealed in a stainless steel autoclave followed by hydrothermal
treatment. After the hydrothermal process, a black—gray precipitate
was collected by centrifugation and washed using deionized water and
ethanol alternatively three times. The products were dried in a vacaum
oven at 60 °C for 6 h. To reduce the phase transition temperature of
VO,, tungsten was used as the cationic substituent element by adding
(NH,),0W1,0,,-SH,0 (Wako, Japan) into the V,Oj gel at a designed
doping ratio.

2.2. Preparation of VO,@TiO, Core/Shell Nanocomposites.
VO,@TiO, core/shell particles were first prepared using the sol—gel
route. In total, ~0.02—0.05g of the as-prepared VO, nanopowders was
dispersed ultrasonically in 50 mL of anhydrous ethanol for 15 min.
Then, 800 L of Triton X-100 (Sigma Aldrich) surfactant aqueous
solution (0.IM) was added into the suspension and stirred for 2 h.
Another stock solution was prepared by dissolving 0.6—1 mL of
titanium tetrabutoxide (TBOT, Sigma Aldrich) into 50 mL of ethanol
solution under stirring for 10 min. The stock solution was
subsequently added into the VO, suspension in three steps: 20 mL
followed by sonication for 10 min, then 20 mL followed by sonication
for 5 min, and finally the remainder of the 10 mL followed by
sonication for S min. Then, the suspension mixture was aged for 2 h.
The product was collected by centrifugation and washed with ethanol
twice, and it was finally dried in a vacuum oven for 2 h. To obtain
samples with desirable thickness, the synthesis parameters were
adjusted including the loading amount of VO,, the amount of
surfactant, and the concentration of TBOT. Details are presented in
the Results and Discussion section.

To obtain a crystalline coating, the as-synthesized powders were
placed in an alumina crucible and then annealed in a vacuum quartz-
tube furnace under a flow of air at specific pressure and temperature.
The annealing program was optimized to transform the amorphous
shell into crystallized TiO, while keeging the VO, core chemically
intact according to our previous work.”® Typically, with an air pressure
of ~3 Torr, the sample was heated from ambient temperature to 400
°C at a heating rate of ~20 °C/min and then held at 400 °C for 15
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min before being naturally cooled to room temperature. To investigate
the effect of the heating rate, a more rapid heating process was
conducted in a rapid annealing vacuum quartz-furnace with a heating
rate of ~80 °C/min.

2.3. Characterizations. X-ray diffraction (XRD) analyses were
conducted on a Rigaku Ultima IV diffractometer with Cu Ka radiation
(4 = 1.5418 A) using a voltage and current of 40 kV and 40 mA,
respectively. Unless stated otherwise, all the samples were measured at
a scanning rate of 3°/min. The microscopic morphology was
determined using a field-emission scanning electron microscope
(FE-SEM, HITACHI $-3400, Japan) at an acceleration voltage of 15
kV. The microstructure and composition of the samples were further
analyzed using a transmission electron microscope (TEM, JEOL2010)
with an energy-dispersive spectrometer (EDS) attachment. The
Raman spectra of the composite samples were measured using a
Raman microscope (Renishaw in Via) with a 514 nm laser source at an
input power of 1 mW. This small power was applied to avoid local
heating effects.

The first-order phase transition behaviors of the resulting products
were measured by differential scanning calorimetry (DSC200F3,
NETZSCH) over the temperature range from 0 to 90 °C using a
liquid nitrogen cooling unit. The heating and cooling rates were set at
10 °C/min.

The thermochromic properties of the obtained samples were
evaluated by coating the powder onto a float glass substrate. For the
measurement, a double-sided adhesive and highly transparent Teflon
tape was stuck onto the glass substrate in advance. A small amount of
the powders was ultrasonically dispersed in ethanol with a solid
content of ~3 wt %, and the suspension was uniformly cast onto the
Teflon tape, using an automatic bar coating machine, and then dried
naturally. The transmittance (T,) of the film in the wavelength range
from 250 to 2600 nm at 25 °C (low temperature M1 phase) and 90 °C
(high temperature R phase) was measured using a UV—vis
spectrophotometer (HITACHI U-3010) with a integrating sphere
and a temperature controlling unit. The transmittance curve of the
bare tape-pasted glass was used as a baseline calibration for the
transmittance measurements.

3. RESULTS AND DISCUSSION

3.1. Formation and Heteroepitaxy of VO,@TiO, Core/
Shell Nanostructure. Sol—gel deposition was used to
produce uniform TiO, precursor shells onto hydrothermally
synthesized VO, cores with a controllable thickness ranging
from 1 to 7 nm. Detailed experimental parameters for some
samples are listed in Table 1. In the Ti(OR),—H,0O—alcohol (R

Table 1. Experimental Parameters for Samples N1-N3

sample VO, surfactant aqueous TBOT/ethanol  thickness®
no.  mass (g) solution” ‘%yL) conc.? (mL/L) (nm)
N1 0.05 800 620 1
N2 0.04 800 620 3
N3 0.03 800 620 7

“Amount of surfactant aqueous solution (0.1 M in water) added for
100 mL of suspension. 350 mL of TBOT /ethanol solution of various
concentrations was added into 50 mL of a VO,/ethanol suspension.
“Coating thicknesses were evaluated from TEM and SEM measure-
ments.

= —CH,, —-C,H;, —C;H,, —C,Hy) system,”®** Ti(OR), is
hydrolyzed and then peptized into titania colloids by
condensation. Figure 1 presents SEM and TEM images of
the morphology of the as-prepared core—shell particles N1-N3
with different thicknesses. The TiO, precursor shell was coated
onto the VO, surface with great thickness uniformity. The
thicker titania shells tend to assemble by neck—connecting
because of the decrease in heterogeneous nucleation sites.”
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Figure 1. Morphology of VO,@TiO, precursor core/shell particles.
SEM images (top row) demonstrated a gradually increased roughness
for thicker coatings. The shell thickness can be estimated from the
TEM images (bottom row) below to be 1, 3, and 7 nm for samples
N1, N2, and N3, respectively.

From the clear contrast between the crystallized VO, and the
amorphous titania precursor shell, the shell thickness can be
roughly estimated to be 1, 3, and 7 nm for samples N1, N2, and
N3, respectively.

To obtain a crystalline coating, the annealing procedure was
carefully controlled because of the easy oxidation of VO, in air
or oxygen-rich atmospheres at relatively high temperatures. For
obtaining the crystallization of titania while keeping the VO,
core intact, the composite samples were annealed at the
optimized temperature and air pressure of ~400 °C and ~3
Torr, respectively, with a moderate heating rate of 20 °C/min
according to our recent work.?® For phase confirmation of the
shell coating, XRD and Raman analyses were utilized. For N1
and N2, only XRD peaks for VO, (M1 phase, JCPDF card
No.82-0661) can be observed (Figure 2a). The anatase
(JCPDF card No. 21-1272) peak can only be clearly identified
in sample N3, which possessed the thickest shell. However, the
Raman spectra (Figure 2b) indicate that the amorphous TiO,
shell was crystallized to form anatase; the Raman shift at 143
cm™! can be attributed to the dominating Eg, vibration mode in
anatase TiO,.*° The other peaks denoted by black lines can be
attributed to the vibration modes in VO, (M1)."” HRTEM and
EDS analyses further confirmed the formation of an anatase
shell, which will be discussed below.

After annealing, the core/shell interface became obscure
(Figure 3, insets), indicating that the shell coating crystallized
with a relatively rough morphology. Lattice-resolved HRTEM
images demonstrated that N1, with a shell thickness of 1 nm,
did not exhibit clear lattice fringes, indicating poor crystallinity.
In contrast, for samples N2 and N3, which possessed much
thicker shells, distinguishable crystallographic lattice fringes
were clearly observed, and the lattices were identified as being
coherently bounded to the VO, side faces. Two distinctly
different lattices for VO, and TiO, can be observed, with nearly
orthogonal and oblique crossing patterns (schematically
illustrated in the rectangular region), respectively. The results
indicate that there is a coupled interface between the VO, and
TiO, phases, with the VO, core surface serving as propitious
sites for the heterogeneous nucleation of the TiO, phase. EDS
analysis with a beam spot size of less than 1 nm was applied on
the shell coating, and the results are presented in the lower-left
corner insets of Figure 3. Both V and Ti were detected to
coexist in the shell, indicating some degree of Ti—V diffusion in
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Figure 2. Confirmation of the phase and composition of titania shell by XRD (a) and Raman spectra (b). The Raman spectra indicate that the shell
coatings in all the composite samples were crystallized into the TiO, anatase phase; however, the XRD peaks for the anatase phase can only be
identified in N3, perhaps because of the rather thin coatings in N1 and N2.

Figure 3. Lattice-resolved HRTEM images for VO,@TiO, core/shell nanoparticles N1, N2, and N3, magnified at the marked part of the rods. The
incidental electron beam was adjusted to obtain the best core/shell lattice resolution. The left-bottom corner images present the EDS analysis results

for the shell.

the core/shell interface, which might be due to the infinite
solubility of Ti in a VO, lattice.”®

We examined the sample N3 in more depth to clarify the
epitaxial relationship between the TiO, shell and the VO, core.
In Figure 4a, the 2-dimensional Fourier transform (FT) images
of the HRTEM lattice for three different parts (represented by
shadow squares) are presented in insets al—a3. For the VO,
(M1) core (part 3), the FT image can be indexed to be the
reciprocal lattice along the [1—22] zone axis, with the lattice
fringes corresponding to the (20—1) and (0—1—1) planes with
a crossing angle at 89.6° (the theoretical angle was 89.8° for the
bulk crystal). Meanwhile, the FT image for the anatase shell
(part 1) can be well indexed to be along the [—201] zone axis
with planes (112) and (1—12) obliquely crossed at an angle of
80.2° (slightly larger than the theoretical angle of 78.0°).
Notably, the dots representing the (010) and (102) planes
disappeared because of the extinction rule in tetragonal
symmetry (h + k + [ = 2n + 1), which conversely confirmed
that the TiO, lattice is intact and well developed. Meanwhile,
the FT images combined with the lattice fringes yielded the
following orientation relationship between the anatase shell and
the VO, substrate:

(011)(1-22)vO,(M1)//(010){—201)TiO,

Because the anatase shell is so thin, TiO, will account for a
considerable part and get distinguishable signal only in the
approximation of the core/shell boundary. Therefore, the TiO,
lattice fringes can be observed only vaguely and almost
disappear in the other part of the nanorod far away from the
interface. Core/shell lattice contrast in certain nanorods with
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other incidental orientation cannot be well distinguished by
HRTEM because of the deviation of the relative orientation.
Although the core and shell can be distinguished from their
respective lattice fringes and FT images, the interface is far from
sharp as in Si/Ge heteroepitaxial core/shell nanowires® or
other classical epitaxial multilayered films.*® Before annealing,
the side faces of VO, were straight and flat (Figure 1), whereas
after annealing the boundary line was kinked along the core/
shell interface. As shown in Figure 4a, the FT image of the
interface region (Part 2) exhibits an interim pattern that
includes part of the TiO, lattice along the [—201] axis as well as
that of VO, along [1—22],;. This finding may indicate that the
TiO, was epitaxially grown onto the VO, by first forming an
intermediate transition interface. Such a diffusion interface has
been frequently designed in other systems**** to serve as a
buffer layer to diminish the misfit energy. The interface is
composed of a nonuniformly distributed sublattice boundary
and steps. Multiple types of defects (vacancies, dislocations)
can be observed at the very site of two connected V—Ti atomic
planes, revealing a mismatched heteroepitaxy. At the interface,
the TiO, plane (010) (red dashed curves) makes a subtle, small
angle of 1.5° with the VO, plane (011) (blue dashed curves).
Such a small angle boundary has been reported to appear for
heteroepitaxial semiconducting interfaces’' to relax the high
misfit interfacial energy.

Because the heteroepitaxial growth was first observed on the
side surface {011}y of VO,, it is important to survey whether
such a heteroepitaxial relationship is only limited to these
specific planes. The SEM images reveal that the geometrical
shape of the VO, powders is a nanorod structure with a long-

dx.doi.org/10.1021/am401297g | ACS Appl. Mater. Interfaces 2013, 5, 6603—6614



ACS Applied Materials & Interfaces

Research Article

$

[-201]T

Figure 4. Interfacial orientation relationship between the VO, core
and TiO, shell. (a) HRTEM image for the bottom part of a rod from
sample N3. Insets al, a2, and a3 are the fast Fourier transform images
for the corresponding shadow parts indicated by the square dotted
boxes. (b) The magnified circular part at the bottom right corner of a,
and the epitaxial relationship can be clearly identified. The labeled
lattice fringes correspond to the different interplanar distances for the
lattice planes (blue and red represent VO, and TiO,, respectively), and
the interfacial line is denoted by a white broken line. The dashed and
solid arrows indicate the defect sites of vacancies and dislocations. (c)
Schematic illustration of the interfacial relationship between the dense
TiO, lattice (red) and the relatively loosely packed VO, lattice (blue)
wherein an approximate orientation relationship can be made: (011)
VO, (M1) // (010) TiO,. Atomic substitution or diffusion can be
expected and represented by the possible occupation of Ti or V on the
interfacial plane. Three arrows A, B, and C suggest the possible
direction for initial epitaxial growth.

radius ratio no higher than 10, mainly because of the
preferential growth along the ay; axis>*® Here, a single
nanorod was analyzed by HRTEM with four faceted faces,
including two side faces and two end faces, and the images were
presented in Figure S. The shape of the ends was such that the
nanowire grows in a direction that forms an acute angle of 45°
with the end surfaces S3 and S4. Two parallel side surfaces
(Figure S, S1 and S2) were coated by the epitaxial TiO, shell
with the same orientation relationship as discussed in Figure 4:
(011) (1-22) VO, (M1) // (010) (~201) TiO,. In particular,
for the end surfaces, epitaxially grown TiO, shells can also be
observed at the interface (Figure 5, S3 and S4). The end faces
were identified to be {210}, planes, with relatively larger in-
plane lattice parameters than that of the side surface {011}.
The {210} end planes were theoretically calculated to form an
acute angle of 45.7° with the rod axial [100]ay direction, which
is in accordance with the observation. This result implies that

6607

Figure 5. Scrutiny of the epitaxial relationship on every faceted surface
of a single VO,/TiO, rod (N2). SI and S2 are the left and right side
surfaces, and S3 and S4 are the upper and bottom end surfaces.
Fourier transform images are shown on the right part, with the upper
and bottom insets corresponding to the TiO, and VO, lattices,
respectively. For side surfaces S1 and S2, an orientation relationship is
clearly evidenced as: {011} VO, (M1) // {010} TiO,; whereas on the
two end surfaces S3 and S4, the exposed plane of VO, is {210},
wherein another orientation relationship can be deduced as: {210}
VO, (M1) // {1-12} TiO,. The solid and dashed white curves
indicate the interfaces and the rod axial directions, respectively.

TiO, is not limited to only coherent growth on VO, {011},
but can also grow on other faces, such as {210},;. Most
surprisingly, the epitaxial orientation relationship on the
{210}, faces is identified to be the same as that on the
{011}y, planes. The FT image for the TiO, shell can also be
indexed to be the reciprocal lattice along the [—201] zone axis,
with the (010) planes also approximately parallel to the (011)
plane of VO, (Figure S, S3 and S4). Such a consistent
orientation relationship for epitaxial growth on all of the planes
ensures the formation of a nearly intact and continuous TiO,
shell.

3.2. Epitaxial Growth Mechanism. For the study on
epitaxial growth, it is straightforward to reverse-trace the
growth process based on the above discussion. With respect to
the VO, (011), plane, there are three possible directions for
TiO, to epitaxially nucleate on VO,, as illustrated in Figure 4c.
Notably, when TiO, begins to grow on VO,, VO, is in its
metallic state (~ 400 °C) with a tetragonal rutile structure,
which is further denoted as VO, (R). Therefore, focus should
be cast on the epitaxial relationship between the specific planes
of VO, (R) and TiO,. Along direction A marked by the black
arrow (Figure 6a), the VO, (110)g and TiO, (010) planes are
the growing planes. On these two planes, the TiO, (anatase)
holds an epitaxial orientation relationship as (010) (—201)
TiO, // (110) (—110) VO, (R), with another (010) (301)
TiO, // (110) {(001) VO, (R) relationship in their respective
perpendicular directions, and the crossing angles of the in-plane
directions for TiO, (010) and VO, (110) are 88.5° and 90°, as
indicated in the bottom crystallographic structure of Figure 6a.
The other red and purple directions are crystallographically
identical in VO, (R) because [—110] is the 4-fold rotational
symmetric axis. Here, only the red direction B was considered.

dx.doi.org/10.1021/am401297g | ACS Appl. Mater. Interfaces 2013, 5, 6603—6614
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Figure 6. In-plane lattice orientation relationship between VO, and
TiO, based on two different epitaxial orientations A and B. The lattice
parameters for VO, (R) and TiO,(anatase, A) were taken at 400 °C
based on the literature.’®*® The growing planes for VO, and TiO, are
schematically depicted in polyhedral crystallographic structures, and
the corresponding lattice parameters are labeled accordingly.

For the red direction B (Figure 6b), the VO, (111)g
(corresponding to the end (210)y, surface of S3 and S$4)
and TiO, (1—12) planes were the growing planes. In this case,
the TiO, (anatase) has an epitaxial orientation relationship as
(1-12) (=201) TiO, // (111) (1-10) VO, (R), with another
(1-12) (241) TiO, // (111) (11-2) VO, (R) relationship in
the respective perpendicular direction. For the above two
directions, the lattice misfit can be calculated using the formula:
8 = (mario, — nayo,)/mario, X 100%, in which § is the relative
lattice misfit, ap;0, and ayo, denote the lattice parameters in the
specific growing plane for TiO, and VO,, respectively, and m
and n represent the matching of integral multiples of lattice
planes between them because of the different periodicity.
Considering the lattice expansion during heating, the
different lattice parameters at ambient temperature (25 °C)
and growing temperature (400 °C) for both VO, (M1 phase at
25 °C and R phase at 400 °C) and TiO, were utilized***" in

our misfit calculation. Additionally, the intersection angle
between two lattice vectors will also change because of the
anisotropic lattice expansion. However, such a change is rather
small after calculation. Specifically, the planar orientation
relationship and the calculated misfit are summarized in
Table 2, both for the high-temperature VO, (R) phase and
the room-temperature VO, (M1) phase. For direction A, the
lattice misfits along two nearly orthogonal directions are 3.31%
and —5.78%, respectively. However, for the direction B, the
misfit is relatively larger, 11.23% and —5.78% for the two
orthogonal directions, respectively, revealing that the planes
normal to direction A are more energy-preferable for TiO,
nucleation and subsequent epitaxial growth (for a detailed
misfit calculation, please refer to Supporting Information S1).

Herein, a misfit on such a scale (3.31%~11.23%) can ensure
that the two crystals are coherently matched with a relatively
moderate interfacial misfit energy.34’36’42 However, the atomic
configuration and the [MOg] octahedral connection profile on
these 2-dimensional planes are hardly the same. The TiO,,
which has a considerably longer periodicity, cannot simply
coherently grow on the VO, surface without other energy-
preferable nucleation centers. In this premise, a indirect step-
flow heteronucleation growth mechanism>> can be deduced and
described as follows: primarily, the adsorbed Ti species
(TiOy(OH)m(OR)q) were thermally activated and Ti atoms/
clusters were diffused into the VO, lattice, forming a local
Ti,V,_,O, solution oxide with some V sites substituted by Ti.
This process can conversely support the defect-rich and
obscure interface as previously presented. Such a diffusion/
substitution was made possible at 400 °C, which has been
frequently reported,'>** because Ti was reported to have
infinite solubility in a VO, lattice. The resulting TiV,,O,
solution (0 < x < 0.2) also exhibits a MS transition from the
tetragonal to monoclinic structure. With x ranging from 0 to 1,
the lattice parameters gradually and continuously changed from
those of VO, to those of TiO, (rutile). The lattice parameter
and bonding length were more approximate to TiO,, which can
reduce the lattice misfit and serve as a more preferable
nucleation site to favor subsequent epitaxial growth. Thermo-
dynamically, the decrease in the Gibbs free energy, AG = AG®
+ (Y1ioz + Y1v — Yvoo), is the driving force for epitaxial growth
in that system. Here, AG® = AH — TAS denotes the internal
part for TiO, crystallization and (ypi0z + ¥1v — ¥voo) Tepresents
the surface/interface energy change. The diffused layer and
well-matched lattice largely reduced the interfacial energy y-v,
thus favored epitaxy. Anatase TiO, has been reported® to
transform into the rutile phase at 600—700 °C under ambient

Table 2. Summary of the Theoretical Misfit § of TiO, (Anatase) on VO, along Directions A and B*

coating/substrate in-plane angle epitaxial relationship periodic lattice parameter (A) misfit 5 (%)
TiO,/VO, (R) @400 °C (direction A) 88.5°/90.0° (010) (301) TiO, // (110) (001) VO, (R) (14.851)/(2.872 X 5) 3.31
(010) (—201) TiO, // (110) (—110) VO, (R) (12.193)/(6.449 x 2) —5.78
TiO,/VO, (M1) @25 °C (direction A)  88.5°/89.8° (010) (301) TiO, // (011) (100) VO, (M1) (14.811 x 2)/(5.753 X 5) 2.89
(010) (—201) TiO, // (011) (1-22) VO, (M1) (12.158)/(12.814) —5.40
TiO,/VO, (R) @400 °C (direction B) 87.6°/90.0° (1-12) (=201) TiO, // (111) (1-10) VO, (R) (12.193)/(6.449 x 2) —-5.78
(1-12) (241) TiO, // (111) (11-2) VO, (R) (19.460)/(8.637 X 2) 11.23
TiO,/VO, (M1) @25 °C (direction B) ~ 81.9°/82.2° (1-12) (=201) TiO, // (210) (1-22) VO, (M1) (12.157)/(12.814) —5.40
(1-12) (241) TiO, // (210) (1-2-2) VO, (M1) (19.413)/(17.253) 11.13

“The lattice parameters were calculated with consideration of thermal expansion at 400 °C. The misfit was calculated using the following formula: §
= (mag, — naye,)/mare, X 100%, in which ar;g, and ayg, represent the matched lattice parameters as indicated in the third column and m and n
represent the matching of integral multiples of lattice planes between them because of the different periodicity.
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pressure, which has greater lattice compatibility with the rutile
VO, (R) phase. However, such a high temperature will ruin the
original structure of VO,. Therefore, in the temperature range
in question (~400 °C), the anatase is thermodynamically more
preferred to form than rutile phase. The possibility for epitaxial
growth was derived from both the well-matched lattice in the
above-discussed planes and the heteronucleation thermody-
namic requirement in such a thin shell.

According to the theory predicted by the Matthews-Blakeslee
model®* in heteroepitaxy, there should be a critical shell
thickness, above which the dominating 2-dimensional growth
will evolve to 3-dimensional island-like growth, when the misfit
strain energy cannot be relaxed by forming dislocations. As
reported in our previous work, ¢ VO,@TiO, microrods
(diameter ¢ ~ S00 nm) with shell thickness larger than 20
nm will form a polycrystalline island-like anatase shell (also see
Supporting Information S2). This finding indicates that, when
the thickness reaches far beyond the critical value, the misfit
strain can not be maintained by the formation of misfit
dislocations but must be relieved by forming polycrystalline
boundaries.

In addition to the shell thickness, the heating rate also exerts
a significant effect on the growing mode from kinetic
considerations. For the titania coated composite samples N2
and N3, when the heating rate is increased to 80 °C/min (this
rapid annealing was conducted in a RTA vacuum furnace),
spherical particulate TiO, anatase was formed on the core
surface in an island mode rather than a compact epitaxial one
(Figure 7). This finding is the natural result of the kinetic

R AR

- 0.212nm

Figure 7. TEM images for sample N3 after annealing at a rapid heating
rate (80 °C/min). (a) Nearly spherical anatase particles were observed
to grow discretely on the VO, surface. Inset figure: the lattice fringes
for the spherical TiO, can be indexed to the (112) and (1—12) planes
of anatase with an intersection angle of 71° (the theoretical angle is
76°). Left-bottom: fast Fourier transform image corresponds to the 2-
dimensional HRTEM lattice of the spherical anatase. (b) Another part
of the sample surface; particulate anatase grains can also be identified.

competition between 3-dimensional nucleation and lateral
diffusion along the surface of VO,. When the heating rate is
rather high, nucleation dominates and favors single particulate
growth.

3.3. Effect of Interface Epitaxy on the Mott Phase
Transition. For our core/shell nanocomposites, the effect of
interfacial strain induced by the epitaxial ultrathin shell can be
naturally expected, which enables explorations of the possibility
of using interfacial strain to modify Mott phase transition
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properties in VO, powders. Here, the ferroelastic first-order
structural phase transition was first investigated and discussed.

The first-order phase transition of VO, powders was
investigated by monitoring the enthalpy change using DSC
analysis, and the results are presented in Figure 8 and
summarized in Table 3. After annealing, all the composite
samples exhibited an increased transition temperature (T.) in
both the heating and cooling cycles, although detailed values
varied for different samples: 73.8 °C (heating)/54.8 °C
(cooling) for N1, 76.8 °C (heating)/ 63.9 °C (cooling) for
N2, and 77.6 °C (heating)/65.6 °C(cooling) for N3,
respectively, representing a T increase of 8.3—12.1 °C in the
heating cycle and 12.8—23.6 °C in the cooling cycle compared
with unannealed pure VO,. Meanwhile, the width of the
hysteresis loop (AT, the difference of the T. in the heating and
cooling cycles) of N1, N2, and N3 was reduced after annealing
from 23.5 to 19.0, 12.9, and 12.0 °C, respectively. Furthermore,
the enthalpy change (for unit mass) during the transition was
gradually reduced with increased coating thickness. This result
can be naturally expected because TiO, does not exhibit a
phase transition in this temperature range. Note that, for real
applications, the transition temperature can be easily tuned by
doping with W. In fact, W-doped samples (further denoted as
VO,:W) were also prepared with a W-doping content of ~1.34
atom % (preparation and TEM images are presented in
Supporting Information S3). After the anatase coating, the
VO,:W @TiO, particles also exhibited a similarly modified
phase transition temperature, as depicted in Figure 8b, with the
hysteresis reduced from 24.1 to 14.7 °C, demonstrating the
potential to obtain a practically applicable sharp switching
smart window with a near ambient transition temperature.
Notably, the AH for VO,:W@TiO, is slightly higher than that
for VO,:W, mainly due to the diminished defect concentration
caused by high-temperature structural relaxation.

In general, the ferroelastic transition*®*” between the
semiconducting M1 phase and the metallic R phase primarily
includes two processes: the nucleation of a new phase in the
original phase matrix and the boundary/domain wall diffusion
of the heterophase (M1&R). The nucleation is thermodynami-
cally activated, which primarily depends on the microstructure
(structural or chemical defects, where nucleation always
preferentially initiates). The activation energy for the phase
transition in VO, was reported to be ~0.5—1 eV;*~
therefore, heterogeneous nucleation dominates the initial
nucleation process rather than homogeneous nucleation by
thermal activation (~kzT = 0.03 eV). The introduction of
electronic or structural defects can change the transition
temperature and hysteresis loop width by tuning the activation
energy. After annealing, the elevated T. indicates that the
chemical stability of the M1 phase has increased with a larger
activation energy for the phase transition to the R phase.

The microstructural change caused by the mismatched
interface plays a deciding role in decreasing the hysteresis
width. Such a structural change was corroborated by the main
diffraction peak shift of VO, (M1) (011) using slow-scanning
XRD (scanning rate of ~1°/min), as plotted in Figure 9a,
revealing a (011) interplanar expansion. Meanwhile, a large
degree of lattice compression of TiO, in the {010} and {201}
planes was also confirmed by statistical measuring of the planar
distances from the HRTEM images (Figure 9b), suggesting that
a large tensile stress was applied to TiO, via the vertical
direction against growing plane. That result is in accordance
with the expansion in the VO, lattice along the (110), (100)
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Figure 8. First-order phase transition property of the as-prepared VO,@TiO, nanocomposites by DSC analysis. (a) DSC curves for pure VO, (black
curves) and samples N1 (blue curves), N2 (red curves), and N3 (claret curves) before (solid curves) and after annealing (dashed curves with shadow
filling). (b) DSC curves for VO,:W powders (solid curves) and VO,:-W @TiO, powders (dashed curves).

Table 3. Summary of the Transition Temperature and
Change of Enthalpy (AH)“

T, DSC (°C)

AH (J/g) heating cooling AT,
VO, 46.77 65.5 420 23.5
N1 _an 44.94 73.8 54.8 19.0
N2_an 37.65 76.8 639 129
N3_an 24.49 77.6 65.6 12.0
VO, W 22.01 39.7 15.6 24.1
VO, W@TiO, 29.50 54.8 401 147

a«

_an” denotes the sample after annealing. AH for different samples
was calculated from the value of the integrated area for the
endothermic peak during heating.

direction. The local stress in the interface formed distorted
defective sites, which lowered the activation energy for phase
transition; thus, the requirement on the supercooling degree for
the phase transition from R to M1 was diminished.*® Unlike
epitaxial films grown on substrates, susceptible deformation and
a considerable part of the elastic energy can be expected in the
core material.*” Another important difference between planar
substrates and nanorods is that, due to their large surface-to-
volume ratio, the morphological instability of the core—shell
nanorods critically depends on the surface stress. In comparison

with VO,, TiO, has a much stiffer lattice (with a larger Young’s
modulus); therefore, the lattice change of TiO, can be viewed
as strong evidence that the VO, core was largely deformed by
interfacial strain, which is consistent with our previous
theoretical calculations on misfit. The misfit on the side surface
of the rod will most likely induce substantial lattice deformation
along the rod growing direction [100]y; (cg axis) in a periodic
profile.

Here, the deformation along cy (corresponding to ay;) was
critically important, because the unaxial stress/strain along cy
can exert a significant effect on the transition property as
previously introduced. From the location of the (011) peaks,
the respective variation of d(y;;) compared with pure VO, can
be calculated and taken as the same with the relative lattice
change in ay, for the corresponding relationship: d(011)y, =~
d(110)y = (2)/ ay. For the {001} plane, the change in the in-
plane lattice parameter dab for samples N1, N2, and N3 was
calculated to be 0.254%, 0.454%, and 0.218%, respectively. The
change in the out-of-plane lattice Earameter Oc was calculated
from the Poisson ratio v (v = 0.3)** to be —0.076%, —0.136%,
and —0.065%, respectively. In addition to the residual strain,
the mismatch in the thermal expansion coefficient can also be
inflential. The average linear expansion coefficient (100—480
°C)* is 25 x 107 K™! for VO, along ¢ and 4.5 x 107¢ K™!
along ag, whereas the values for titania*' are 7.38 X 107¢ K™}

(a)

Intensity (a.u.)

27.5 28.0
20 (degree)

29.0

—

Planary distance (angstrom) T

~

3
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24
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14
; i
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Figure 9. Investigation of the structural change after annealing. (a) XRD slow scanning curves from 26.5° to 29.0° (peak of (110),) for VO,
(black) and annealed N1 (red), N2 (blue), and N3(green); the clear peak shifts indicate that the crystallographic structure changed after annealing.
The XRD peaks were fitted by Voigt functions, and smooth fitted curves are also presented. (b) The planar distances {020} and {201} of anatase
TiO, in sample N3 from a statistical analysis of the HRTEM lattice fringes on 20 rods, with every measurement taken no less than 10 times in a
single rod shell (the distances were measured using Gatan Digital Micrograph software). Meanwhile, the theoretical planar distances (hollow circles)
were also calculated for comparison, and the corresponding respective lattice shrinkage ratio is shown in the figures.
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Figure 10. Thermochromic performance of the powder-based films by coating the as-prepared core/shell particles. (a and c) The diffuse
transmittance spectra in the UV—vis—near-infrared wavelength range. Samples in (a) are VO, (black curves), N2 (red curves), and N3 (blue curves)
at 25 °C (dash curves) and 90 °C (solid curves). Spectra for W-doped VO, and anatase coated sample are presented in (c). (b and d) The
temperature-varied transmittance hysteresis loop plots of the corresponding samples at 2000 nm during heating (solid) and cooling (hollow) cycles.
(e and f) Plot of the (ahv)*—hv relationship; the estimated optical energy band gap was shown.

(a/,) and 3.53 X 107 K" (a, ). This mismatch may result in an
expansion (or shrinkage) prevailing along the rod length
direction (because cg[001] corresponds to ay[100]), which
induces a compressive (when heating) and a tensile (when
cooling) stress on the VO, rod. The thermal stress changed the
defect state and contribution on the local surface, which would
affect the phase transition behavior of VO,.

With the exception of long-range compression posed on
VO,, the Ti doping effects at the interface can also play an
important role. Here, the EDS results can only confirm that the
shell contains a majority of Ti and a small amount of V;
however, the poor spatial resolution cannot confirm the
thickness of the diffused solid solution layer. Even so, Ti—V
interdiffusion in the VO,@TiO, (20 nm) system has been
confirmed by scanning TEM in our previous work;*® together
with the observed defect-rich core/shell interface, boundary Ti-
doping into VO, can be reasonably expected in the present
core/shell nanostructure. Titanium (Ti) is the most effective
reported doping element for continuously reducing the
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hysteresis loop width by increasing the Ti content. The
reported modulation ability of hysteresis typically occurs at
~9.2 °C/atom %% for the sol—gel route, and nearly zero
hysteresis can be achieved in polycrystalline Vi gTiy 40, films
obtained by metal organic deposition** and V; 45, Wy 15 Tig 100,
codoped films.*> The incorporation of Ti favors a heteroge-
neous nucleation process by forming defects such as Ti
substitutions or O vacancies, in which a single domain grain can
achieve synchronous grain-by-grain transition. A similar
interfacial diffusion and Ti-doping can occur at 400 °C,** 450
°C,"? or 500 °C*® for TiO,/VO, multilayer films. Ti-doping
forms another metastable M2 phase and induces the formation
of internal stress, which is reflected in an increase in the Mott
phase transition temperature. We should note that Ti-doping
only reasonably existed in the core/shell boundary with
limitations at only a few atomic layers thick. Therefore, the
exact effects of boundary doping on the transition dynamics
remain unclear.
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Table 4. Summary of Transmittance and Modulation Ability at 2 gm

integrated solar transmittance

luminous transmittance Tj,,

T (%)° (%)°
@25 °C @90 °C solar modulation efficiency AT, (%)° @25 °C @90 °C hysteresis AT (°c)?
VO, 39.72 27.70 12.02 26.75 30.17 21.8
N2 53.63 43.35 10.28 43.34 46.61 13.3
N3 59.31 53.11 6.20 47.52 53.29 13.1
VO,:-W 46.66 40.92 5.74 44.91 45.11 27.6
VO, W@TiO, 41.66 36.15 5.51 3632 37.68 15.4

“The solar transmittance is calculated by such formula: T,

1.5 corresponding to the sun standing 37° above the horizon and T,(4) is the transmittance of our sample.

Ty = [@(A)T(2)dA/ [@(2)dA, in which ¢(2) is the solar irradiance spectrum for air mass

4 bThe solar transmittance modulation

efficiency was calculated using AT,y = T, @90 °C — T, @25 °C. “Luminous transmittance (T, ) is calculated using the formula: Tj,,= / Pram(A)
T.(A)dA/ [ @ym(2)dA, in which qolum(l) is the relative sensitivity of the human eye in visible light. The integral was aquired from 380 to 780 nm;

details are provided in our recent work.

9Hysteresis (AT) was evaluated by the difference of the transition temperature during heating and cooling.

Here, the transition temperature was defined as the point when the transmittance arrived at the midvalue between the maximum and minimum

value.

From the above discussion, it can be concluded that the
phase transition property of the VO, core has been largely
modified by electronic and atomic reconstructions resulting
from vacuum annealing. Long-range mismatch strain and
interfacial diffusion jointly led to the change in the phase
transition property.

3.4. Thermochromic Performance of Films Coated
Using VO,@TiO, Nanoparticles. VO, can serve as a
potential energy-saving material by smartly modulating the
infrared transmittance with varying temperature. The largely
reduced hysteresis was significant for achieving practically
acceptable energy efficiency. Here, the thermochromic proper-
ties of pure VO, and VO,@TiO, composites with epitaxial
shells (samples N2 and N3) were investigated by coating the
powder onto a highly transparent and heat resistant Teflon tape
(details are presented in the Experimental Section). For
consideration of the roughness of the as-prepared films, UV—
vis diffuse transmittance (further denoted as T,) including the
scattering effect spectra were measured at 25 °C (M1 phase)
and 90 °C (R phase), and these spectra are presented in Figure
10a. The transmittance hysteresis loop at 2000 nm with various
temperatures is presented in Figure 10b. For real applications,
W-doped samples with near ambient T, were also evaluated;
the corresponding transmittance spectrum and hysteresis loop
are presented in Figure 10c,d. All these samples exhibit
conspicuous solar infrared modulability, and the modulation
efficiencies and hysteresis are summarized in Table 4.

Neither Teflon tape nor TiO, have thermochromic proper-
ties; therefore, the change in T, with temperature should be due
to the phase transition of the VO, particles. In the near-infrared
region, the transmittance at 25 °C is considerably greater than
that at 90 °C (so-called IR switching). VO, is transparent to IR
at lower temperatures (semiconducting M1 phase) and is
highly reflective above the T, (metallic R phase). The plasma
frequency (w,) for the R phase in polycrystalline thin films has
been reported to be 1.0 eV (~124 um)* or 1.6 eV (~775
nm) ;7 thus, the metallic R phase has a lower transmittance and
higher reflectance in the IR region (@ < @,). However,
semiconducting VO, (M1) has a band gap at approximately
0.6—0.7 eV; therefore; it is highly transparent to photons with
energies less than E, (A > ~1.77 pm). Considering that the IR
part composes over 40% of the total solar energy spectrum, the
solar energy can be substantially modulated. Here, the
integrated solar energy transmittance (T,,) was calculated,
and the difference of T, between high and low temperatures
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was used to evaluate the solar modulation efficiency (detailed
calculation procedure is presented in the Table 4).

In particular, the TiO,-coated composite film exhibited a
modified optical switching property, both in the hysteresis loop
width and the modulation level. The TiO, coating can
significantly reduce the transition hysteresis width to 13.3 and
13.1 °C for samples N2 and N3 compared with pure VO, (21.8
°C) and from 27.6 to 15.4 °C for W-doped samples, which is
consistent with the DSC measurements. Films prepared using
powders in previously reported studies commonly exhibited a
very wide hysteresis. In an earlier work, we prepared films based
on VO, nanoparticles with large hysteresis*’ (~21 °C) and
VO,@SiO, composite particles with a very wide transition
range'* (~30 °C). Lu et al.** prepared a VO,/PEGDA film
with a hysteresis width of ~25 °C. Large hysteresis will lead to
an unresponsive phase transition and reduce the ultimate
energy-saving efficiency. Our composite particles with consid-
erably reduced hysteresis will benefit future applications for
rapidly responding and high-precision controlled materials,
especially for energy-saving smart windows. For the composite
films, the solar modulation efficiencies were 10.28% and 6.20%
for N2 and N3, respectively, indicating a degree of efficiency
deterioration compared with the pure VO, film (12.02%),
which is mainly attributed to the defects induced by Ti
doping** and the reduced portion of VO, per unit area.
However, the significantly reduced hysteresis may compensate
for this weakness, and further optimization in the VO, size and
coating thickness will benefit better integrated performance. In
particular, after being coated with highly transparent TiO,, the
composite films exhibited an improved luminous transparency.
As indicated in Table 4, samples N2 and N3 with TiO, coatings
exhibited significantly increased luminous transmittance by 16%
and 22%, respectively, in comparison with pure VO,. The
transparent TiO, coating accounts for a considerable part of the
total film in the composite samples, which will increase the total
visible transmittance.

Furthermore, TiO, coating not only narrowed the hysteresis
but also changed the optical band gap of the material (Figure
10e,f). The absorption coefficient a was evaluated using Beer—

)
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and the optical band gap, E,, was determined using the linear
extrapolation of (ahv)* vs hv near the band gap providing Eg as
the intercept at the @ = 0 axis with the following formula:

(ahv)* = A(hv — E,) @)
For undoped samples, TiO, coating can lead to the blue shift
from 2.01 eV in pristine VO, to 2.04 eV (N3) and 2.26 eV
(N2); whereas for W-doped samples, a red shift from 2.37 to
220 eV was found after TiO, coating. The change in E,
reflected the nature and the concentration of the defects. For
N2 and N3, the incorporation of Ti and the interfacial stress
induced a blue shift, owing to the increasing concentration of
defects. For W-doped VO,, the TiO, coating and vacuum
annealing will dominantly reduce the concentration of the
internal defect by structural relaxation, which cannot counteract
the blue shift effect of interfacial stress. Such a result is in
accordance with the increased enthalpy change and enhanced
solar modulation ability.

4. CONCLUSIONS

VO, can be heteroepitaxially coated with anatase TiO,, which
has a different symmetry compared to VO,. The interfacial
strain has a pronounced effect on the Mott phase transition
when using core/shell nanotechnology. A TiO, ultrathin shell
with the anatase phase can be coherently bounded on VO,
nanorods on every faceted face with relatively moderate misfit
energy. The uniaxial compressive lattice strain along the cy axis
induced by the misfit changed the relative thermodynamic
stability of the low temperature M1 phase and the high
temperature R phase while reducing the activation energy
barrier for the phase transition. The remarkably reduced
hysteresis loop width can ensure rapid response for applications
in smart windows or other VO,-based optoelectronic memory
devices.
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