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ABSTRACT A two-step, high-purity, high-yield synthesis of nanoparticulate vanadium dioxide, which has a greater than 10-fold
potential cost reduction is reported. This consists of a short reflux of V,05 with aspartic acid, followed by calcination at 600 °C or
above. The particles produced have a mean diameter of approximately 90 nm with phase change characteristics of transition
temperature and enthalpy that compare favorably with a commercial standard. In cases where the reduction reaction has progressed
too far and a mixture of vanadium(lIl) and -(1V) is formed, redispersion and aging of the particulate product in water preferentially
oxidizes the vanadium(IIl) component to vanadium(IV), thus allowing a versatile route to achieving a high-purity material. The synthesis
was also used to deposit high-purity phases of VO, onto the surfaces of other particles, and significant differences in the structural
phase transition behavior and even the crystal structure were found for deposited samples. The data suggest that substrate properties
may affect the characteristics of the structural phase transition, and this has significant implications for measurements on, and

applications of, deposited VO, layers and films.
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INTRODUCTION
aterials that are able to switch a particular intrinsic

property in response to an extrinsic stimulus are

of significant interest to materials scientists for
reasons that are self-evident. Of particular interest is vana-
dium(IV) oxide because one of its many stable polymorphs,
VO,(My) (1, 2) with space group P2;/c (No. 14), undergoes
just such a transition near room temperature. As the ambient
temperature exceeds 68 °C, it changes its electronic char-
acter from a semiconductor to a metal as its crystal structure
changes from monoclininc P2,/c (No. 14) to tetragonal P4,/
mnm (No. 136). There is still much debate about the driving
forces of the transition however. While there is significant
evidence for a Peierls-type transition in which the crystal
structure change resulting from softening phonon modes
results in the breaking of the band symmetry (3, 4), there
also exists equally significant evidence for electron—electron
correlations, rather than electron—lattice correlations, chang-
ing the band structure (5—7). In recent years, studies have
found that the actual mechanism may be analogous to the
coupled Mott—Peierls mechanism, in which both effects are
active (8, 9); however, this explanation is still unable to
account for all observed phenomena (10).

Recent X-ray absorption fine structure spectroscopy (XAFS)
data, however (11), suggest that significant expansion of the
monoclinic unit cell occurs in the [110] and [110] directions
of the high-temperature rutile unit cell across the transition.
This expansion propagates via apical oxygen atoms of the
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octahedra to the neighboring sublattice and induces a strain
on the Peierls paired V—V bonds along the rutile ¢ axis. A
very similar stress-induced strain resulting in depairing of
the vanadium ions was reported by Pouget et al. (12), who
applied uniaxial stress along the [110] direction of the rutile
cell and found it to result in the formation of the transitional
M, structure. This VO, polymorph possesses C2/m (No. 12)
symmetry (2, 4, 12), corresponding to a structure in which
only one of the two edge-sharing chains undergoes Peierls
distortion. Therefore, the stress results in depairing of the
vanadium cations. The same XAFS data (11) also found that
the mechanism by which the doping of VO, with tungsten
lowers the phase transition temperature is also due to just
such a stress, generated by the larger covalent radii of the
tungsten ions resulting in expansion in the [110] and [1 10]
directions of the rutile unit cell. Therefore, recent work
suggests that stresses generated by phonon hardening are
intrinsic to the structural phase transition, with less recent
work indicating that externally applied stresses can also have
a significant effect on the phase transition.

According to another recent study (4), the transition from
tetragonal to monoclinic can be identified with two soft
phonon modes that “describe two independent Peierls
distortions along chains of edge sharing octahedra”. Map-
ping of the free energy over the space spanned by these two
phonon modes reveals saddle points intermediate to the
high-temperature VO,(R) phase and minima corresponding
to the low-temperature VO,(M;) phase. These saddle points
were identified as the VO,(M,) structure. Parts a—c of Figure
1 illustrate the differences between these three VO, structures.

The subsequent band structure changes associated with
the insulator—metal transition create electronic transitions
to the conduction band that fall into the near-infrared (13),
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a)

FIGURE 1. Identical perspectives of the (a) R, (b) My, and (c) M;
structures of VO, illustrating the changes in the transition from the
high-symmetry R phase to the M, structure in which every other
chain of octahedra is Peierls distorted to the M, phase in which both
chains of octahedra are Peierls distorted.

creating temperature-dependent spectral properties with a
significant potential for applications such as thermochromic
glazing (14, 15) and near-infrared optical switches (16). The
increase in the electronic conductivity of the material can
be up to 5 orders of magnitude (13), resulting in the potential
for temperature-dependent electrical switching devices. It
is this potential that motivates the vast majority of the
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current applied research into VO,. To realize its potential in
applications, it is essential that methods capable of produc-
ing “convenient for use” VO, are developed and exploited.
Commercially available forms of VO, are expensive and
limited to bulk powders of large primary particle size. These
limitations significantly hinder extensive research and de-
velopment programs, and to date, much of the considerable
potential of VO, is latent.

Literature syntheses of vanadium dioxide fall into one of
three groups: (i) chemical vapor deposition (CVD) routes to
produce thin films for glazing purposes (14, 15) and nanow-
ires (17), (i) sol—gel deposition via dip-coating, followed by
calcination for similar applications (18, 19), or (iii) precipita-
tion of an amorphous vanadium(IV) precursor from solution,
followed by calcination to produce small particles or nan-
opowders (20—22). Each of these approaches is limited in
that they only produce either films or powders. CVD routes
require stringent controls at elevated temperatures and are
susceptible to the consequences of temperature gradients.
Reactor and delivery systems are expensive to set up on a
large scale, and their use is predominantly limited to produc-
ing films. Similarly, sol—gel deposition methods based on
alkoxides of vanadium (18, 19) or vanadium acetylacetone
(23) have been used to produce thin films of VO,, but the
precursors are both chemically sensitive and expensive.
Deposition of a vanadium(V) precursor followed by a sub-
sequent reduction to vanadium(IV) using a reductant gas
such as hydrogen may be feasible (24) but is technically
demanding and again only produces films.

A single process flexible enough to produce coatings,
films, and/or powders has a substantial advantage over the
synthesis methods outlined above, particularly if it can
reduce equipment and reagent inventories, avoid the el-
evated temperatures typically used in CVD, and allow greater
flexibility in application. This may include, for example, its
direct use as a functional (and nano) additive in polymeric
films and coatings or the production of composite multi-
functional additives using a functional carrier substrate
particle. In the latter, organic molecules may be used to
tether the vanadium precursor compound to the substrate
surface. Consequently, the production of coated or thermo-
formed large-area components incorporating VO, for ap-
plication may be produced and, by avoidance of the elevated
temperatures required by CVD and its lack of transport-
ability, provide the possibility of coating temperature-sensi-
tive substrates such as plastics, wood, etc., in unconstrained
working/production environments, thus greatly expanding
the scope of potential applications.

The study described herein uses aspartic acid in a manner
similar to that recently reported for gold nanoparticles (25)
to develop a simple synthetic route to produce VO,, with the
versatility of producing either particles directly or by surface
deposition on a range of substrates (in this study, clay and
silica). The synthesis is extremely facile and produces nano-
particles and composites of high purity, with a possible
10—15-fold cost reduction over commercially available bulk
VO,. However, we find that the nature of the substrate
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FIGURE 2. TEM images of a gel-like cluster formed from the reflux of aspartic acid and V,0s. The rectangle of part a marks the area imaged

in part b.

significantly affected the properties of the deposited VO,
with deposition onto montmorillonite, in particular, resulting
in the formation of the M, structure rather than M; VO..
Given the intense theoretical (7) and commercial (13, 14)
interest in deposited VO, films, the results presented here
suggest that considerable care must be taken to either
account for or avoid VO,—substrate interactions.

MATERIALS AND METHOD

The expected oxidation product of aspartic acid, 2-oxoetha-
noic acid (26), is chemically simple and physically small and,
therefore, less likely to stabilize the reduced vanadium product
in solution; thus, the product is more likely to precipitate/deposit
readily. Because the amino acid is expected to bind readily to
the transition metal oxide (26, 27), vanadium pentoxide dis-
solution is unnecessary and simply refluxing it with amino acid
is sufficient to form the cross-linked VO, precursor. Further-
more, both starting materials, aspartic acid and V,Os, are readily
available and relatively inexpensive.

Pure Vanadium Dioxide Synthesis Method. A 2 h reflux of
0.9 or 1.0 g of vanadium pentoxide (Riedel de Haan) with 1.0 g
of aspartic acid (Aldrich) in 50 mL of water purified with a Milli-Q
filter was employed to reduce vanadium(V) oxide to a vana-
dium(1V) precursor. The resultant precipitate was filtered, washed
with water, dried, and then calcined under argon in a tube
furnace at 600 or 800 °C for either 1 or 8 h. Yields calculated
after calcination were typically >80 % .

Vanadium Dioxide Composite Production. A total of 1.5 g
of aspartic acid was first refluxed with either 0.1 g of montmo-
rillonite (Sodium Cloisite, Southern Clay Products) for 1 h or
0.05 g of fumed silica (Cab-O-Sil, Degussa) for 20 min. Then
1.0 g of vanadium pentoxide was added and the mixture
refluxed for a further 6 h for the montmorillonite composite or
4.75 h for the silica composite. The silica composite was filtered
off immediately after the reflux step, dried, and calcined at 800
°C under argon for 8 h. The montmorillonite composite pre-
cipitate was centrifuged off, redispersed in water for 18 h, then
filtered, dried, and calcined under argon in a tube furnace at
800 °C for 1 h because no difference was observed between
the structure and phase transition dynamics of samples calcined
for either 1 or 8 h. A temperature of 800 °C was used because
it is above the melting point of V,05 and therefore encourages
any residual V,05 to separate from any VO, formed. However,
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the reaction conditions reported here have been optimized such
that this separation was not apparent for the samples analyzed
below.

X-ray Diffraction (XRD). A Bruker D8 Advance using Cu Ko
radiation was employed to acquire the diffraction spectra of the
samples.

Transmission Electron Microscopy (TEM). The samples
were deposited on 200 mesh carbon-coated copper grids, and
microscopy was performed on a Philips CM30 transmission
electron microscope operating at an accelerating voltage of 200
kv.

Differential Scanning Calorimetry (DSC). Calorimetry ex-
periments were performed on a Perkin-Elmer Pyris 1 calorim-
eter using hermetically sealed aluminum pans, between 20 and
100 °C at a scan rate of 5 °C/min under nitrogen.

Voltammetry. The sample was decanted from the reflux
setup and water-cooled to 20 °C in a jacketed electrochemical
cell. Rotating-disk electrode (RDE) voltammetry was then per-
formed using a glassy carbon electrode rotating at 2000 rpm
and a carbon counter electrode measured against an Ag/AgCl
reference electrode controlled by a Gamry PCI 4G750-42067
electrochemical analyzer. The sample was then reintroduced
to the reflux setup.

RESULTS AND DISCUSSION

Pure VO, Powder. Parts a and b of Figure 2 display
the TEM images of a typical sample during the redox
process. Clearly visible (Figure 2a) is a large cluster of high-
electron-density material that does not exhibit any order
upon inspection of its electron diffraction pattern and thus
is not V,05, which possesses an orthorhombic structure. The
high density of the cluster suggests that it is not a polymeric
form of amino acid. Therefore, amino acid binds to the
vanadium species of V,05 via chelation by the glycyl group
and complexation by the carboxylic acid groups at the other
end of the molecule (26, 27) (a singly connected amino acid
cannot act as a cross-link), thereby forming an extended gel-
like structure.

By chelation of V,05 into the gel-like structure, aspartic
acid becomes more “soluble” because it transforms from an
insoluble solid to a far less rigid and more accessible
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FIGURE 3. RDE data of a refluxing sample of 1:1 (w/w) V,05 and
aspartic acid at intervals of 1, 2, 3, and 4 h, compared with pure
V,05 and aspartic acid in water.

semisolid. RDE voltammetry experiments (Figure 3) ona 1:1
(wlv) 0.11 M in V,05 and 0.15 M aspartic acid show a
significant increase in the current during the first 2 h of
reflux, compared to currents in slurries of V,05 and aspartic
acid, both individually and combined. The combined slurry
exhibits currents approximately intermediate between V,05
and aspartic acid because of high concentrations of both
reactants, resulting in the inhibition of aspartic acid transport
to the electrode surface. This increase in the current at early
reaction times suggests a greater reactivity at the RDE
surface arising from the conversion of the solid starting
powders into more soluble species. Consumption of this
species results in a decrease in reducible species illustrated
by the reduction of the current at negative voltages. How-
ever, a concurrent increase in the current at positive voltages
suggests the formation of a new, oxidizable species: vana-
dium(1V).

The cluster extremities exhibit regions of comparable
electron density that appear to be detaching from the cluster
(see Figure 2b). The oxidation of aspartic acid by a transition-
metal cation is expected to proceed via chelation of the
cation by the glycyl group of amino acid. Reduction of the
metal ion is accompanied by the formation of an oxygen
radical from the carbonyl group of the acid and detachment
of the reduced metal species, as illustrated in Scheme 1 (26).
The detachment illustrated in the TEM image suggests the
manifestation of a similar reaction mechanism: Oxidation
of amino acid produces an oxygen radical, resulting in acid
decomposition as the radical decays through a further redox
reaction, reducing another metal species to an amine car-
bocation, which itself decays into 2-oxoethanoic acid and
an ammonium ion.

Evidence of a two-electron donation process by amino
acid can be obtained from the reaction stoichiometry. For a
typical reaction involving 1 g of V,05 and 1 g of aspartic acid,
the ratio of aspartic acid to vanadium atoms is approxi-
mately 0.68, which is insufficient for complete conversion
to VO, in a single-electron process. In our experiments, the
average yields of VO, after calcination are greater than 80 %
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Scheme 1. Generalized Mechanism of Aspartic
Acid Oxidation by a Metal Cation, Based on the
Work of Sherigawa et al. (26)
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and sometimes 90 %, and for such yields to be possible, a
two-electron process must occur.

The XRD pattern of the dried precipitate of a sample in
which the redox reaction has not reached completion (see
Figure 4) exhibits some low-intensity diffraction peaks that
index to (NHy4)»V0015-8H,O. Because ammonia was not
present, the reaction stoichiometry suggests that the most
likely source for the formation of ammonium ions that
charge balance the two vanadium(V) ions is from the
reaction mechanism illustrated in Scheme 1. It is possible,
however, that the nonglycyl carboxy group is also oxidized
given that these groups must be binding to vanadium ions.
A corollary of this is that, upon substitution of asparagine
(two amino groups) for aspartic acid, a gel-like structure was
formed. In this case, however, the redox reaction rate was
extremely slow and a vanadium(IV) oxide precipitate did not
form, implying that the low-density networked structure was
quite stable. Therefore, the redox reaction mechanism in
these systems seems to be a combination of that proposed
by Sherigawa et al. (26) and a reaction involving oxidation
of the nonglycyl carboxy group.

Filtering and drying of the precipitate after reflux followed
by calcination at 600 °C or above results in a highly crystal-
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FIGURE 4. XRD data of a filtered and dried sample before calcina-
tion, indexing to (NH4),V00,5* 8H,0.
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FIGURE 5. XRD data of a sample made from 0.9:1 aspartic acid/V,Os,
refluxed for 2 h and calcined for 1 h at 800 °C.
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FIGURE 6. DSC data of a commercially available sample of VO,
(Aldrich, 99.9%, black line) and a sample made from 0.9:1 aspartic
acid/V,0s, refluxed for 2 h and calcined for 1 h at 800 °C (gray line).

line powder that exhibits the P2;/c symmetry of VO,(M;)
(1, 2), an example of which is presented in the XRD trace of
Figure 5.

The enthalpy of the first-order phase transition can be
used as an approximation for the purity of the material
because the higher the enthalpy, the more VO, that is
present, and therefore the higher the purity. The peak width
also gives a good idea of the homogeneity of the sample,
with a narrower, taller peak indicating reasonable purity and
homogeneity, although subtle differences in the crystal grain
sizes and defects may also affect the transition peak profile
and area (28). However, as a first approximation, it is a
useful comparison. Using a commercially available sample
(99.9% VO,, Aldrich) as a reference, Figure 6 presents a
comparison of the DSC characterizations of both the com-
mercial sample and that characterized in Figure 5. The
commercial sample exhibits a transition temperature of 70.3
°C, while the aspartic acid generated sample peaks at 68.85
°C, in reasonable agreement. The phase transition enthalpy
of the commercial sample is slightly lower than that of the
aspartic acid generated sample: 39.67 ]/g compared to 47.92
J/g, respectively. The peak profile of the commercial sample
is noticeably sharper, and the broad base of the aspartic acid
sample peak contributes significantly to the disparity in the
total heat transfer. In general, the differences between the
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FIGURE 7. TEM image of the aspartic acid generated nanoparticles
of Figure 6.

two profiles are small, and thus as an approximation the
aspartic acid generated sample compares well with the
commercial standard.

An electron micrograph of the aspartic acid generated
VO, particles is presented in Figure 7, and the particles have
a calculated mean diameter of approximately 90 nm. This
is considerably smaller than the average primary particle
size of the commercial sample, which is typically >10 um,
and may possibly be the origin of the discrepancies in the
DSC data (28) because the smaller particle size, and there-
fore the crystallite size, results in a lower homogeneity of
the lattice properties.

Vanadium Dioxide Composite Production. To
form composites functionalization of substrate surfaces is
required. However, it is practically quite difficult to calculate
exactly the amount of amino acid needed for functionaliza-
tion such that unwanted further reduction of the vana-
dium(IV) species occurs because the pure VO, synthesis is
sensitive to the amount of amino acid added. Thus, a trial-
and-error balance of the reducing and functionalizing amino
acid amounts and reaction time needs to be struck.

The XRD and DSC results for a composite of VO, and SiO,
using the above approach are presented in Figure 8a, b. The
XRD data index to a single phase of P2,/c VO,, with excellent
intensities and no discernible impurities. The DSC data,
however, while displaying a significant endothermic re-
sponse, exhibit a small peak centered at 65 °C, followed by
a much larger and broader peak centered at 73 °C. Integra-
tion of these two peaks gives a transition enthalpy of 51.0
J/g, which suggests that the degree of conversion of V,0s5 to
VO, is high and is confirmed by the very clean and intense
XRD spectrum. However, the splitting and broadening of the
DSC peak suggest that deposition onto surfaces may have
some effect on the structure of VO, itself. It is well-known
that the application of uniaxial stress on VO, can markedly
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FIGURE 8. (a) XRD spectrum of a composite SiO,/VO, sample
indexing to monoclinic P2,/c (No. 14) VO,. (b) DSC data of the SiO,/
VO, composite sample of part a. Integration of the area under both
peaks gives a transition enthalpy of 51.0 J/g.

affect the crystal structure by disruption of the Peierls
distortion (12), and it may be that alignment of the VO,
crystal structure with that of a substrate may produce similar
effects, a point to which we return later. However, the
important message is that the crystal structure does not
correlate well with phase transition dynamics. The splitting
of the peak suggests the formation of a separate phase of
VO, that is not influenced by the nature of the substrate.
Given that the data of Figures 5 and 6 indicate that a third-
party surface (in this case silica) is unnecessary for VO,
formation, the presence of a phase that has not nucleated
around the silica particles is unsurprising.

Serendipitously, it was discovered that a reduction reac-
tion that had proceeded too far in the reflux stage, resulting
in the production of mixtures of Magnéli (29) phases
(V,O2n—1), could be reversed by centrifuging off the precipi-
tate, redispersing, and aging it in water for an appropriate
period of time. This allows some leeway in the amount of
aspartic acid and reflux time used, and the Supporting
Information illustrates the results of this process generating
pure VO,. Parts a and b of Figure 9 illustrate the results of
this process for a VO,/montmorillonite composite prepared
as detailed above. However, the data, while indexing to a
single phase of monoclinic VO,, are actually characteristic
of the structure of the M, intermediate phase (Figure 1b).
The calorimetry data of Figure 9b exhibit the expected
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FIGURE 9. (a) XRD spectrum of a VO,/montmorillonite composite,
indexing to the M, C2/m (No. 12) structure. (b) DSC data of a VO,/
montmorillonite composite that exhibits a first-order phase transi-
tion at 80.2 °C.

increase in the transition temperature, in line with data
obtained for chromium-doped VO, in the M, structure (23).

As reflected in Figure 1a—c, the M, structure corresponds
to an intermediate between the R and M, phases in which
only one of the two chains of edge-sharing octahedra has
undergone Peierls distortion. Thus, only half of the vanadium
atoms form homopolar bonds with their neighbors, and
therefore the shorter V=V distance is only half as frequent.
This results in the M; (011), (210), and (022) peaks splitting
into doublets, as Figure 9a illustrates. The question of how
the M, phase formed preferentially may have an answer
based on XAFS data and the data of VO, under uniaxial
stress mentioned above (11, 12). The deposition of the
vanadium(IV) oxide precursor during the reaction process
is not expected to result in any preferential ordering of the
vanadium oxide octahedra. It is the calcination process that
arranges the precursor into crystalline VO,. At a temperature
of 800 °C, the amorphous vanadium oxide will be much
more mobile than the crystalline montmorillonite platelets,
and thus VO, can be thought of as being arranged around
the montmorillonite during calcination. Therefore, the mor-
phology of the substrate might be expected to significantly
influence the ordering promoted by the high temperature.
Given that stress along the [011] direction of the M, phase
promotes the depairing of vanadium ions (12), templating
(30) imposed by the platelet morphology of the montmoril-
lonite surface may result in just such a stress, which may
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therefore result in lattice hardening (11, 31), which affects
the pairing of vanadium ions. These results suggest that VO,
samples deposited on the surfaces of other materials may
be affected by the surface morphology and lattice mismatch-
ing, and thus their properties in such states may differ from
those of pure VO,. Some significant advancements in the
understanding of the MIT in VO, have recently come from
measurements on films deposited on substrates (7), and the
results herein suggest that substrate interaction must be
taken into consideration via a comparison of the film and
bulk powder transition dynamics.

CONCLUSION
A simple synthesis of the technologically significant ma-

terial P2/c (No. 14) VO, consisting of a reflux of vanadium
pentoxide and aspartic acid in an aqueous solution has been
presented. The method is capable of forming nanoparticles
with phase transition characteristics and purity-matching
those of a commercially available analytical-reagent-grade
sample. The synthesis has the potential to decrease the cost
of obtaining VO, by a factor greater than 10, with the added
benefit of a primary particle size of approximately 90 nm.
The reaction proceeds via the formation of a cross-linked
network of vanadium(V) species, with aspartic acid forming
the cross-links. Reduction of vanadium(V) occurs via a two-
electron oxidation of amino acid and results in the precipita-
tion of an amorphous vanadium(V) precursor, which is
converted to VO, via calcination. This gel-like intermediate
is amenable to composite formation via binding to a sub-
strate and results in the deposition of VO, onto the substrate
surface. This solution-based deposition is unique to the
synthesis reported and was used to form VO, on the surface
of fumed silica particles; however, while the diffraction
spectrum and phase transition enthalpy of the material
indicated an M; VO, phase of high purity, the endothermic
peak in the DSC spectrum split into a doublet of a small
relatively narrow peak and a large broad peak. Deposition
of VO, on the surfaces of montmorillonite particles resulted
in the formation of a stable form of the intermediate M,
phase of VO, without the need for doping with chromium
(2) or the application of an external uniaxial stress (12),
which has no literature precedent. Therefore, the synthesis
described can be used to deposit high-purity VO, on the
surfaces of other materials such as fumed silica and mont-
morillonite. However, the morphologies of the substrates
were shown to have a significant impact on the dynamics
of the structural phase transition. The results therefore
suggest that, because static measurements of material prop-
erties (i.e., XRD) are not coincident with transition dynamics,
more thorough (dynamic) comparisons of the sample prop-
erties with those of standards must be performed.

Acknowledgment. The authors gratefully acknowledge
Dr. Weidong Yang for acquiring the DSC spectra and Dr.
Russell Taylor for the indefinite loan of his voltammetry
equipment.

www.acsami.org

VOL. 1 « NO. 9 ¢ 1899-1905 ¢ 2009

Supporting Information Available: XRD data of a sample
0.9:1 (w/w) aspartic acid/V,0s5, which was refluxed for 6 h
and either calcined immediately (Figure S1) or centrifuged
off and left to age in water for 16 h (Figure S2), showing a
subsequent increase in homogeneity, and a DSC trace of the
water-aged sample (Figure S3). This material is available free
of charge via the Internet at http://pubs.acs.org.
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