
Accelerated microwave-assisted synthesis and in situ
X-ray scattering of tungsten-substituted vanadium
dioxide (V1−xWxO2)
Catrina E. Wilson1,2,b) , Amanda E. Gibson1,2,b) , Joshua J. Argo1,2 ,
Patricia A. Loughney1,2 , Wenqian Xu3 , Graham King4 , Vicky Doan-Nguyen1,2,5,a)

1Department of Materials Science and Engineering, The Ohio State University, Columbus, Ohio 43212, USA
2Center for Electron Microscopy and Analysis, The Ohio State University, Columbus, Ohio 43212, USA
3X-ray Science Division, Advanced Photon Source, Argonne National Laboratory, Lemont, Illinois 60439, USA
4Brockhouse Beamlines, Canadian Light Source, Saskatoon, Saskatchewan S7N 2V3, Canada
5Department of Mechanical and Aerospace Engineering, The Ohio State University, Columbus, Ohio 43210, USA
a)Address all correspondence to this author. e-mail: doan-nguyen.1@osu.edu
b) These authors contributed equally to this work.

Received: 29 May 2020; accepted: 25 August 2020

Vanadium dioxide (VO2) has been widely studied due to its metal-insulator phase transition at 68 °C, below which
it is a semiconducting monoclinic phase, P21/c, and above it is a metallic tetragonal phase, P42/mnm. Substituting
vanadium with transition metals allows transition temperature tunability. An accelerated microwave-assisted
synthesis for VO2 and 5d tungsten-substituted VO2 presented herein decreased synthesis time by three orders of
magnitude while maintaining phase purity, particle size, and transition character. Tungsten substitution amount was
determined using inductively coupled plasma-optical emission spectroscopy. Differential scanning calorimetry,
superconducting quantum interference device measurements, and in situ heating and cooling experiments
monitored through synchrotron X-ray diffraction (XRD) confirmed the transition temperature decreased with
increased tungsten substitution. Scanning electron microscopy analyzed through the line-intercept method produced
an average particle size of 3–5 μm. Average structure and local structure phase purity was determined through the
Rietveld analysis of synchrotron XRD and the least-squares refinement of pair distribution function data.
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Introduction
The semiconducting to metal phase transition (MIT) of vanadium

dioxide (VO2) has been extensively studied since it was first

reported by Morin in 1959 [1]. The mechanism of the first-order

transition [2, 3, 4] has been debated by many scholars over the

years and has been primarily centered around electronic

origins [4, 5, 6, 7, 8]. At T < 68 °C, the structure is monoclinic

P21/c (M1), and T > 68 °C, it is rutile tetragonal P42/mnm (R)

Invited Feature Paper
DOI: 10.1557/s43578-020-00068-3

EARLY CAREER SCHOLARS IN MATERIALS SCIENCE

A
N
N
U
A
L
IS
SU

E

© The Author(s), 2021, published on behalf of Materials Research Society by Cambridge University Press 2021

Jo
ur

na
lo

fM
at

er
ia

ls
Re

se
ar

ch
w

w
w

.m
rs

.o
rg

/jm
r

Vo
lu

m
e 

36
Is

su
e 

1
Ja

nu
ar

y 
20

21

268

; published online: 4 February 2021

https://orcid.org/0000-0001-7339-7318
https://orcid.org/0000-0002-9525-2811
https://orcid.org/0000-0003-0067-5801
https://orcid.org/0000-0001-9947-2267
https://orcid.org/0000-0002-4815-6253
https://orcid.org/0000-0003-1886-7254
https://orcid.org/0000-0003-4204-3271
mailto:doan-nguyen.1@osu.edu
http://www.mrs.org/jmr
http://www.cambridge.org/JMR


[9, 10, 11, 12]. The material sees a large increase in electronic

conductivity, an increase in paramagnetic susceptibility, and a

change in optical properties from IR-transparent to IR-reflective

upon heating beyond the critical transition temperature [2, 13,

14, 15, 16, 17, 18, 19]. The M1 to R transition is marked by

the increasing in V–V interatomic distances and a zigzag to linear

arrangement [9, 10, 11, 20], as can be seen in Fig. 1.

Mechanism of the metal-insulator transition

The argument for a Mott–Hubbard transition has been sup-

ported by magnetic and electrical measurements, attributing

the transition to strong electron–electron correlations due to

temperature changes [11, 21, 22]. Conversely, a Peierls transi-

tion has been suggested as a result of an unstable Fermi surface

due to electron–phonon interactions, triggering dimerization

of atoms along the V–V chain [7, 8, 23]. More recently, a

mixed Mott–Peierls model has been advocated to explain the

transition [17].

Additionally, a purely structural explanation has been pro-

posed to explain certain phenomena, such as intermediate

monoclinic phases, i.e., C2/m (M2/B), that appear with Ti

and Cr substitution, and is otherwise not addressed in the pre-

ceding arguments [3, 7, 24]. In a detailed review of rutile metal

oxide compounds with an emphasis on the implications for the

VO2 MIT, Hiroi accounts the transition to inherent structural

instabilities in the lattice [24]. The transition is characterized

by a decrease in the c/a ratio of lattice parameters upon cooling

through the transition temperature. As c/a decreases, covalent

O–O bonds of the basal plane perpendicular to the c-axis

break and accommodate the dimerized V–V bonding

characteristic of the monoclinic phase [24]. The crystal struc-

ture of each phase is illustrated in Fig. 1 to show the dimeriza-

tion of the V atoms in the monoclinic phase and the changing

of positions of the accommodating O–O bonds. Hiroi further

proposes that the difference in energy of the split d// orbitals,

as the dxz and dyz orbitals split from the dx2−y2 orbital to

form a π* band, between the two phases can be explained by

electron–electron correlations caused by the structural transi-

tion, as neither the structural transition nor the correlations

alone account for this value [3, 22].

Furthermore, substitution studies with 3d, 4d, and 5d cat-

ions support that the transition is related to the structural insta-

bility rather than electronic interactions [24, 25, 26]. Specifically,

in TixV1−xO2, upon high substitution amounts of titanium,

there is a relatively small impact on the MIT temperature in

comparison to other substituents [24]. Titanium would be con-

tributing many holes to the electronic system at high substitu-

tion amounts, encouraging an electronic transition to occur if

electron correlations were the phase transformation mechanism.

However, this is not observed given the small change in the

MIT temperature upon substitution up to 20 at.% titanium

[24]. Furthermore, substitutions involving larger atoms like

tungsten (W) show strong depression of the MIT temperature

[19, 25, 26, 27, 28, 29, 30], suggesting increased instability in

the lattice accompanied by these substitutions.

Applications and contemporary synthesis methods

The relatively low transition temperature and the tunability via

substitution atoms make VO2 and V1−xMxO2 (M = Cr [11, 20,

21, 31], Ti [24], Al [32], Fe [24, 33], Nb [24, 34], Mo [14, 19,

Figure 1: Crystallographic representations of both phases illustrating the dimerization of the V–V bonds caused by a decrease in distance between the O–O on the
basal plane with cooling, shown on bottom left. The resulting O–O inter-octahedron overlap is highlighted in the monoclinic structure on the bottom right.
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27, 30], and W [19, 25, 26, 27, 28, 29, 30]) attractive materials

for a variety of applications, such as sensors, actuators, thermal

relays, memory devices, and thermochromic optical switching

devices [35, 36]. Many of these applications utilize thin film

and nanocrystalline morphologies, yet bulk powder has been

considered a promising heat storage material [37] in addition

to being used for structural studies [12, 38]. Reported bulk

syntheses include sol–gel [39] and solid-state methodologies,

both requiring days of high-temperature annealing and inert

atmosphere [12, 14, 24, 33]. Extended synthesis time limits

industrial applicability, demanding an alternative production

route. Substitution homogeneity is also important for these

applications as phase segregation leads to a loss in the sharp

transition and poor characterization of property changes

associated with the phase transformation [36].

Regarding morphology, nanoparticle applications are

beginning to be imagined as new properties associated with

quantum confinement have been recently discovered [36].

VO2 nanoparticles have been grown with various morphologies

via sol–gel approaches [35, 36], pulsed laser deposition (PLD)

[35, 36], hydrothermal synthesis [19], and controlled reduction

reaction [40]. Microwave-assisted heating has also been used to

produce nanostructured VO2 via solvothermal synthesis [41,

42]. Radio frequency (RF) sputtering [43], metal-organic

chemical vapor deposition (MOCVD) [44], and PLD [32]

methodologies have also been implemented to achieve

nanometer-thick films. However, there are still many opportu-

nities for the development of thin film and nanocrystalline

microwave-assisted VO2 syntheses to decrease the overall cost.

Microwave-assisted heating of solids

Microwave-assisted heating has been demonstrated for the

accelerated production of a library of materials used in energy

storage [45, 46], solid-state lighting [47], magnetocaloric refrig-

eration [48], heterogeneous catalysis [49], and peptide assembly

[50, 51]. Several other metal oxides have also been shown to be

viable systems for microwave-assisted solid-state syntheses

[46, 52, 53, 54, 55, 56, 57, 58, 59, 60]. Microwave heating offers

significant advantages over traditional furnaces due to the

direct heating of materials via dielectric loss associated with

dipolar and space-charge polarization, as well as DC conductiv-

ity, in an alternating electric field [46, 59, 60, 61]. For materials

that do not contain water or another absorbed polar molecule,

the latter two mechanisms will dominate [61].

Carbon was used as a susceptor in this synthesis for provid-

ing both consistent heating around the sample and to assist the

precursors in reaching temperatures at which their dielectric

properties may be more favorable for microwave heating.

Susceptors are materials that readily convert electromagnetic

energy to heat and can elevate the temperature to provide

more advantageous heating of precursors [59]. Given the low

mass loading of the sample, the volume of the carbon-filled

crucible, and temperature studies of the susceptor at the

power levels and time used in this synthesis, most of the

heating of this synthesis is likely due to the radiation from

the susceptor. However, the dielectric properties of VO2 and

its precursors are important to consider for scaled reactions.

Dielectric properties dictate how a material behaves in the

presence of microwave radiation, which can shed light on the

otherwise convoluted “black box” character of microwave–mat-

ter interactions. The complex permittivity gives two important

equations that determine the heating efficiency and uniformity

seen in the process of microwave heating [61]. The loss tangent

(tan δ = 1′′/1′) describes the ratio of energy lost as heat, 1′′, to

energy stored in a dielectric medium, 1
′
. Thus, high tan δ val-

ues ensure more efficient heating. The penetration depth is the

depth of microwave penetration into a material derived such

that the energy of the wave is 1/e (∼0.37) of its original energy
at that depth, given in Eq. (1) below [62] where λ0 is the wave-

length. A low penetration depth indicates a limited response of

a material to absorb and interact with the microwave radiation

and can limit batch sizes for such a material.

Dp = l0

2p(21′)1/2
1+ 1′′

1′

( )2
[ ]1/2

− 1

⎧⎨
⎩

⎫⎬
⎭

−1/2

. (1)

Values for the loss tangent and penetration depth of VO2 were

estimated from data presented by Émond et al. using digitized

versions of their Figure 14 for the P21/c phase and Figure 16 for

the P42/mnm phase to discuss scalable microwave processabil-

ity [63]. The extracted e′ and e′′ (calculated from the conduc-

tivity plot) for the low-temperature monoclinic phase at 20 °C

at 2.5 GHz yielded a loss tangent value of 1.9 and a penetration

depth of 946 μm, as calculated from Eq. (1). The e′ and e′′ for
the tetragonal phase at 100 °C and 2.5 GHz yielded a loss tan-

gent value of 10.2 and a penetration depth of 25 μm. As VO2

crystallizes at high reaction temperatures [64], heating effi-

ciency will increase due to the P42/mnm phase, which has an

extremely high loss tangent compared with the lower tempera-

ture P21/c phase. The penetration depth of ∼25 μm of tetrago-

nal VO2 is well above the average particle size of the precursors

and products used in scaled solid-state synthesis; therefore,

VO2 would be a promising candidate for microwave processing

on a larger scale.

In this paper, an accelerated microwave-assisted synthesis is

presented that decreases the synthesis time from days to tens of

minutes and demonstrates substitution homogeneity in bulk

powder samples. This is the first reported reaction to produce

bulk VO2 (M1, P21/c) with microwave irradiation. Tungsten

was selected as a substitution cation in this study because it

causes the greatest depression of the MIT temperature and to
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probe its effect on local structure stability [19, 25, 26, 27, 28, 29,

30]. The synthesis presented of bulk P21/c VO2 and

W-substituted VO2 involves a one-pot synthesis at 1080 W

for 15 min, followed by 840 W for 30 min, for a total reaction

time of 45 min. The characterization of the sample series was

performed via inductively coupled plasma-optical emission

spectroscopy (ICP-OES), X-ray diffraction (XRD) performed

at room temperature and in situ heating and cooling, differen-

tial scanning calorimetry (DSC), scanning electron microscopy

(SEM), and superconducting quantum interference device

(SQUID). Rietveld refinements of the XRD data were per-

formed to determine phase purity and average structure,

while pair distribution functions (PDFs) were refined via

least-squares fitting to elucidate local structure information.

This is the first reported local structure PDF of bulk powder

tungsten-substituted VO2.

Results and Discussion
Elemental analysis of samples

ICP-OES was performed to quantitatively analyze the atomic

percentages of tungsten substitution within VO2 (Table 1).

The substitution was kept below 10 at.% to avoid phase segre-

gation given that the ionic radius of tungsten is 11% larger than

that of vanadium when both are in the +4-oxidation state. Due

to the sensitivity of ICP-OES to local inhomogeneities within

the sample, a relatively large amount of sample (∼50 mg)

was digested and diluted to obtain an accurate representation

of the bulk sample. The ICP-OES results indicate that the tung-

sten substitution was near the nominal substitution amount

(0.2, 5, and 8 at.%) and phase segregation was most likely not

occurring within the bulk. If phase segregation of W-rich or

V-rich phases were occurring, the small amount provided for

ICP-OES would give atomic percentages that vary greatly com-

pared with nominal substitution amounts with little reproduc-

ibility of results across samples.

Determining phase purity using XRD

VO2 can stabilize in a variety of polymorphs, and to ensure

monoclinic phase purity, XRD was obtained and Rietveld anal-

ysis performed. Simulated powder diffraction patterns for other

polymorphs of VO2 that could have stabilized are presented in

Supplementary Fig. S1. The Rietveld refinement of room tem-

perature synchrotron powder XRD data indicates phase purity

throughout the substitution series, as shown in Fig. 2. The

low substitution samples (x < 0.046) were fit to the monoclinic

P21/c space group, and the high substitution phase (x > 0.046)

was fit to the tetragonal P42/mnm space group [3, 25, 26, 27].

The intermediate (x =0.046) was fit to both the monoclinic

and tetragonal space groups, producing phase fractions of

0.15(1) and 0.85(1), respectively. The patterns match previously

reported refinements well, giving fit residuals less than 10% [9].

The tungsten and vanadium site occupancy from the Rietveld

refinement, Supplementary Tables S1–S3, produced similar

values given by ICP-OES with little other structural changes.

Upon substitution of greater amounts of tungsten, the MIT

is depressed as seen in Fig. 6, and the structure transitions from

monoclinic to tetragonal at room temperature. The phase tran-

sition can be clearly seen by tracking the (110) peak shift and

the (11�1) disappearance, highlighted in Fig. 2(b), along with

the disappearance of multiple other higher Q reflections.

Tracking the (110) peak center as a function of tungsten substi-

tution amount provides a linear relationship shown in Fig. 2(c).

There is only a slight shift between the unsubstituted VO2 and

V0.997W0.003O2 due to the low substitution amount. Then, the

V0.954W0.046O2 (110) peak is dominated by the P42/mnm struc-

ture (0.85(1) = rutile phase fraction) giving it the same peak

center as V0.921W0.079O2. However, a linear regression gives

R2 = 0.869 with Q = 1.961(3)–0.0024(6) x, in which x is the

substitution amount in atomic percent and providing Q in

units of Å−1. A comparison of these fits to analogous

furnace-annealed samples is presented in Supplementary

Fig. S2 and illustrates that similar purity can be achieved

through the accelerated microwave synthesis. Fit residuals are

like those of the microwave-annealed samples in Fig. 2.

Further comparison of the two synthesis methods on the crys-

tallographic structure also shows very little difference among

lattice parameters, atomic positions, and thermal displacement

factors in Supplementary Tables S1–S6.

The lattice parameters (a, b, c, and β) and the unit cell vol-

ume as a function of substitution amount is monitored in

Fig. 3, which provides trends throughout the phase transforma-

tion that agree with typical furnace-annealed samples [27], also

confirmed in this report in Supplementary Fig. S2. There is a

0.36(2)% volume expansion upon tungsten substitution up to

4.6 at.% corresponding to an increase in a, b, c, and β until the

MIT is depressed below room temperature and the sample is

in the tetragonal phase. The lattice parameters increase due to

an increase in cation radius (W = 66 pm > V = 58 pm, each in

+4 oxidation state with a coordination number of 6) [65];

therefore, as substitution onto the vanadium site increases,

the unit cell volume increases. Future studies will include

greater substitution amounts to discuss the tetragonal lattice

Table 1: ICP-OES results showing the atomic percentage of tungsten
incorporated during synthesis, the weight percent of vanadium and
tungsten, and the tungsten to vanadium ratio.

Nominal W (at.%) ICP-OES W (at.%) W (wt%) V (wt%)

0.2 0.259(7) 0.576(5) 61.321(7)
5.0 4.596(6) 12.044(6) 69.233(6)
8.0 7.877(5) 16.383(0) 53.092(7)
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parameter trends as has been done with MoxV1−xO2 systems

[14, 27, 28].

As presented by Hiroi, the V–O octahedral distortion is

dependent on the c/a ratio in the tetragonal structure [24].

As the tetragonal c/a ratio increases with increasing substitu-

tion amount, the oxygen anions along the c-axis are further

separated, allowing for greater overlap along the [110] direc-

tion. This overlap is hypothesized to instigate covalent bonding

between the overlapping oxide ions, driving the phase transfor-

mation. Therefore, as substitution increases, the c/a ratio

increases, strengthening the O1–O2 inter-octahedra (O1 ∠
O2 = 94°) overlap, illustrated in Fig. 1, which inhibits direct

V–V bond formation and decreases Tc.

In P21/c structures, the c/a ratio of WO2 and MoO2 (0.58) is

significantly lower (0.57) than that of the c/a ratio of the VO2

(0.625); the difference of these ratios corresponds to the magni-

tude of MIT temperature depression that each cation substitu-

tion incurs in VO2 [24]. This trend is also seen with TiO2

and CrO2, whose c/a ratios are larger and increase the transition

temperature when cation-substituted into VO2 [24]. This sug-

gests that the substitution of these cations incurs a local c/a devi-

ation into the structure that accelerates or retards the MIT

temperature as a function of substitution amount. This hypoth-

esis will be addressed in an upcoming report.

Using the lattice parameters from Rietveld refinement for

the tetragonal samples, the c/a ratio increases by 0.135(5)%

from 0.62814(3) to 0.62899(2) for 4.6–7.9 at.% substitution.

This causes a dramatic change in the Tc measured through

SQUID (Fig. 4). Where the 4.6 at.% sample demonstrated Tc
=−93°C, but the 7.9 at.% Tc could not be captured throughout

a temperature range of −263 to 77 °C.

Ex situ heating and cooling XRD measurements probed the

structure on the other side of the phase transformation. This

was achieved by heating the samples to 102 °C that were mono-

clinic at room temperature (x < 0.046) and cooling the samples

to −183 °C that were tetragonal, or partially tetragonal at room

temperature (x > 0.005). The data were also analyzed using

Rietveld refinement and produced low residuals indicating a

good fit to the expected phases, as shown in Fig. 4.

Local structure analysis using the PDF

The PDF provides the probability of finding two atoms sepa-

rated by a distance, r. It is derived from the total scattering

(Bragg and diffuse) structure function, S(Q) which undergoes

a Fourier transform to produce the PDF, G(r), in Eq. (2) [66].

G(r) = 2
p

∫Qmax

0
Q[S(Q)− 1)]sin(Qr)dQ. (2)

Room temperature atomic PDF measurements analyzed through

a least-squares refinement elucidated the local structure of VO2

and W0.002V0.998O2 (Fig. 5). The average structure of

W0.002V0.998O2 analyzed through Rietveld refinement is shown

in Supplementary Fig. S3. The local structures fit well to the

Figure 2: (a) Rietveld refinement (λ = 0.2399 Å for x = 0, and λ = 0.4133 Å for x > 0) using P21/c, and P42/mnm along a substitution series (0 < x < 0.079) at room
temperature illustrates phase purity with substitution. The phase associated with each fit is labeled on the top right corner of the plot, and phase markers are in
gray at the bottom of the respective plot. (b) Tracking the (011) peak shift as the structure symmetrizes with increasing substitution amount. (c) Linear regression of
the (011) peak center as a function of substitution amount producing fit results: Q = 1.961(3) – 0.0024(6)x, R2 = 0.869.
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P21/c space group in the r-range of 1.5–30 Å giving residuals of

12.35 and 11.02% for VO2 and W0.002V0.998O2, respectively. The

nearest neighbor V–V distance is illustrated by the peak at 2.65 Å.

The a, b, and c lattice parameters increase by 0.06% from 0

to 0.2 at.% tungsten substitution. This was accompanied by a

4.65% decrease in U33. Upon further substitution, it is expected

that U33 will continue to decrease as the c/a ratio increases and

there is less V–V dimerization along the c-axis leading to a shift

of the 2.65 Å V–V peak. This has been demonstrated across a

temperature series by Corr et al. [12]. However, this is the first

Figure 4: Rietveld refinement (λ = 0.4133 Å) performed using P21/c, and P42/
mnm at −183 °C for x > 0.005 and 102 °C for x < 0.046 indicates phase purity
below and above the respective transition temperatures. An exception to this is
x = 0.079, which is too highly substituted to reach Tc =−183 °C.

Figure 5: Experimental X-ray PDFs of (a) VO2 and (b) W0.002V0.998O2 both fit to
P21/c within a r-range of 1.5–30 Å.

Figure 6: (a) Normalized magnetization from SQUID measurements of a sub-
stitution series of WxV1-xO2. (b) Linear regression of transition temperature
upon cooling as a function of substitution amount providing fit results: Tc =
72(3)– 35(1) x, R2 = 0.999.

Figure 3: Lattice parameters (a, b, c, and β) and unit cell volume from Rietveld
refinement tracked as a function of substitution amount show the same trends
as furnace-annealed tungsten-substituted VO2 samples [27].

Invited Feature Paper

© The Author(s), 2021, published on behalf of Materials Research Society by Cambridge University Press 2021

Jo
ur

na
lo

fM
at

er
ia

ls
Re

se
ar

ch
w

w
w

.m
rs

.o
rg

/jm
r

Vo
lu

m
e 

36
Is

su
e 

1
Ja

nu
ar

y 
20

21

273

http://www.mrs.org/jmr
http://www.cambridge.org/JMR


reported instance of the local structure PDF of bulk powder

tungsten-substituted VO2.

Morphology and size comparison of synthesis
methods

SEM images, in Supplementary Fig. S4, were acquired to ensure

the accelerated synthesis did not perturb the bulk morphology

compared with other synthesis techniques. The estimated grain

sizes for the micrographs in Supplementary Fig. S4 were found

using the linear-intercept method with the processed micro-

graphs shown in Supplementary Fig. S5, and the values are pre-

sented in Table 2. The values for both highly substituted and

unsubstituted samples produced via both furnace and micro-

wave heating are similar amongst themselves and are on the

same order of magnitude as previously reported values for

bulk powder [30].

Measuring Tc through magnetic and structural
characterization techniques

SQUID studies demonstrate Curie–Weiss paramagnetic behav-

ior at low temperatures until the transition temperature (Tc)

where there is a large jump but no discontinuity in paramagnetic

susceptibility upon cooling correlated to a decrease in the resis-

tivity [22, 38, 67]. The transition temperature ranges from

−93.17 °C at 4.6 at.% tungsten substitution to 69.32 °C for the

unsubstituted. The sharp decrease in magnetism without a dis-

continuity is typical of a first-order phase transformation, which

is expected for this material [67]. The decreasing Tc is accompa-

nied by a decrease in the difference of paramagnetic susceptibil-

ity between the monoclinic and tetragonal phase with increasing

substitution amount until Tc is depressed enough that only the

tetragonal phase is accessible. This is accompanied by an

increasing Curie–Weiss contribution to the magnetization.

The Tc was obtained from SQUID by taking the derivative

of the magnetization against the temperature and finding the

maximum. Tc as a function of substitution amount illustrates

a linear relationship between the transition temperature and

substitution amount where the transition temperature

depresses at a rate of −36.6 °C/at.% W, in Fig. 6. This is consis-

tent with literature values of conventionally synthesized bulk

substituted VO2 [22, 29, 30, 67]. DSC results (Supplementary

Fig. S6) for analogous samples corroborate the transition

temperatures captured through SQUID measurements.

In situ heating and cooling experiments for an unsubsti-

tuted (Fig. 7) and 0.2 at.% tungsten-substituted (Fig. 8) sample

were performed to monitor the structure throughout the phase

transformation. The phase transition was tracked using the

derivative of the (110) peak, which shifts from 1.956 to

1.947 Å−1 when transitioning from monoclinic to tetragonal.

The (hkl) planes represented were chosen because they are

three of the highest intensity peaks for both the P21/c and

P42/mnm bulk structures.

The unsubstituted VO2 phase transformation upon heating

is tracked by the disappearance of the (10�2) peak between 70

and 72 °C. This also agrees well with the DSC Tc (68 °C) and

SQUID Tc (69 °C), which gives an idea of the range between

the three techniques. Phase transformation reversibility is

exemplified with the corresponding in situ cooling experiment.

The transition upon cooling occurred at a rate of ΔQ/ΔT

(−0.009 Å−1/2 °C) within a range of 62–64 °C for the (110)

peak. The transition temperature from in-situ cooling (63 °C)

agrees with the DSC Tc upon cooling (62 °C) but is lower

than SQUID Tc (69 °C). This illustrates the expected thermal

hysteresis of the phase transition upon heating and cooling.

An in situ heating and cooling experiment was also

performed for W0.002V0.998O2, and the phase transition upon

Table 2: Average grain sizes found for unsubstituted and highly substituted
samples produced via traditional furnace annealing and accelerated
microwave heating.

Nominal at.% W Synthesis Average grain size (μm)

0 Microwave 5.54
0 Furnace 4.06
8 Microwave 3.25
10 Furnace 4.95

Figure 7: In situ heating (bottom pane) and cooling (top pane) while probing
through synchrotron XRD (λ = 0.24162 Å) (a) waterfall plot upon cooling with
the derivative of Q with respect to temperature and DSC indicating agreement
of Tc across multiple techniques (b) stack plot of I(q) upon cooling illustrating
the waterfall representation with DSC indicating Tc.
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heating occurred over a temperature range of 60–66 °C corre-

sponding to a rate of ΔQ/ΔT (−0.009 Å−1/6 °C). This rate is

slightly larger than that of VO2 due to the tungsten substitution

[68]. The transition temperature from in situ heating (63 °C)

aligns well with the DSC transition temperature (65 °C) and

the transition temperature from the linear regression of the

SQUID data (65 °C), like unsubstituted VO2. As for the unsub-

stituted case, phase transformation reversibility was established

with an in situ cooling experiment.

The phase transition upon cooling for V0.998W0.002O2

occurred over a temperature range of 58–64 °C. This corre-

sponds to a rate of ΔQ/ΔT (−0.009 Å−1/6 °C) upon cooling.

The decreased Tc compared with VO2 is expected from DSC

and SQUID, which was 54 and 65 °C, respectively. The thermal

hysteresis is also apparent in the substituted case. These transi-

tion temperatures agree with the in situ cooling experiment and

lie within a range like that of the VO2 measurements.

Conclusions
ICP-OES confirms that the nominal amount of tungsten incor-

poration is achieved through this microwave synthesis.

Through the Rietveld refinement of synchrotron XRD data of

these accelerated-synthesized microwave samples, a phase-pure

product is attained. Ex situ XRD indicates that phase purity and

structural integrity is maintained across the phase

transformation. SEM illustrates that the particle size and mor-

phology is comparable to other bulk synthetic approaches [30].

SQUID, DSC, and in situ heating and cooling XRD support a

depression of the transition temperature with increasing tung-

sten substitution amount. The transition temperature from

SQUID depresses at a rate of −36.6 °C/at.% W which is in

line with the previous literature [3, 29, 30]. It can be concluded

that the microwave-assisted synthesis decreases the synthesis

time dramatically while maintaining the purity, morphology,

and properties.

Methodology

V2O5 powder precursor (99% purity) was purchased from

Sigma Millipore. Precursor phase purity was confirmed with

XRD before use, shown in Supplementary Fig. S7.

V2O3 was reduced from V2O5 in a 5% H2/95% N2 tube furnace

at 800 °C for 24 h. Molar equivalents of V2O3 and V2O5 were

ground together using agate mortar and pestle for 15 min

before being placed in a 9 mm inner diameter fused silica

tube. Approximately 330 mg of the mixed precursors were

loaded into the ampoule as loose powder after initial experi-

ments revealed significantly more advanced reactions for

broken pellets than for intact pellets for identical heating

settings. Ampules were sealed using conventional air-free

Schlenk line techniques after being evacuated for 30 min to

Figure 8: In situ heating (bottom pane)
and cooling (top pane) while probing
W0.002V0.998O2 through synchrotron
XRD (λ = 0.24162 Å) (a) stack plot repre-
senting (b) the waterfall plot with Tc
determined from the derivative of Q
with respect to temperature indicating
agreement with DSC.

Invited Feature Paper

© The Author(s), 2021, published on behalf of Materials Research Society by Cambridge University Press 2021

Jo
ur

na
lo

fM
at

er
ia

ls
Re

se
ar

ch
w

w
w

.m
rs

.o
rg

/jm
r

Vo
lu

m
e 

36
Is

su
e 

1
Ja

nu
ar

y 
20

21

275

http://www.mrs.org/jmr
http://www.cambridge.org/JMR


control the oxygen pressure. Ampules were loaded into zirconia

crucibles with 5 mm thick walls and a volume of approximately

87 cm3 filled with approximately 90 g of coarse activated

carbon microwave susceptor, as shown in Supplementary

Fig. S8. Microwave-assisted heating experiments were carried

out in a domestic multi-mode microwave oven (Panasonic

(Kadoma, Japan) NN-SN651W) at a 1080 W for 15 min and

then immediately followed by heating at 840 W for 30 min.

This heating schedule was determined experimentally after an

initial temperature study was performed by measuring the tem-

perature of the carbon at various power outputs for selected

time lengths. Small amounts of intermediate vanadium oxides

were seen in XRD for experiments without the additional

30 min of annealing time. In this domestic microwave oven,

one can choose a power level that corresponds to a percentage

of the total power of the oven (1200 W), for example, power

level 9 is 90% of 1200 W to yield 1080 W. The rotating plate

was removed from the oven to prevent shattering due to

extreme heat from the susceptor through the zirconia crucible.

Before the ampules were placed into the crucible, the carbon

was heated at 1080 W for 2 min to yield surface temperatures

around 200 °C, measured with a Grainger Westward

(Ontario, Canada) LCD infrared thermometer model #

54TZ30. Surface temperatures measured after the initial high-

power step were measured at around 1000–1100°C and seen

to be maintained after the 30-min annealing time. All products

were air cooled within the carbon-filled crucible and ground

again in agate mortar for 15 min.

The series of V1−xWxO2 microwave-assisted heated sam-

ples were prepared by mixing powder reactants in evacuated,

sealed ampoules. WO2 (99.99% purity) from Sigma Millipore

was used as the tungsten source and was mixed in stoichiomet-

ric ratios with the vanadium oxides to achieve target substitu-

tion amounts. These were then heated in a conventional

microwave in the same manner described previously.

Additional samples were produced via traditional heating in

a model FD1545M Thermolyne muffle furnace from Thermo

Scientific (Waltham, Massachusetts) at 1050 °C for 216 h

(9 days); all other synthesis parameters were identical

(Supplementary Fig. S2).

Ambient condition synchrotron XRD was collected at the

Advanced Photon Source at Argonne National Laboratory

(Lemont, Illinois) at beamline 17-BM. The ex situ heating

and cooling XRD was collected at the Brockhouse Beamlines

at the Canadian Light Source (Saskatchewan, Canada) at sector

BXDS-WHE, 04 ID-01. Rietveld refinements of room temper-

ature synchrotron XRD data were performed using GSAS-II

[69]. Parameters that were refined included (i) lattice parame-

ters, (ii) site occupancies for tungsten and vanadium, (iii)

atomic displacement parameters with the cations held equiva-

lent and the anions held equivalent, (iv) fractional atomic

coordinates with tungsten and vanadium held equivalent, (v)

peak shape, (vi) background Chebyshev coefficients of degree

eight, and (vii) scale factor. Refinements utilized the following.-

cif files for the P21/c and P42/mnm structures, respectively:

ICSD-34033 and ICSD-1504.

The in situ heating and cooling experiments were also con-

ducted at the Advanced Photon Source at Argonne National

Laboratory at beamline 17-BM (λ = 0.24162 Å) using an

Oxford Cryosystems (Long Hanborough, United Kingdom)

Cryostream 700 Plus situated above the sample and resistive

heaters around the capillary. The in situ experimental configu-

ration is shown in Supplementary Fig. S9 without the

Cryostream 700 Plus. When the Cryostream was used, the noz-

zle was positioned above and as close to the sample as possible

without impeding data collection. The samples were packed in

glass capillaries, and the ends plugged with quartz wool. This

allowed helium flow over the sample to be used to prevent sec-

ondary phases from forming during heating/cooling. The sam-

ples were quickly heated (6 °C/min) to reach a temperature

close to the phase transformation (Tc − 10 °C) where it was

slowly heated (2 °C/min) through the phase transformation.

The sample was then cooled in a symmetric fashion. The Tc
was determined from SQUID and DSC data collected prior

to these experiments (Supplementary Fig. S6).

ICP-OES was performed with a Perkin Elmer (Waltham,

Massachusetts) Optima 4300DV spectrometer utilizing a

Meinhard concentric glass nebulizer. Wavelengths of W that

were analyzed were 207.912, 224.876, 239.708, and

248.923 nm and those for V were 290.880, 310.230, 309.310,

and 292.402 nm. Samples were digested with a dilute 1% HF:

HNO3 (1:1) mixture for 5 min at 85 °C. Linear regression cal-

ibration was done with standards of varying W (0–15 ppm)

and V (30–50 ppm) concentration. Standards were prepared

by diluting commercial stock solutions of 1000 ppm W and

V purchased from Inorganic Ventures.

SEM using an FEI Thermo Fisher (Hillsboro, Oregon)

Apreo SEM at 25 kV accelerating voltage, 3.2 nA probe current,

and 10.5561 mm working distance was performed to confirm

particle size andmorphology of unsubstituted and highly substi-

tuted samples produced via both microwave and furnace meth-

ods, as shown in Supplementary Fig. S4. Average grain size was

estimated using the linear-intercept method and a correlation

factor corresponding to a tetrakaidekahedron (Fs = 1.775) [70],

and the analyzed micrographs can be seen in Supplementary

Fig. S5. The synthesized powders do not have a consistent par-

ticle shape, but they can be said to be a mix of spherical and

polyhedral shapes and the selected Fs was judged to be a good

intermediate between the Fs of those shapes [70]. The line-

intercept method is generally reserved for polished metallurgical

micrographs but was used to give a rough estimate of the average

grain size of the synthesized powders for comparison and is not

Invited Feature Paper

© The Author(s), 2021, published on behalf of Materials Research Society by Cambridge University Press 2021

Jo
ur

na
lo

fM
at

er
ia

ls
Re

se
ar

ch
w

w
w

.m
rs

.o
rg

/jm
r

Vo
lu

m
e 

36
Is

su
e 

1
Ja

nu
ar

y 
20

21

276

http://www.mrs.org/jmr
http://www.cambridge.org/JMR


intended to provide an exhaustive quantitative value. In

Supplementary Fig. S5(a), representative regions were selected

for the analysis due to the preparation of the powders on the

conductive tape leaving open spaces on the micrograph, which

would lead to an overestimation in size of that sample. This

was not necessary for the other micrographs. The mean inter-

cept length and average grain size for each micrograph are pre-

sented in Supplementary Table S7.

DSC measurements were performed using a TA

Instruments (New Castle, Delaware) Discovery DSC 2500

with a heating and cooling rate of 10 °C/min. SQUID measure-

ments were performed using a Quantum Design (San Diego,

California) MPMS3 to measure the metal-insulator transition

temperature. A magnetic field of 70 kOe was applied while

sweeping the temperature at a rate of 10 °C/min.

All PDF data were collected at a sample-to-detector

distance of 175 mm with λ = 0.24162 Å. The least-squares

refinement of the PDF data was accomplished using GSAS-II

[69] for 2D powder pattern image integration, and fitting was

performed using xPDFsuite [71]. For the integration, instru-

ment parameters were obtained using a silicon standard, and

the pin diode was masked out. A Kapton capillary background

was subtracted from the I(q) pattern individually for each sam-

ple. PDF parameters are as follows: Qmax-inst =Qmax = 21.7 Å−1,

rpoly = 0.90, Qmin = 0.1 Å−1, Qdamp = 0.0274 Å−1, and Qbroad =

0.0086 Å−1. Qdamp and Qbroad were obtained through fitting a

nickel standard. Parameters that were refined are as follows:

(i) scale factor, (ii) lattice parameters, (iii) the quadratic corre-

lation factor, and (iv) atomic displacement parameters U11,

U22, U33, and U13 where U12 and U23 are not symmetry allowed

for either the monoclinic or tetragonal structures.
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