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ermal properties of VO2

mechanochemically derived from V2O5 by co-
milling with paraffin wax†

Chika Takai, a Mamoru Senna, *ab Satoshi Hoshino, a Hadi Razavi-
Khosroshahi a and Masayoshi Fuji *a

A novel mechanochemical reduction process of V2O5 to VO2 was established by milling with paraffin wax

(PW, average molecular weight 254–646), serving as a reductant. The reduction progressed with increasing

milling time and mass ratio V2O5 : PW (MRVP). The mechanochemically derived VO2 became phase pure

after milling for 3 h with an MRVP of 30 : 1 and exhibited a reversible polymorphic transformation

between tetragonal and monoclinic phases at around 53–60 �C and 67–79 �C during heating and

cooling, respectively. The latent heat was above 20 J g�1 in both processes, being superior to those of

commercial VO2. Doping of starting V2O5 with Cr, Mo or W at 1 at% in the form of oxide did not increase

the latent heat. This is another difference from the conventionally prepared doped VO2. These

anomalous heat storage properties of mechanochemically derived VO2 were discussed mainly on the

basis of X-ray photoelectron spectroscopy V2p3/2 peaks combined with ion etching. The observed

relatively high heat storage capacity of undoped VO2 is primarily ascribed to the abundance of V4+ ionic

states introduced during milling with PW, which were stabilized with simultaneously introduced

structural degradation throughout the entire particles. The possible role of a remaining small amount of

PW was also discussed.
Introduction

Vanadium oxides exhibit a series of varying oxidation states, i.e.
V(V)2O5, V(IV)O2, V(III)2O3 and V(II)O. While that with the highest
oxidation state, V2O5, is most stable, VO2 gathers increasing
interest due to its various functions, among others, for latent
heat storage.1,2 VO2 exhibits a reversible polymorphic trans-
formation between monoclinic and tetragonal phases at around
68 �C.3 This unique Mott transition (MTT) enables energy
management or optoelectronic applications.4 Heat storage by
using its MTT with relatively large latent heat is an emerging
application, with a hope of better energy utilization.2

Attempts were made to synthesize VO2 by a sol–gel process,5

pulsed laser deposition6 or hydrothermal method.7 Conven-
tionally, however, VO2 is prepared via a thermal reduction route
from the most stable V2O5, passing through an intermediate
state of V2O3.4 A process through such an intermediate state is
not always ideal due to subtle dependence on the oxygen partial
pressure. There is an alternative of the reduction of metal
oxides. Co-milling metal oxides (MO) with hydrocarbon (HC)
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results in the reduction of MO due to oxidative decomposition
of HC with simultaneous oxygen abstraction.8,9 Such a mecha-
nochemical process is capable to preparing various oxides with
lower oxidation number or suboxides.9 In most cases, HC-based
polymers (PHC) like polyethylene or polypropylene were used as
a HC source.9–11 The process is convenient since it is solvent free
so that no drying process is necessary and hence environmen-
tally benign. On the other hand, there is also a bottleneck. A
signicant amount of decomposed polymer remains with
various stages of fragmentation. Since they are in most cases
insoluble in most of the organic solvents, post heating under
controlled atmosphere is necessary when they must be elimi-
nated. Use of non-polymer hydrocarbon (NPHC) is an alterna-
tive for the mechanochemical reduction of MO, since they can
be easily eliminated by conventional extraction or washing.

The primary objective of the present study is to examine the
preparation process of VO2 via mechanochemical reduction by
using NPHC. Since one of the main applications of VO2 is heat
storage associated with its latent heat of phase transformation,
we used differential scanning calorimetry as a main tool for
evaluating its functionality. To close up particularity of the
mechanochemical reduction, we observed, aside from usual
chemical and structural properties, the electronic states of the
product by X-ray photoelectron spectroscopy (XPS) combined
with ion-etching procedure and compared them with those of
commercially available VO2.
This journal is © The Royal Society of Chemistry 2018
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Experimental section
Sample preparation

Commercial V2O5 (Kanto Chemical) was mixed with a NPHC, i.e.
a paraffin wax (PW, CnH2n+2, n ¼ 18–46, average molecular
weight 254–646, melting point 56–58 �C, Kanto Chemical). An
aliquot of dispersion containing xed amount, 2.2 g, of V2O5

with varying mass ratio V2O5 : PW (MRVP) was put into
a milling vessel together with milling balls, 6 pieces of 15 mm
plus 6 pieces of 5 mm in diameter. Both the vessel and balls
were made of highly sintered yttria-stabilized zirconia. The
mass ratio of the sample and the milling ball was xed at 30 : 1.
We also prepared cation doped VO2 by adding 1 atom% of
Cr2O3, MoO3 or WO3 to V2O5 and milled under the same
condition.

The mechanochemical treatment was carried out by using
a planetary mill (Fritsch Pulverisette 5) in air for varying dura-
tion. Aer milling, the contents were separated from themilling
ball and washed twice by n-hexane for 30 min and dried at
120 �C under reduced pressure. Commercial VO2 (Nanowire
VO2, Sigma Aldrich) was used for comparison. We also used
a commercial heat storage material, a chrome-doped vanadium
dioxide, Smartec HS 70® with a nominal composition V1�x-
CrxO2 (Kojundo Chemical Laboratory Co., Ltd).
Characterization

Crystallographical properties were monitored by conventional
X-ray diffractometry with RINT1000, Rigaku Corporation, under
40 kV, 40 mA. Thermal properties were examined by differential
scanning calorimeter (DSC, Thermo Plus DSC 8230, Rigaku
Corporation). Three heating–cooling cycles were repeated under
the rates of heating and cooling at 10 �C min�1 under pure air
ow. The results were adopted from the third cycle, unless
otherwise stated. Oxidation states of vanadium were examined
by XPS (PHI 5000, Versa Probe II, Ulvac-Phi, Inc). Ar ion etching
was also performed at 1 keV up to 10 min with 1 min interval to
examine the difference in the electronic states between the
topmost surface and near surface interior. Microstructures were
observed by a scanning electron microscope, JSM-7600F, JEOL.
Thermal stability of the products was examined by repeated
Fig. 1 Scanning electron micrographs of starting V2O5 particles.

This journal is © The Royal Society of Chemistry 2018
cycles of TG-DTA (Thermo Plus TG8120, Rigaku Corporation) at
10 �C min�1 up to 500 �C under pure air ow.

Results and discussions
Morphological observation

We rst observed the morphology of representative samples
under scanning electron microscope (SEM). As shown in Fig. 1,
starting V2O5 comprises severely agglomerated submicron
units. Commercial VO2, on the other hand, contains particles
with well-developed facets (Fig. 2a), reecting its high crystal-
linity. Simultaneously, we observe a nano-wired substructure
under higher magnication (Fig. 2b and c). As shown in Fig. 3,
milling of V2O5 in PW brought about conventional disintegra-
tion of the crystalline particles.

Thermal properties and latent heat

Representative DSC proles are shown in Fig. 4 and 5, where (a)
and (b) denote the proles obtained during heating and cool-
ing, respectively. Typical endothermic and exothermic peaks are
recognized during heating and cooling, for all the samples
examined. This is very similar to those reported for VO2.12

Representative values of the phase transition temperature and
the latent heat are summarized in Table 1.

Crystallographical properties

Changes in the X-ray diffractograms by mechanochemical
treatment are shown in Fig. 6. By increasing milling time with
MRVP xed at 10 : 1, we observe formation of the VO2 phase
(Fig. 6a). However, its phase purity was not attained even aer
milling for 10 h. As MRVP was increased under the xed milling
time at 3 h, VO2 became phase pure when MRVP exceeded 20 : 1
(Fig. 6b). The product colored deep green like the commercial
one (see Fig. S1 in ESI†).

Representative values of the phase transition temperature
and the latent heat are summarized in Table 1. Increasing
MRVP brought about increasing extent of VO2 phase purity as
qualitatively recognizable from the X-ray diffractograms shown
in Fig. 6. Note that an increase in MRVP and hence, an increase
in the VO2 phase purity parallels the amount of latent heat, as
RSC Adv., 2018, 8, 21306–21315 | 21307



Fig. 2 Scanning electron micrographs of commercial VO2 particles with varying magnification.
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shown in Table 1. The mechanochemically derived sample with
MRVP 30 : 1 exhibited its latent heat above 20 J g�1, which was
superior over those of the commercial, VO2.

The difference in the DSC peaks during heating and cooling, i.e.
thermal hysteresis of the phase change increased with increasing
MRVP. It is important to note that this parallels the increase in the
latent heat storage capacity. Usually, heat storage capacity
increases with increasing crystallinity and associated smaller
thermal hysteresis.13 It is generally understood that the thermal
hysteresis reects the heterogeneity of the material.12 This counts
as an anomalous feature of the present mechanochemically
reduced VO2, as we will discuss below in more detail.
Effects of annealing on the crystallography and heat storage

To examine the role of heterogeneity, we annealed the sample
milled for 3 h with MRVP 30 : 1 at 500 �C for 3 h in Ar atmo-
sphere. As shown in Fig. 7, the crystallinity of VO2 signicantly
Fig. 3 Change in the particle morphology by milling under different con

21308 | RSC Adv., 2018, 8, 21306–21315
increased aer annealing while maintaining its phase purity.
The annealed sample showed the peak temperature like those
of commercial VO2. However, the DSC peak broadened, partic-
ularly in the exothermic peak during cooling (Fig. 8). More
importantly, annealing decreased the latent heat signicantly.
This suggests that the relatively high latent heat capacity of the
present mechanochemically derived VO2 is associated with the
coexistence of high lattice defect concentration, in accordance
with the larger thermal hysteresis. Upon annealing the as-
milled VO2, we observed a nano-wired structure (Fig. 9), like
those observed in commercial VO2 (Fig. 2c).
Unique features of mechanochemically prepared VO2

i Structural properties. As we observed, heat treatment
aer co-milling of V2O5 with PW lead to higher crystallinity with
a nano-wired morphology. The related structural analysis has
been studied in detail.14 However, this did not improve the heat
ditions.

This journal is © The Royal Society of Chemistry 2018



Fig. 5 DSC profiles of the samples for fixed milling time, 3 h, with varying MRVP. (a) Heating, (b) cooling.

Fig. 4 DSC profiles of the samples for fixed MRVP 10 : 1 with varying milling time. (a) Heating, (b) cooling.

Table 1 Phase transition temperature and amount of latent heat of the
samples for fixed milling time, 3 h, with varying V2O5 : HC ratio, and
commercial VO2 (Sigma Aldrich)

+PW
(10 : 1)

+PW
(20 : 1)

+PW
(30 : 1)

VO2

(Sigma Aldrich)

Transition
temp (�C)

Heating 59.8 58.8 53 54.2
Cooling 69.1 79.6 78.8 66.8

Latent heat
(J g�1)

Heating �8 �10.8 �21.6 �17.8
Cooling 5.5 10.3 20.3 17.9
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storage capacity in our case. Plašienka et al. studied by tracing
the changes in projected densities of states and their correlation
with the evolution of the structural transformation.15 Their
results revealed a strong interconnection between the structural
and electronic transformations and show that they take place
on the same time scale. Structural and electronic changes of
VO2 were extensively studied from experimental side as well
with a well-dened thin lm, in conjunction with the lattice
mismatch with the substrate.2,16 Quick concerted action of these
two changes is associated with the smaller thermal hysteresis,
DTc, and is favorable for many functional properties of VO2 as
well.17 Therefore, efforts were paid to reduce, DTc.17,18

Transition temperature of VO2 is dominated by many different
structural properties. Apart from the effects of doped materials
mentioned above, defect structure plays a signicant role,19,20

inducing the further parametrical variables such as the number of
heating–cooling cycles.

Mechanochemically derived VO2 is rich in the strain due to its
lattice disturbance particularly in the near surface region.21 Our
results suggested that introduction of near surface lattice strain
This journal is © The Royal Society of Chemistry 2018
favors the better heat storage properties. This seems to be
incompatible with the previous studies mentioned above. Indeed,
mechanochemically treated particles are rich in oxygen vacancies,
which increases the low-temperature conductivity of VO2. This, in
turn, is responsible, if partly, for better heat storage.22 These
apparently inconsistent observations should be associated with
the particularity of the present VO2, obtained via mechanochem-
ical reduction. In order further to discuss these points, electronic
properties were examined below by XPS.
RSC Adv., 2018, 8, 21306–21315 | 21309



Fig. 6 X-ray diffractograms. (a) For fixed MRVP 10 : 1 with varying milling time, and (b) For fixed milling time, 3 h with varying MRVP.
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ii Electronic properties. Mechanochemically derived,
defective VO2 is expected to be different from those prepared in
a conventional manner. This was examined by XPS. Fig. 10 and
11 demonstrate V2p XPS peak proles for representative
samples without Ar+ etching and aer 5 min etching, respec-
tively. From Fig. 10, we recognize, rst of all, the V5+ signal in
the V2p3/2 peaks at around 517 eV for V2O5, in line with the
literature value.23 In spite of the nominal valence state of VO2,
i.e. V4+, VO2 always exhibits the strongest peak just similar to V5+

with much smaller peak specic to V4+ at around 516 eV.23
Fig. 7 Effect of annealing based on the X-ray diffractograms compared

21310 | RSC Adv., 2018, 8, 21306–21315
Indeed, the V2p XPS peak prole is different among the
commercially available nominal VO2 samples.23 We also
observed a similar prole from the commercial VO2 we used,
where the letter peak appears on the foot of the asymmetric
peak on the low binding energy side. The commercial Cr-doped
V2O5 with the trade name Smartec 70 exhibits the stronger peak
of V4+ due to the dopant Cr.

Our mechanochemically derived sample with MRVP 30 : 1
exhibits a unique broad and almost symmetric peak with its
summit at around 516.5 eV. This is dissimilar to all the related
with the sample before annealing and commercial VO2.

This journal is © The Royal Society of Chemistry 2018



Fig. 8 Effect of annealing based on DSC profiles compared with the sample before annealing and commercial VO2. (a) Heating, (b) cooling.

Fig. 9 Scanning electronmicrograph of the sample V2O5 + PW(MC3h)
after annealing at 500 �C for 3 h.
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samples examined, and hence, demonstrates a unique feature
of the oxidation state of vanadium. Broadening and shi of
V2p3/2 peak toward higher binding energy side upon irradiation
of gamma ray were observed by Madiba et al.24 on well-dened
VO2 thin lm due to the introduction of structural disorder.
They also observed a similar increase in the thermal hysteresis
as in our present study. Similar structural degradation was
clearly observed in our case, represented by the peak broad-
ening of the X-ray diffractogram, shown in Fig. 6. Broadening of
the V2p3/2 peak is also associated with the diversity of the cluster
size,25 which is also likely to be the case in the present mecha-
nochemical treatment.

Properties of lattice oxygen in vanadium oxide were exten-
sively studied in the interests of catalytic activity.26–28 An
apparent increase in the intensity at low binding energy side is
primarily ascribed to the partial reduction from V5+ to V4+ as in
many similar cases of co-milling transition metal oxides with
hydrocarbon species we reported.9,10 However, there are other
components, i.e. with structural degradation. It is obvious that
signicant amount of lattice oxygen atoms of the starting V2O5

were abstracted due to fact that VO2 diffraction peak was
predominant from the XRD proles shown in Fig. 6. Mecha-
nochemical reduction is inevitably associated with the forma-
tion of oxygen vacancies, which will be rapidly compensated by
the incorporation of gaseous oxygen, which enriches the elec-
tron density near vanadium ions, resulting in the peak shi
toward the lower binding energy side. This is an additional
mechanism of the unique XPS V2p3/2 peak shi of sample with
MRVP 30 : 1, although this speculative mechanism requires
further evidences.

In order further to discuss the electronic states of these 4
representative samples displayed in Fig. 10 and 11, we have Ar-
etched all the samples. Change in the V2p3/2 XPS proles with
varying etching time for the samples with MRVP 30 : 1 and VO2

are shown in Fig. S2 and S3,† respectively. We compared their
V2p XPS proles aer etching for 5 min in Fig. 11. All three
commercial vanadium oxides showed remarkable broadening
of the V2p3/2 peak toward low binding energy. For the VO2 based
materials, the broadening may simply be interpreted by the
elimination of overoxidized near surface region. However, this
This journal is © The Royal Society of Chemistry 2018
cannot be the case for V2O5. Apparent reduction of metal oxides
due to ion etching is generally recognized due to the mass
difference between the lighter O2� ions and heavier metal
cationic species.29 Therefore, we attribute the peak broadening
by Ar-etching to the combination of both mechanisms
mentioned above. The sample with MRVP 30 : 1 showed much
smaller change in the V2p3/2 peak prole by Ar etching.

From the observations given in this sub-section, we may
safely conclude that the mechanochemical reduction of V2O5

brings about particles substantially different from any other
vanadium suboxides. We also emphasize that the sample with
MRVP 30 : 1 exhibits phase transition and associated latent
heat. Together with the observed high thermal hysteresis
detected by DSC and a unique broad one-peak of V2p3/2, the
product is heterogeneous but with their electronic states varies
within a mass of entire particles with continuous distribution of
their electronic states.

iii Thermal stability. Fig. 12 exhibits the thermal stability
of the mechanochemically derived product, i.e. milled for 3 h
with MRVP 30 : 1, examined by TG-DTA in air. They comprise
the proles of rst and second cycles for the temperature spans,
50–200 �C (Fig. 12a and b) and 50–500 �C (Fig. 12c and d). The
TG and DTA proles of the rst and second cycle proles up to
200 �C are similar. However, a gradual weight loss was observed
RSC Adv., 2018, 8, 21306–21315 | 21311



Fig. 10 V2p XPS profiles of topmost surface without ion etching.
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only at the rst cycle, in an amount to 3.6 wt% by heating up to
200 �C. Commercial VO2 exhibited similar thermal behavior as
shown in Fig. S4.† The total weight loss was less than 2 mass%,
viz. smaller than that of the mechanochemically derived VO2.
While the latter weight loss is attributable to the dehydration of
sorbed water during storage, the rest of the weight loss, i.e. ca.
1.8 wt% must be due the sources different from sorbed water.
We suspect the extra weight loss due to the rest of PW, despite
careful washing by n-hexane and subsequent drying. This will
be further discussed below.

Since the position and integral intensity of the endothermic
peak due to the phase change remained almost unchanged, we
Fig. 11 V2p XPS profiles of topmost surface after A+ ion etching for 5 m

21312 | RSC Adv., 2018, 8, 21306–21315
may adopt that the present mechanochemically derived VO2 is
stable up to 200 �C in air for heat storage. At temperatures above
300 �C, signicant weight loss up to 8 mass% was observed
(Fig. 12c). This was accompanied by a very broad exothermic
peak at around 400 �C. The reason for the weight loss cannot be
explained by oxidation. Rather, the apparent heat loss might be
associated with a kind of dehydroxylation of rmly hydrated OH
groups18 on the surface during wet milling.

iv Comparison with commercial heat storage material
based on VO2. The commercially available heat storage mate-
rial, Smartec HS 70, is based on the chromium-doped V2O5. It
possesses a high crystallinity (Fig. S5†) and exhibits the latent
in.

This journal is © The Royal Society of Chemistry 2018



Fig. 12 TG-DTA profiles of the first and second cycles for the temperature spans, 50 �C–200 �C (a and b) and 50 �C–500 �C (c and d).
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heat, �38.78 and 37.19 J g�1 during heating and cooling,
respectively (Fig. S6†). They are almost twice as large as our VO2.
It is documented that doping of Cr and/or Nb to VO2 changes
the thermal hysteresis and the temperature coefficient of the
resistance toward favorable latent heat capacitance.30

Therefore, we examined the effects of cation doping. As
shown in Fig. 13, doping of all the cationic species examined,
i.e. Cr, Mo and W, brought about a decrease in the latent heat.
Shi of the transition temperature compared with the
Fig. 13 Effect of cation doping to the sample obtained after milling at M

This journal is © The Royal Society of Chemistry 2018
commercial VO2 was also smaller than those obtained by
milling without doping. Although we do not have enough
evidences for these phenomena, these results also indicate the
difference in the transition temperature and the amount of
latent heat from VO2 prepared in a conventional manner.

v Possible role of remaining PW. From the difference in the
weight loss between those from the mechanochemically derived
and commercial one, persistence of PW up to 1.8 wt% was
suspected even aer carefully washed by n-hexane and dried,
RVP 30 : 1 for 3 h on DSC profiles. (a) Heating, (b) cooling.

RSC Adv., 2018, 8, 21306–21315 | 21313
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due to possible chemical adsorption. Interaction between
vanadium oxides and hydrogen and hydrocarbon has been
extensively studied in the interests of their catalytic activity.31,32

On the surface of transition metal oxides, there are electron
donor and acceptor sites simultaneously. These feature is
generally enhanced by the mechanical activation by introducing
various lattice defects.21 Remaining PW could also contribute to
the enhanced heat storage, since they are also applied to phase
change thermal energy storage,33,34 with their latent heat up to
ten times higher than usual VO2.35

Conclusions

Mechanochemically derived phase pure VO2 obtained by
milling V2O5 in a paraffin wax (PW) with the mass ratio
V2O5 : PW 30 : 1 exhibits its latent heat above 20 J g�1, which is
higher than that of commercial VO2. Neither cation doping nor
post annealing increased the latent heat capacity. The thermal
hysteresis increased with increasing mass ratio. These unique
properties of mechanochemically derived VO2 is primarily
ascribed to the abundance of V4+ ionic states stabilized by
simultaneously introduced structural degradation throughout
the entire particles as we conrmed by X-ray photoelectron
spectroscopy in terms of V2p3/2 peaks combined with Ar+ ion
etching. Remaining PW up to 1.8 wt% may have also contrib-
uted to the additional increase in the heat storage capacity.
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