
2956 |  J. Mater. Chem. C, 2025, 13, 2956–2968 This journal is © The Royal Society of Chemistry 2025

Cite this: J. Mater. Chem. C, 2025,

13, 2956

Synthesis and phase purity of the negative
thermal expansion material ZrV2O7†
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Björn Mieller, *a Janine George *ac and Tomasz M. Stawski *a

Synthesis of pure, homogeneous, and reproducible materials is key for the comprehensive understanding,

design, and tailoring of material properties. In this study, we focus on the synthesis of ZrV2O7, a material

known for its negative thermal expansion properties. We investigate the influence of solid-state and wet

chemistry synthesis methods on the purity and homogeneity of ZrV2O7 samples. Our findings indicate that

different synthesis methods significantly impact the material’s characteristics. The solid-state reaction

provided high-purity material through extended milling time and repeated calcination cycles, while the sol–

gel reaction enabled a ‘‘near-atomic’’ level of mixing, and therefore, homogenous phase-pure ZrV2O7. We

confirmed purity via X-ray diffraction and Raman spectroscopy, highlighting differences between phase-pure

and multiphase ceramics. These analytical techniques allowed us to distinguish subtle differences in the

structure of the material. Based on ab initio simulated phonon data, we were able to interpret the Raman

spectra and visualise Raman active atom vibrations. We show that phase purity enables the unbiased

characterisation of material properties such as negative thermal expansion.

Introduction

Ceramic materials with unique thermal expansion properties
have attracted considerable interest in recent years due to their
potential applications in various fields.1,2 Among these,

zirconium vanadate (ZrV2O7) stands out for its remarkable
negative thermal expansion (NTE) behaviour over a wide tem-
perature range.3 This unusual property, in which the material
contracts when heated, opens up exciting possibilities for creat-
ing composites with tailored thermal expansion properties.

In zirconium vanadate (ZrV2O7), a unit cell contracts iso-
tropically with increasing temperature over a range of 130 1C to
800 1C.3,4 The synthesis of zirconium vanadate ceramics, exhibit-
ing NTE, enables the fabrication of composites where the overall
expansion coefficient can be tailored to a specific negative, posi-
tive, or neutral value.5 Consequently, such composite materials
are attractive for many device applications because they can
compensate for damage caused by thermal expansion. NTE com-
posites are relevant to optical systems, electronic and biomedical
applications.5 Furthermore, ZrV2O7 has attracted further interest
due to its photocatalytic activity6 and specific discharge capacity.7

The photocatalytic activity of ZrV2O7 and its substituted analogues
has been considered for the degradation of various dyes,8 in
sensors and inorganic ion exchangers.6 Also, Yb3+/Er3+ co-doped
ZrV2O7 may have potential application in the display technology.9

The NTE property, which prevents damage from volume expan-
sion, combined with the specific discharge capacity of ZrV2O7,
makes it a promising cathode material for secondary lithium
batteries.7 However, while ZrV2O7 exhibits high specific capacity
as a cathode material, its capacity retention could be improved.
In this context, this promising electrochemical application and the
associated challenges highlight complex dependencies between
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the intrinsic properties of crystal structures and the microstructure
of the material. Namely, there is a correlation between crystallite
sizes, porosity, and measured capacity retention,7 demonstrating
the need to tune the purity, size, and homogeneity of synthesised
particles. The potential applications in which the material must be
tuned simultaneously in terms of NTE and other physicochemical
properties exemplify the fact that the microstructural qualities of
the material are fundamental.

An important part of NTE materials research is related to
lowering the offset temperature of linear negative thermal
expansion to room temperature. This can be achieved, for
example, by partially substituting V with P,4 Mo8,10 or W.11 Or
lowering thermal expansion via double substitution of Fe/Mo,12

Cu/P13 or Nb, Y/P14 for Zr/V sites. The goal is to tune the phase
transition temperature and extend the NTE property to manage
the thermal expansion of materials more effectively, especially
in devices where dimensional stability is essential at lower
temperatures.

Despite the growing number of studies investigating the
potential applications of ZrV2O7, the existing literature on the
synthesis and resulting quality of ZrV2O7 ceramics remains
inconclusive. Many synthesis methods have been reported
throughout the 80 years of research, including single crystal,
various solid-state synthesis attempts, and wet-chemistry meth-
ods. Currently, our understanding of the physicochemical
properties of the material is mainly based on extensive single-
crystal studies by Evans et al.15 In this regard, single crystals
enable us to evaluate the fundamental crystallographic princi-
ples of NTE. However, material characteristics will inevitably
differ in the case of bulk polycrystalline powder samples and
sintered ceramics. The structural comparison among powders
derived through different methods and strategies would be

an important milestone towards any larger-scale production
attempt.

ZrV2O7 is derived by reacting stoichiometric amounts of
ZrO2 and V2O5. Thus, at its core, the synthesis challenge is
related to the extent of mixing of zirconium and vanadium
precursors. The phase diagram suggests that if zirconium and
vanadium precursors are not well mixed and remain separated
over a more considerable local distance, final local stoichiome-
try can diverge and lead to the formation of competing phases
such as Zr3V3Ox (x = 1.0 or 0.6)16 or residual ZrO2 and V2O5.
Analysis of a multi-phase material might lead to misleading
results, in which the overall elemental composition would
match that of ZrV2O7, but other non-NTE crystalline phases
would be present. Although it may appear to be a trivial matter,
as we discuss further, there is commercially available ‘‘zirco-
nium vanadate’’, which contains, in fact, very little actual
ZrV2O7. Here, we systematically investigate various synthesis
methods, including solid-state, sol–gel, and solvothermal, to
determine reliable routes for producing phase-pure ZrV2O7.

Experimental section
Synthesis strategy

Solid-state reactions. Solid-state synthesis is attractive
thanks to its simplicity and cost-effectiveness, making it ideal
for potential upscaling. In this method, well-mixed reagents are
heated and maintained at a higher temperature, initiating
diffusional exchange among grains of the reagents and leading
to structural changes in the material (Fig. 1b). In the case of
ZrV2O7, we face the challenge of slow reaction kinetics, thus
necessitating exceedingly long heating steps. After the direct
reaction of zirconium dioxide and vanadium pentoxide, some
remnants of ZrO2 are always detected. Early attempts to purify this
material were extremely slow and ineffective with extreme-
duration heating up to 1000 h.17 In 1995, Korthuis et al. intro-
duced an alternative solid-state synthesis with two 24-hour calci-
nation cycles of zirconium chloride and ammonium vanadate
mixture. This reaction was further used in some reports.18,19 In
the last two decades, even though it was generally known that it
could be challenging to form high-purity ZrV2O7, regardless, ZrO2

and V2O5 were mainly used as reagents with a heating step time
decreasing from B100 hours20,21 to as low as 4–8 hours.9,13,22,23

It is clear that uniform elemental mixing is crucial to
obtaining high-quality products and needs to be improved.
Reaction and processing parameters such as milling time and
heating cycles with intermediate grinding steps could improve
the purity of the final product. We refer to purity as the
amounts of reagents remaining in the mixture and other side
products limited to the minimum or removed altogether.
Milling techniques can reduce particle size, leading to better
homogeneity of the reactants and improved reactivity due to a
higher surface–volume ratio. Additionally, repeated calcination
cycles with intermediate grinding can promote a more thor-
ough mixing of elements, ensuring a more uniform reaction
throughout the material. Furthermore, quenching the product
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after synthesis can improve its purity by preventing undesired
low-temperature processes.

We considered all these approaches within the ZrV2O7 system
to assess the possible limits and relevant attempts of the solid-
state reaction for purity and homogeneity. However, even with
perfectly tuned parameters of solid-state synthesis, the extent of
mixing within a bulk volume remains limited, and at best, Zr
and V are separated from each other over distances of a few tens
of nm or more. The presence of the remaining unreacted
materials can be established when compared with the phase
pure simulated X-ray diffraction (XRD) pattern from the opti-
mised ZrV2O7 crystal structure (Fig. 1a). For clarity, a selected
representative q range from a broader diffraction pattern will be
displayed in the figures, which includes peak positions corres-
ponding to ZrV2O7, V2O5 and ZrO2. (See solid state synthesis).

Wet-chemistry methods. As an alternative to solid-state
reactions, wet-chemistry methods evade extended heating times
and offer improved mixing. Various wet-chemistry methods,
such as sol–gel and hydrothermal synthesis,24 have been
reported to be successful at providing ZrV2O7. In particular,
the sol–gel reaction can ensure improved ‘‘near-atomic-scale’’
mixing. Different publications report similar sol–gel synthesis
routes with varying parameters (stirring time, temperature, pH
and firing time).4,6,11,17,25,26 Some also describe the fast solution
combustion method.7,8 Aqueous solutions of zirconium nitrate

or zirconyl chloride with ammonium metavanadate were mainly
used as reagents, with some publications also describing the
addition of pure V2O5

27 or its solution in oxalic acid.28

We investigated the influence of external reaction parameters
on sample purity, including a variation of reagents, solvents, and
reaction temperature (Fig. 1b). We followed solvothermal,29

nonhydrolytic30 and hydrolytic31 sol–gel methods for the analysis
(Fig. 1b). The main difference between these methods is that the
hydrolytic sol–gel method uses water. The hydrolysis and con-
densation reactions lead to the formation of a sol, which then
undergoes further condensation to form a gel. In the nonhydro-
lytic and solvothermal methods, organic oxygen donors, such as
ethers, alcohols, or alkoxides, replace water to supply the oxygen
needed for the oxide network formation.31 In addition, the
solvothermal method involves high-pressure and temperature
conditions to improve chemical diffusion and reactivity, among
others. In principle, the goal of all these wet-chemical approaches
is to mix and stabilise Zr and V in the form of ‘‘dissolved’’ species
such as ions, clusters, small macromolecules, etc., thus enabling
the higher diffusivity and near-atomic level of elemental mixing
better than that of solid-state methods.

Nonhydrolytic sol–gel hot injection synthesis was selected to
provide a controlled environment for direct elemental reactions
through mixing precursors at elevated temperatures. In con-
trast, hydrolytic sol–gel reactions allow a comparison of how

Fig. 1 (a) A simulated X-ray diffraction pattern from ZrV2O7 crystal structure. Green polyhedra correspond to ZrO6 octahedra and dark pink tetrahedra to
VO4. The selected representative area from a broader range is shown as an inset. (b) Overview of solid-state and wet-chemistry reactions. Solid-state
method variations include milling times (150, 400, and 1800) and calcination for 5 h and 20 h cycles repeated 1, 2, or 3 times at 700 1C. Selected samples
were heated for 5 h and quenched in air or liquid nitrogen (b top). Wet-chemistry methods include solvothermal, nonhydrolytic hot injection, and
hydrolytic sol–gel reactions (b bottom). Further 2–7 figures include symbols used here to associate results with corresponding synthesis methods and
synthesis steps.
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the hydrolysis rate influences the purity and homogeneity of
ZrV2O7. Previous methods and solvothermal reactions increase
the sample size and, therefore, the reliability of the results. We
also used an already-reported synthesis method (sol–gel_Cl)26 that
allows better insight into already published data and reproduci-
bility attempts. (See solution-based synthesis methods).

The utility of pure samples. The reproducibility of multi-
phase materials can be challenging if the aimed composition is
unknown or deviates from expectations. For example, multiphase
materials often cannot be reproduced by following reported
incorrectly identified synthesis methods. In addition, if the ana-
lysis is performed treating multiphase material as phase-pure, the
obtained characterization results would be misleading. Such an
issue becomes increasingly complex if, in addition to the ambig-
uous purity, substitution is considered. This is a concern worth
addressing in the NTE research due to growing interest in
substituted materials and the fact that NTE property would
manifest differently in phase-pure and multiphase materials.

Furthermore, the comparison or validation of results with
theoretical methods requires high-quality reference data, which
can only be obtained on highly pure and homogeneous samples.
For example, predicted (simulated) Raman, IR spectra, or XRD
patterns can only be compared with high-quality measured data.
Otherwise, excessive peak overlap, data fitting challenges, and
difficult-to-resolve structures prevent the reliable comparison
and validation of computational results. In particular, the pre-
diction of temperature effects on material properties (e.g., lattice
parameter changes with temperature, temperature-dependent
vibrational spectra) still poses difficulties for ab initio simula-
tions, and methods dealing with anharmonic effects are still
under development, so good reference data are particularly
important.32–34 (See Simulated and experimental Raman spectra
comparison and Thermal expansion of multi-phase materials).

Materials

Commercially available ZrV2O7 was purchased from Onyxmet
(CAS-Nr 113981-20-9). The reagents used for the solid-state
reactions were zirconium oxide ZrO2 (Z99%, Carl Roth) and
vanadium oxide V2O5 (99.9%, Chempur). Analytical grade ZrO2

and V2O5 were additionally dried for 15 h at 100 1C to remove
any moisture and to weigh correct stoichiometric amounts.
Powders were kept in a desiccator for further use. Particle size
distribution of ZrO2 and V2O5 were measured as described in
the methods section. Median particle size was d50.3(ZrO2) =
1.808 mm and d50.3(V2O5) = 1.412 mm.

Wet-chemical syntheses were performed using ammonium
vanadate NH4VO3 (Z99% Sigma-Aldrich) and Zr-alkoxide 70%
solution in 1-propanol (Thermo Scientific Chemicals) with
benzyl alcohol (Z99.8% Chemsolute). We selected benzyl alco-
hol as an effective solvent because it can provide monodisperse
nanoparticles without adding surfactant35 and stabilise Zr-
alkoxide, which is otherwise sensitive to moisture in the air.
Zr-alkoxide also serves as a chloride- and nitrate-free reagent to
avoid additional contaminations that are complex to remove
during the calcination step. Further information is summarised
in the corresponding synthesis sections.

Solid state synthesis

8.08 g of ZrO2 and 11.9 g of V2O5 reagents were mixed at a Zr : V =
1 : 2 molar ratio and ground in a planetary ball mill using plastic
containers with 3 mm and 5 mm zirconia balls in ethanol media for
15 min, 40 min, or 3 h (150, 400, 1800). The homogenised powder
was prepressed at 20 MPa for a few seconds, then pressed at 60
MPa, and dwelt for 1 min. The obtained pellets were 2 cm in
diameter and 3 mm in height. Pellets were fired in a tubular furnace
at a 5 1C min�1 heating rate, held at 700 1C for 1–5 h, 10 h, or 20 h in
an ATV PEO 601 annealing furnace, and then cooled naturally to
room temperature (RT). Further, calcination for 20 h was repeated
two to three times with intermediate grinding in an agate mortar to
support a homogenous reaction. Additional air and liquid nitrogen-
quenched samples were prepared after 5 h calcination at 700 1C.

Wet chemistry synthesis methods

Solvothermal synthesis. Zirconium vanadate was obtained in a
solvothermal reaction at 150 1C after 15 days. The Parr Instru-
ment, 4745 General Purpose Vessel, was used for the reaction. A
mixture of ammonium vanadate and Zr-alkoxide 70% solution in
propanol was prepared with benzyl alcohol as a solvent.

Nonhydrolytic sol–gel hot injection synthesis (sol–
gel_160 8C, sol–gel_100 8C). To carry out this reaction, a 0.2 M
70% solution of Zr-alkoxide in propanol was stabilised with
benzyl alcohol and heated to 160 1C (sol–gel_160 1C). Ground
NH4VO3 was added to the reaction mixture under constant
stirring and heated for 4 hours at 160 1C. The collected black
slurry was dried overnight at 150 1C. Samples were ground in an
agate mortar to obtain powders. The process was repeated,
heating up to 100 1C (sol–gel_100 1C).

Hydrolytic sol–gel synthesis (sol–gel_RO�, sol–gel_Cl). (a) For the
sol–gel_RO� reaction: A 0.2 M Zr-alkoxide 70% solution in propanol
was prepared with benzyl alcohol and mixed with an aqueous 0.05 M
NH4VO3 solution. The mixture was heated at 60 1C for 24 h. After
that, the temperature was increased to 100 1C until the water
evaporated. The powders were further dried in the air at 180 1C.

(b) For sol–gel_Cl reaction: the samples were prepared as
reported by Yanase et al.26 A 0.05 M aqueous NH4VO3 solution
and a 0.05 M ethanol solution of ZrOCl2�8H2O (molar ratio
Zr : V = 1 : 2) were stirred over 20 h at 60 1C, then dried in the air
at 100 1C. Dried samples were ground in an agate mortar to
obtain powder samples.

Heat treatment step

All products of the solution-based synthesis methods exhibit
amorphous or partially amorphous XRD patterns. Further heating
steps that lead to nucleation, growth, and calcination of the
zirconium vanadate phase were required. Pellets of 0.5 cm �
0.2 cm (diameter � height) were pressed and heated at 700 1C for
5 h (5 1C min�1 heating rate).

Methods

X-ray diffraction (XRD). XRD techniques were used to analyse the
structure of ZrV2O7 and observe possible additional phases. Various
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available techniques were used, including in situ X-ray capillary
diffraction (XRD), powder diffractions, and synchrotron high-energy
diffraction. Phase quantifications using structure refinements were
performed with zirconium divanadate (COD (Crystallography Open
Database) ID 2002983), zirconium oxide (COD ID 9007485), and
divanadium pentoxide (COD ID 9012221). Apart from fitting and
phase quantification, the negative thermal expansion property of
ZrV2O7 allows easy differentiation from residual ZrO2 and V2O5

phases. High-temperature XRD shows different peak shifts with
temperature depending on unit cell contraction or expansion. For
clarity, a small selection of representative peaks from a broader
diffraction pattern will be used in the following figures. See further
details on diffraction techniques in the ESI.†

Scanning electron microscopy (SEM). Images of all high-purity
samples were collected to analyse homogeneity and microstruc-
ture. A Hitachi FlexSEM 1000 scanning electron microscope (SEM)
with a W cathode was used for imaging. The samples were
investigated in the secondary electron detection mode with the
acceleration voltage set to 10 kV and a working distance of
5702.2 mm. The powder was conductive enough to prevent any
discharge effects on the carbon tape. Additional images (Fig. 2b)
were collected with an SEM/FIB FEI Quanta 3D electron micro-
scope in the secondary electron detection mode, with a 10 kV
acceleration voltage and a working distance of 10.0 mm.

Raman spectroscopy. The Raman spectra were acquired using
the LabRAM HR800 instrument (Horiba Jobin Yvon) coupled to a
BX41 microscope (Olympus) with a 50x (N.A. = 0.55) long working
distance objective lens and equipped with a charge-coupled device
(CCD) detector (Symphony, Horiba Jobin Yvon). A Nd:YAG laser
with an excitation wavelength of 532 nm was used. ND filters were
implemented to reduce the maximum laser intensity of 34 mW to
1–10% at the sample surface. All spectra were recorded at room
temperature in the spectral range of 180 to 3330 cm�1 using both
a 300 mm�1 grating for lower spectral resolution and an
1800 mm�1 grating for higher spectral resolution measurements.
A grid of 8 � 8 pixels2 with 50 mm spacing between points was
employed for automated raster-scanning of the powder samples,

with an acquisition time of 1 s and 5 accumulations at each
measurement spot. Each set of data was then averaged over all 64
spectra of the raster scan.

Particle size distribution. The particle size distribution was
measured with the Mastersizer 3000 from Malvern Panalytical
GmbH according to ISO 13320 (01/2020). The device was
validated every six months with reference materials. Median
particle size was measured for pure ZrO2 and V2O5 oxides and
after ZrO2 and V2O5 reagents were mixed at a Zr : V = 1 : 2 molar
ratio and ground in a planetary ball for 10, 40, 90, 120 and 180
minutes. Further information on sample preparation and
measurement procedure can be found in ESI.†

Computational simulations

In addition to experimental work, we performed ab initio com-
putations. Structure optimisation and vibrational properties
were computed using Density Functional Theory (DFT) with
the Perdew–Burke–Ernzerhof (PBEsol) exchange–correlation
functional36 for solids as implemented in the Vienna ab initio
simulation package (VASP).37–40 Our calculations used the pro-
jected augmented-wave method40,41 with a kinetic energy cut-off
of 520 eV. We computed Raman-active modes with Phonopy42,43

at the Gamma point by analysing the irreducible representa-
tions. Computational data was compared with experimental
results. The ab initio spectra of phase-pure materials are based
on ideal crystal structures and are therefore, unaffected by
additional phases or instrumental errors. The simulated spectra
can be used as a reference and to interpret the experimental
spectra. More details on structure optimisation, vibrational
properties computations and extraction of Raman-active modes
are provided in the ESI,† computational simulations section.

Results and discussion
Solid state synthesis

Short calcination time. Calcination time is the first impor-
tant parameter to consider in the case of solid-state reactions.

Fig. 2 (a) XRD of a solid-state 400 5 h multi-phase material and commercially available ZrV2O7 material. (b) SEM image (20 kV, SE) corresponds to the
multi-phase solid-state 40 0 5 h material.
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To confirm slow reaction kinetics and the presence of unreacted
materials, we started with a short 5 h calcination step of 40-
minute milled samples. Zirconium vanadate can be calcined at
around 700 1C as its melting temperature is B800 1C – a low
temperature for ceramic materials.17 Our investigation showed
that after the reaction at 700 1C for 5 h, only 72.9% of ZrV2O7 was
detected in the mixture. The remaining unreacted materials
comprised 15.6% and 11.5% of V2O5 and ZrO2, respectively
(Fig. 2a). The non-uniform composition can be seen in the
SEM images with two visibly different morphologies (Fig. 2b).
In addition to synthesised samples analysis, we performed phase
quantification on commercially available ZrV2O7 material (see
Materials section). Although nominally available as zirconium
vanadate, the material contains unreacted V2O5 and ZrO2 along
with an unidentified additional phase. Excluding this unknown
component, the relative zirconium vanadate content (i.e., among
the identified phases) was barely 26.5%, whereas V2O5 was the
main component at 56.6%. This suggests that commercially
available ZrV2O7 was likely synthesised via a solid-state reaction
with a short calcination step.

These experiments confirmed previous publications17,44 in
which short firing time was reported to affect purity and failed
to provide a single-phase product. Our results highlight that a
short, up to 10-hour calcination step at 700 1C failed to produce
phase-pure ZrV2O7 from micrometre-sized starting powder. This is
most likely caused by insufficient diffusion of elements, leading to
a heterogeneous reaction throughout the sample. In contrast,
some authors reported such an approach as successful and
analysed electrical properties23 and up-conversion luminescence9

of the 2–8 h calcined material. In such cases, unreacted materials
were not detected, however, no quantitative analysis was reported
to confirm phase purity. It is worth noting that part of the reported
XRD experimental data on ZrV2O7 is provided as JCPDS (Joint
Committee on Powder Diffraction Standards) cards. This data,
possibly, has been included as a part of modern databases (for
example, Inorganic Crystal Structure Database (ICSD)), but the
labels were changed in the process. Therefore, it is difficult to
access said data and compare, determine or clarify phase purity.

Milling time. We proceeded with a 5 h calcination step to
analyse the influence of the varying milling time on the purity
of the final product and emphasize the importance of well-
combined reagents. Increased milling time can reduce particle
size and improve their distribution, resulting in enhanced
reactivity, mixing and uniformity among the reactants. We
used a planetary ball mill to combine ZrO2 with V2O5, which
is expected to be a more effective milling method than manual
grinding in agate mortar. Before milling, ZrO2 median particle
size was d50.3 = 1.808 mm and V2O5 d50.3 = 1.412 mm. Particle size
(volume) distribution was followed by milling oxides in a
planetary ball mill for 10 min, 40 min, 1.5 h, 2 h, and 3 h.
After 10 minutes of milling, the median particle size was
1.239 mm and remained similar (only a 1.29% decrease) after
40 minutes of milling. A more significant decrease of 17.6% to
1.008 mm was observed after 1.5 h milling. Further changes
were gradual, with a decrease of around 3% every additional
30 minutes (Fig. 3 inset).

XRD patterns were collected for 15 min, 40 min, and 180
min milling experiments after 5 h calcination at 700 1C. All
three samples contain residual phases of ZrO2 and V2O5

because a shorter thermal treatment time was deliberately
selected to demonstrate the importance of milling. The results
correlate with the reduction in median particle size at around
1.5 h of milling. For 15 min and 40 min milled samples, the
recorded XRD patterns are equivalent, and there is no clear
improvement. However, increasing the milling time to 3 hours
resulted in a decrease in unreacted oxides (Fig. 3). Following
XRD patterns and particle size distribution, we can conclude
that longer milling times reduce the particle size of reactants,
improve reactivity, and create a more homogenous mixture,
thus improving the quality of the final product.

In contrast to our approach, many published solid-state synth-
esis methods of ZrV2O7 and its substituted variations included
combining ZrO2 and V2O5 in an agate mortar.4,9,10,13,20,22,23 Only
Kul’bakin et al.21 implemented a planetary mill to pre-disperse
oxides – a more efficient tool than manual grinding. We report
that increasing the milling time in the planetary ball mill to 1800

improved the purity of solid-state reaction products. However, it
was insufficient to produce phase-pure materials, and further
steps need to be taken. For further improvement, we considered
two approaches: introducing calcination cycles by maintaining 40
or 180-minute milling of the reactants or implementing quenching
techniques.

Repeated calcination. To improve the diffusion and elemen-
tal mixing, the calcination step of 20 h was repeated one, two,
or three times with intermediate grinding. The amount of
unreacted ZrO2 and V2O5 phases slowly decreased with increas-
ing number of calcination cycles (Fig. 4). According to the
phase quantification of the 1800 milled sample that was calci-
nated three times for 20 h, the ZrV2O7 content reached 95.5%,
with only 4.5% of ZrO2 remaining.

Fig. 3 XRD patterns of 150, 400, or 1800 milled precursors that were
calcined for 5 h. The figure shows selected reflections corresponding to
ZrO2 (COD ID 9007485) and V2O5 (COD ID 9012221) phases diminishing
with increasing milling time. Samples were heat treated for 5 h at 700 1C.
Median particle size distribution after milling the ZrO2 and V2O5 mixture in
a planetary ball mill for 150 (green), 400 (red), 900 (grey), 1200 (grey) and 1800

(black) (SD = 0.312 mm) are shown in the inset. Before the experiment, the
ZrO2 median particle size distribution was 1.808 mm and 1.412 mm for V2O5.
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We observed that during heat treatments V2O5 content was
diminishing faster than ZrO2, with only later remaining in the
sample after three calcination cycles. Based on the thermogra-
vimetric analysis (TGA) experiments described in the ESI†
(Fig. S12), only a negligible amount of V2O5 could be lost
during heat treatments due to a higher volatilization ratio of
V2O5. Therefore, we hypothesize that different residual ratio is
related to a more complex reaction mechanism that is beyond
the scope of this work. For instance, as amorphous V2O5 can be
obtained by ultrafast cooling from the melt,46 such a process
may occur in small amounts under slower cooling conditions.
V2O5 remains present as an amorphous content that is untrace-
able in the XRD analysis, creating an apparent ZrO2 excess. This
is further discussed in the Quenching Experiments section.
Alternatively, due to phase equilibrium conditions, there is a
shift towards ZrO2 phase formation.

While we cannot draw definite conclusions about residual
ZrO2, nonetheless, extended milling and repeated calcination
with intermediate grinding provide sufficient elemental mixing
and can produce a high-quality pure sample comparable with
the ZrV2O7 synthesised via wet-chemical methods. With 95.5%
zirconium vanadate purity and high crystallinity, we consider
this sample suitable for further analysis and processing. We
confirm that ZrO2 and V2O5 solid-state reactions are very slow
and thus require long processing times.17

Quenching experiments. In the second improvement
approach, we performed a 400 5 h solid-state synthesis of ZrV2O7

with a quenching step. Air-quenching was compared with quench-
ing in liquid nitrogen, and the purity of ZrV2O7 material was
analysed. We followed a similar methodology to the already
reported experiments, in which substituted Zr0.70V1.33Mo0.67O6.73

and ZrV2�xMoxO7+d materials were synthesised.10,22 Here, we
define quenching as the fast-cooling process of a material in
various fluids to obtain the phase-pure material. Direct exposure

to air provides a moderate cooling rate, while immersion in liquid
nitrogen offers a very rapid cooling due to the substantially lower
liquid nitrogen temperature and its higher heat capacity.

A 5 h calcined sample was air-quenched from 700 1C to room
temperature, and another 5 h calcined material was immersed in
liquid nitrogen to achieve an extremely fast cooling effect.
Quenching in liquid nitrogen showed an insignificant 3.5%
reduction of unreacted materials compared to a slowly cooled-
down sample. Subsequent phase quantification using Rietveld
refinement revealed the composition to be 76.4% ZrV2O7, 13.4%
V2O5, and 10.2% ZrO2 (Fig. 5 top). Collected XRD patterns of air-
quenched samples matched the ones of the corresponding
slowly cooled-down counterparts. Thus, air-quenching proved
insufficient to produce any observable difference (Fig. 5 bottom).
According to our findings, quenching 5 h calcined ZrV2O7 in air
or liquid nitrogen does not sufficiently improve sample purity
and cannot replace repeated heating cycles and extended milling
time. The synthesis of phase pure ZrV2O7 renders rigorous
quenching protocols irrelevant.

While we consider the 3.5% total reduction of unreacted
material insignificant, we observed different diminishing rates
of V2O5 and ZrO2. Quenching experiments in liquid nitrogen
showed a reduction of V2O5 of 2.2% and only 1.3% of ZrO2

compared with the 400 5 h sample. This information can
further support the hypothesis that depending on processing
conditions, V2O5, in addition to reaction with ZrO2, can par-
tially transition to its amorphous state, thus remaining present
though untraceable in the XRD patterns.

The synthesis steps followed here were reported by Zhang
et al.22 and Wei et al.10 They described 4 h calcination and
quenching to obtain Zr0.70V1.33Mo0.67O6.73 and ZrV2�xMoxO7+d

materials. Zhang et al.22 did not report any unreacted materials
remaining in the sample. The investigation relied on energy
dispersive spectroscopy (EDS), X-ray photoelectron spectro-
scopy (XPS), and XRD data to confirm the sample composition.
The selected quenchant was not specified. Wei et al.10 used cold
water as a quenchant. They analysed the purity of the samples
by refining powder XRD and synchrotron-radiation X-ray

Fig. 4 XRD patterns of (a) 1800 and (b) 400 milled samples calcined for 20 h
one, two or three times with intermediate grindings in an agate mortar.
Patterns show ZrO2 and V2O5 phases diminishing with additional calcination
cycles. Q shift occurs due to height misalignment during measurements.
Systematic error is accounted for in Rietveld refinement. Refinement data for
samples of interest is included in the ESI.† Experimental XRD patterns can be
found at DOI: https://doi.org/10.5281/zenodo.12688634 (ref. 45) or upon
request.

Fig. 5 XRD patterns comparing a 400 5 h sample quenched in liquid
nitrogen versus a gradually cooled down 400 5 h sample (top) and an air-
quenched 400 5 h sample versus the same 40 0 5 h sample (bottom).
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diffraction (SXRD), indicating that the samples were pure.
Possibly, the quenching step is a crucial requirement for
compositions involving molybdenum (Mo) substitution.

In the case of elemental substitution with Mo, quenching
techniques can be employed to enhance purity by preventing
the exsolution and stabilising a specific desired phase.
Additional elements, for example, Mo may lead to the for-
mation and even stabilisation of undesired secondary phases;
therefore, synthesis requires better control of phase formation.
It is achieved by quenching a desired, possibly non-equilibrium
state while preventing undesired, low-temperature processes,
such as phase transformations, by slowing down the reaction
kinetics. However, before considering substitution, it is crucial
to know if quenching experiments can produce phase-pure
material or if the problem of residual ZrO2 and V2O5 phases
would remain, creating a complex multi-phase system. If an
additional quenching step does not improve the purity and
produce multiphase material within the ZrV2O7 system, it
remains true for a substituted material.

Solution-based synthesis methods

Hydrolytic and nonhydrolytic reactions were considered for our
investigation of solution-based synthesis methods. We selected
solvothermal, nonhydrolytic sol–gel hot injection methods
(yielding sol–gel_160 1C and sol–gel_100 1C samples), ‘‘classi-
cal’’ hydrolytic sol- implementing Zr-alkoxide as a starting
material (sol–gel_RO�) and compared them with the already
reported sol–gel method using NH4VO3 and ZrOCl2�8H2O as
precursors (sol–gel_Cl).26

Phase quantification of all sol–gel synthesis products, except
the hydrolytic (sol–gel_RO�) reaction, pointed directly to a
single-phase ZrV2O7. Sol–gel_RO� showed a high purity of
97.1%, with only 2.9% of ZrO2 detected. Phase quantification
of the solvothermally prepared sample showed a detectable
amount of ZrO2 phase of 9.6% (Fig. 6a).

The morphology of the synthesis products mentioned above
is shown in Fig. 6b. SEM images exhibit structures composed of
dense particles that vary in size and form larger agglomerates.
For sol–gel_160 1C, sol–gel_RO�, sol–gel_Cl, and solvothermal
reactions, the particles’ size varies from o1 mm up to 10 mm
and forms larger agglomerates reaching 60 mm in size (Fig. 6b,
sol–gel_160 1C). The formation of smaller, more homogenous
particles was observed for the nonhydrolytic (sol–gel_100 1C)
and the hydrolytic (sol–gel_RO�) reactions (Fig. 6b). Dominat-
ing B1–2 mm sized sphere-like shaped particles were observed.
While both reactions yield smaller crystallites than other dis-
cussed methods, the sol–gel_RO� reaction visibly provides the
largest surface area.

The simple goal of improving Zr and V precursors mixing is
driven by the sophisticated chemistry and physics of colloids.
In the realm of hydrolytic synthesis, a common challenge arises
from varying hydrolysis and condensation rates among different
precursors (i.e., those containing different metal centres).31 They
can affect elements’ mixing in hydrolytic synthesis, potentially
leading to inhomogeneous materials.47,48 A phenomenon of
phase separation may be effectively induced.48,49 The addition

of water can worsen the mixing effect, particularly in highly
porous materials where the high surface tension of the water
tends to cause the pores to shrink upon drying.50 In contrast,
operating under non-aqueous conditions offers improved con-
trol over solvolysis and polycondensation kinetics, thus enabling
better homogeneity in the elemental mixing.47,50 While the
mechanistic details of solvolysis and condensation are beyond
the scope of this work, they correlate with the phase composition
of the final ZrV2O7.

According to our findings, both the non-hydrolytic sol–gel
benzyl alcohol route and classical sol–gel approaches with
varying reaction parameters were sufficient to produce high-
purity samples. Hydrolysis rate control did not promote a more
uniform mixing of elements. In addition to this, there was no
significant difference in the phase composition (Fig. 6) when
changing stirring time, reaction temperature, time, or reagents
while implementing different synthesis routes. This may be due
to an arbitrary threshold level of sufficient elemental mixing
that ensures optimal results. All abovementioned solution-
based reactions pass this threshold and modification of para-
meters does not show further improvement.

Fig. 6 (a) XRD patterns of ZrV2O7 from solution-based synthesis meth-
ods. Solvothermal synthesis results in a small amount of ZrO2 phase. (b)
SEM images of sol–gel_100 1C, sol–gel_160 1C and sol–gel_RO� samples.
The sol–gel_100 1C (b top right) and sol–gel_RO� (b bottom) show
smaller, more homogenous particles. The sol–gel_160 1C reaction image
(top left) shows powder morphology, which is also similar to solvothermal
and sol–gel_Cl reactions. SEM images of solvothermal and sol–gel_Cl
reactions are provided in the ESI† Fig. S11.
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On the contrary, the solvothermal reaction showed the
presence of an additional ZrO2 phase. In the case of solvother-
mal reactions, we consider that the degree of phase separation
depends not only on factors like the difference in precursor
reactivities, their relative concentrations, and the solvent used
but also on reaction conditions such as temperature and pres-
sure. Even though solvolysis is significantly slower than hydro-
lysis, phase separation remains possible. When precursors show
different reactivities towards the non-hydrolytic condensation
reactions, the more reactive species can form a complex metal–
organic cluster and phase separate before the less reactive one
has a chance to condense into the network.48,49 Such a mecha-
nism could also be present in the case of the sol–gel reaction
with alkoxide (sample, sol–gel_RO�); small local alkoxide-based
clusters can form and lead to the formation of a small amount of
ZrO2 during calcination.

An alternative explanation for the remaining ZrO2 after the
solvothermal reaction could indicate that pressure conditions
and the elevated temperature led to partial dissolution and
recrystallisation of zirconium compounds instead of hydrolysis
and condensation reactions, leading to the formation of
ZrV2O7.29 Another possible consideration is that the reaction
conditions could result in the initially formed ZrV2O7 decom-
posing to ZrO2. Sakuntala et al.51 reported pressure-induced
decomposition at ambient temperatures. In situ, high-pressure
Raman spectroscopic studies were carried out on ZrV2O7 sam-
ples synthesised via solid-state reaction. A potential shift in
vanadium coordination was observed with applied pressure,
transitioning from a fourfold coordination in ZrV2O7 to a
fivefold in V2O5. In addition, Raman peaks corresponding to
ZrO2 were indicated to appear. These observations were
assigned to ZrV2O7 decomposition. As increased temperatures
can enhance such a process, we hypothesise that a lower
pressure but elevated temperature of the solvothermal reaction
could lead to partial decomposition and the presence of ZrO2

(Fig. 6, solvothermal synthesis).
We indicate that sol–gel synthesis is a reliable method for

obtaining high-purity samples. It also proved suitable for
obtaining products with a desirable microstructure. However,
elevated solvothermal reaction temperature and pressure con-
ditions might lead to the formation of additional phases and
provide lower-purity material.

Simulated and experimental Raman spectra comparison

As emphasized before, the phase composition and purity are
crucial factors that allow for reproducible properties of the
material. In this section, we provide a vivid illustration of this
statement and show that B70% or 430% purity ZrV2O7

powders yield different experimental results than phase-pure
material. We compare Raman spectra from a solid-state reac-
tion with 5 h calcination time (40’ 5 h), commercially available
zirconium vanadate and a sol–gel (sol–gel_100 1C) reaction
product (Fig. 7). According to the previously discussed XRD
data analysis, the commercially available sample mostly con-
tained V2O5, while 400 5 h showed a mixture of phases with
B70% ZrV2O7 (Fig. 3). In contrast, the sol–gel_100 1C sample

represents a phase-pure material (Fig. 6). As expected, analysis
of Raman spectra revealed the abovementioned differences
(Fig. 7). The commercially available sample mostly follows the
vanadium oxide spectrum only with traces of ZrV2O7 appearing.
Both commercially available and solid-state samples contain
significant amounts of ZrO2 and V2O5 oxides, deviating signifi-
cantly from the desired material. On the contrary, the sol–gel
sample shows only five main peaks that do not coincide with
the spectra of residual phases. This could indicate and further
confirm phase purity.

To interpret the Raman spectra and validate that our product
is phase pure, we used ab initio simulated phonon data. The
computational results are simulated for a defect-free and phase-
pure material. A 40 atoms unit cell was used (Fig. 7c, top)
because the actual low-temperature superstructure that includes
1080 atoms in the unit cell makes calculations comput-
ationally unfeasible (Fig. 7c, bottom). In the case of the
supercell, d spacing between the planes is repeated, and we

Fig. 7 (a) Raman spectra of ZrV2O7 synthesised via sol–gel (sol–
gel_100 1C) route (green), 400 5 h solid-state reaction (blue) and purchased
material (red). These spectra are compared with V2O5 and ZrO2 reagents.
The purchased material mostly matches V2O5 spectra, while the solid-state
reaction product shows a combination of peaks representing both oxides
and ZrV2O7. Vertical lines represent simulated Raman positions. Vibrations
marked in green contribute to the Raman spectra and match the sol–gel
reaction product within the margin of error. (b) Vibrations that correspond
to 263, 366, 497, 799, and 1004 cm�1 frequencies are visualised above in a
schematic way. Animations showing these vibrations are provided in the
ESI.† (c) The XRD pattern of the ZrV2O7 structure used for computational
simulations (c top) compared with the room temperature superstructure
used in structure refinements (c bottom).
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see all higher-intensity ZrV2O7 peaks present in both structures.
Only minor supercell features can be seen due to the slight
tilting of ZrO6 octahedra (green) and VO4 tetrahedra (dark pink)
(Fig. 7c, bottom). This shows that a smaller, 40 atoms cell, due to
its structural similarity to the low-temperature ZrV2O7 phase, is
suitable for obtaining computational Raman data.

First, we start with a quantitative comparison of experiment
and simulation. We used a Voigt model to fit the experimental
spectra. In addition, we carried out VASP and Phonopy ab initio
computations to determine Raman active modes and corres-
ponding Raman spectra peak positions. Ab initio values are
marked in Fig. 7 as vertical lines. The frequency differences of
the simulated and the matched fitted peak positions from the
experiment are expressed as Do = |ofit� ocalc|. The comparison
was performed for the peak positions that best matched the
pattern. Some peaks were neglected as the peak intensities were
too low for accurate fitting results. Differences vary from
0.8 cm�1 for the peak at 262 cm�1 and up to a maximum of
21 cm�1 for the peak at 778 cm�1, considering the ab initio
frequencies that best fit the experimental pattern. All the fitted
peak positions and simulated frequencies are presented in the
ESI,† Table S1. The differences were compared with the work of
Bagheri and Komsa.52 They simulated Raman spectra based on
harmonic phonon computations via a high-throughput compu-
tation and compared it with experimental results. The reported
examples showed that the most significant average difference
for SiO2 was 18.5 cm�1, and the smallest deviation of 6 cm�1.
The deviations that occur in our work, therefore, correspond
to expectations within the framework of the harmonic approxi-
mation and the level of theory (DFT with PBEsol functional).
Further improvements could be achieved with the inclusion of
additional anharmonic effects (e.g., with temperature-depen-
dent effective potentials32 or other phonon renormalisation
methods34 or the quasi-harmonic approximation42,53,54).
However, these methods have the disadvantage that they require
additional computing time, which makes their implementation
much more difficult than the harmonic approximation, especially
for a compound such as ZrV2O7 with a rather large 40 atoms unit
cell (Fig. 7). For this reason, they are not used here. Overall, the
simulated results match the sol–gel_100 1C reaction experimental
Raman spectra within the expected error from the level of theory
and the harmonic nature of our approximation to the phonons
computation. The largest deviation of 21 cm�1 corresponds to
a 2.62% error. This discussed example is representative of all
discussed sol–gel reactions and solid-state synthesis that can
provide a high-purity ZrV2O7 phase through extended milling
and calcination times.

We also further interpret the Raman spectra based on the
computed phonons through visualisation of the vibrations. Vibra-
tions corresponding to 263, 366, 497, 799, and 1004 cm�1

frequencies are shown in Fig. 7. Also, all of the animated
computed vibrations are provided in the ESI.† Raman active
frequencies mostly match the vibrations of vanadium and oxygen
atoms within the VO4 tetrahedra, except the 256 cm�1 frequency
associated with Zr movements in ZrO6 octahedra. Frequencies
at 799 and 1036 cm�1 represent asymmetric, and 967 with

1004 cm�1 show symmetric stretching of VO4 tetrahedra. With
799 and 1004 cm�1 vibrations contributing the most to the
Raman spectra. Smaller intensity peaks at 263, 366, and
497 cm�1 correspond to symmetric and asymmetric bending of
VO4 tetrahedra, respectively. These simulated optically active
modes of phase pure ZrV2O7 structure match the frequencies in
the ZrV2O7 experimental Raman spectrum. In the case of multi-
phase materials, due to peak overlap and complex peak assign-
ment, structural information might be lost. In addition to this,
validation with theoretical data would be impossible, thus pre-
venting the detailed analysis of Raman active atom vibrations (e.g.
by analysing the vibrational eigenvectors from the phonon com-
putation as done in Fig. 7). Therefore, in this case, the necessity of
a phase-pure material is further emphasised.

Hemamala et al.55 also analysed Raman spectra of ZrV2O7

from experimental data and ab initio calculations. The authors
implemented Perdew–Burke–Ernzerhof (PBE) functional56

and (4 � 4 � 4) k-point sampling mesh. Force convergence of
0.001 eV Å�1 for geometry relaxation was used, and 0.001 meV
convergence for self-consistent force calculations. In contrast,
we used PBEsol functional, a G-centre grid of (6 � 6 � 6)
k-points; DE o 10�8 and DE o 10�6 eV for the electronic and
structural optimisation, respectively, thus increasing computa-
tional accuracy. Reported Raman-active modes centred at 263,
280, 367, 380, 404, 511, 774, 957, 984, and 1023 cm�1 confirm our
results. Similar to our study, authors assigned lower frequency
modes to the symmetric VO4 tetrahedra bending, 404 and 511
cm�1 to the asymmetric bending, and 774 cm�1 to the asym-
metric stretching. High-frequency modes were assigned to the
symmetric stretching of VO4 tetrahedra.

Thermal expansion of multi-phase materials

In this section, we discuss how the phase purity correlates with
and affects the NTE property of the materials. Zirconium
vanadate garnered interest due to its anomalous isotropic
negative thermal expansion behaviour. Negative thermal expan-
sion is a very rare property. Thus, it is very unlikely that
secondary phases besides ZrV2O7 in a non-phase-pure product
would share such an attribute. In the case of ZrV2O7, many
synthesised and even commercially available materials contain
unreacted precursors – zirconium and vanadium oxides. As
temperature changes, we will inevitably see structural differ-
ences between zirconium vanadate and unreacted materials.
This directly influences the negative thermal expansion property
of a material. For example, in Fig. 8, for the peaks representing
ZrO2 and V2O5 phases, when the temperature is increased, we
see a decrease in q (where q = 2p/d). This means that d spacing
increases, and we observe ordinary unit cell expansion. In the
case of ZrV2O7, we see the opposite extraordinary effect of unit
cell contraction (Fig. 8). This crucial difference within multi-
phase materials prevents the evaluation of the fundamental
crystallographic principles of negative thermal expansion. Thus,
the presence of additional phases would affect any applicational
implementation of ZrV2O7 relying on NTE.

All implemented characterisation methods, such as XRD,
SEM and Raman spectroscopy, revealed differences between
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phase-pure and multiphase materials. Multiphase materials lead to
reproducibility issues and difficulty in material characterisation.
This is also true if substitution is considered, as it increases the
probability of the final local composition diverging and leading to
the formation of additional competing phases. Due to the cubic
crystal structure, the unit cell of zirconium vanadate contracts
isotropically with temperature.4 At the same time, common resi-
dual ZrO2 and V2O5 phases show the usual positive thermal
expansion. V2O5 adopts an orthorhombic crystal system and ZrO2

a monoclinic one, both showing highly anisotropic behaviour,
making it challenging to assess discrepancies in the experimental
data. This could create issues in dilatometry measurements.
Another commonly applied method is the energy dispersive X-ray
(EDX) analysis, but this reveals only the presence of elements and
does not allow differentiation between residual ZrO2 and V2O5

phases and ZrV2O7. On the contrary, high-temperature XRD analy-
sis shows clear differences in unit cell expansion between ZrV2O7

and remaining oxides. It is a compelling technique to confirm the
purity of negative thermal expansion materials or detect phases
showing positive thermal expansion. However, data processing
remains more challenging in comparison to phase-pure materials.

Conclusions

The synthesis of pure, homogeneous materials is essential for
comprehensive material characterisation. Our study shows that
the solid-state synthesis of ZrV2O7 requires careful consideration
of various processing parameters to achieve high purity.

Initial attempts using a 1 to 5 hours calcination step yielded
multiphase materials containing only B70% ZrV2O7. However,
by optimising the milling time and implementing repeated
calcination cycles with intermediate grinding, we successfully
produced a 95.5% pure ZrV2O7 sample.

We also investigated alternative wet chemical methods,
including sol–gel and solvothermal synthesis. While solvother-
mal reactions resulted in the formation of an additional ZrO2

phase due to elevated temperature and pressure conditions,
sol–gel methods proved highly effective in producing single-
phase zirconium vanadate samples.

Raman spectroscopy was used as a powerful tool to assess
sample purity. Spectra from multiphase materials showed
peaks from unreacted precursors, making meaningful inter-
pretation difficult. In contrast, Raman data from phase-pure
samples agreed well with ab initio simulated phonon data,
falling within the expected error range of density functional
theory calculations within the harmonic approximation. This
agreement allowed detailed analysis and visualisation of lattice
vibrations, further confirming material purity.

In addition, high-temperature XRD proved to be invaluable
in distinguishing between unreacted materials and the desired
ZrV2O7 phase, revealing their contrasting thermal expansion
behaviour. This technique is critical for verifying sample com-
position and purity.

In conclusion, our study highlights the importance of meti-
culous synthesis procedures and comprehensive characterisa-
tion techniques in the preparation and confirmation of high-
purity ZrV2O7. These results not only advance our understand-
ing of this specific material but also provide valuable insights
for the broader field of materials science, highlighting the
critical interplay between synthesis methods, characterisation
techniques and material properties.
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Fig. 8 In situ XRD characterisation of ZrV2O7 sample synthesised via
solid-state synthesis and calcined for 5 h at 700 1C. The peak corres-
ponding to ZrV2O7 shows unit cell contraction in the 200–500 1C range,
while residual ZrO2 and V2O5 phases display opposite unit cell expansion
behaviour.
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