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ABSTRACT: Transition metal oxides are widely employed as electrode materials in Li-ion batteries. During battery operation, Li
ions are intercalated and extracted from the framework of the electrode structure, causing structural transitions. In some materials,
the process can drive order−disorder transitions; however, insights into such processes are generally lacking, although they are
essential for our understanding of battery aging and in the design of new sustainable battery chemistries. Herein, we investigate the
intercalation-induced order−disorder transition in rutile VO2(M) electrodes by means of galvanostatic charge/discharge cycling,
operando powder X-ray diffraction, and total X-ray scattering with pair distribution function analysis. The study reveals that the rutile
structure transforms irreversibly into a highly disordered layered LixVO2 structure, which is capable of reversibly intercalating Li ions.
Our findings point out general trends for the intercalation-driven transitions in rutile oxides.

■ INTRODUCTION
Rechargeable Li-ion batteries (LIB) are widely used for
electrochemical energy storage and promote the transition
toward a more sustainable energy system. As a result of the
continuously growing demand for LIB, novel chemistries and
enhanced understanding of the energy conversion mechanism
are constantly sought.1−3 Within this frame, understanding the
structural transitions occurring within the electrodes during
battery charge and discharge is an important aspect that relates
directly to battery performance. The focus has traditionally
been on crystalline-to-crystalline phase transitions between the
lithiated and delithiated states of the electrode material.
However, many electrodes undergo varying degrees of order−
disorder transitions during battery cycling.4,5 Structural
disorder or complete amorphization can have a destructive
effect on the ion-intercalation and lead to severe capacity
fade.5,6 On the other hand, some reports also show that lack of
long-range order can improve the battery performance and
even exceed the performance of the crystalline analogue.7,8

Transition metal oxides are well-known and established
electrode materials for rechargeable LIB, which offer a variety
of possibilities for variation both in composition and
polymorphism.9 The layered transition metal oxides,

LiTMO2, represent the most widely employed and studied
positive electrode material for LIB. For this class of material,
the Li-ion deintercalation and reintercalation processes can
lead to structural disorder in the form of stacking faults,
transition metal migration, and so on.10−13 However, the
crystalline lattice generally remains intact. More extensive
disorder is observed during intercalation in other transition
metal oxides. One example is rutile titanium oxide, TiO2,
which undergoes a phase transitions as a result of Li-ion
intercalation into a disordered layered α-NaFeO2-like LiTiO2
with a coherence length of ∼5 nm separated by ∼1 nm thick
grain boundary with a columbite-like structure.6

To extend the knowledge of phase transitions during Li-ion
interaction in rutile-like transition metal oxides, we herein
investigate the case of the rutile-like vanadium oxide
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polymorph, VO2(M). VO2(M) crystallizes in the monoclinic
space group P2/c,14 and the structure of VO2(M) is built from
chains of corner sharing [VO6] octahedra running along the a-
axis and connected by corner sharing in the bc-plane (Figure
1). The monoclinic VO2(M) was first described in the

literature as a deformed rutile by Andersson in 1956, where
he stated that VO2(M) was “···built up of distorted VO6
octahedra joined by edges to form strings, which are mutually
connected by corners to a three-dimensional network of
deformed rutile type”.15 VO2(M) has been studied as a
potential electrode material for rechargeable LIB, which due to
the 1D-tunnel structure and low mass exhibits efficient lithium
diffusion and high theoretical capacity.16,17 VO2(M) has a
theoretical gravimetric capacity of 320 mA h/g, however prior
studies have presented low reversible capacities due to the
anisotropic accommodation of lithium ions.18,19 Such studies
have deemed VO2(M) unsuitable as an electrode for
rechargeable LIB. Most studies report an irreversible phase
transition at higher levels of lithiation, in accordance with rutile
structures undergoing a crystalline to disorder phase
transition.20,21

To investigate the structural transitions induced by Li-ion
intercalation in VO2(M) electrodes, the pristine crystalline
phase and the fully lithiated highly disordered phase are
studied herein using powder X-ray diffraction (PXRD) and
total X-ray scattering (TXS) with pair distribution function
(PDF) analysis. To gain insight into the true dynamic process
of structural changes, X-ray experiments were conducted under
operando conditions during galvanostatic discharging /charg-
ing. By combining the information extracted from the
measurements, we provide a structural description of the
phase transitions during the first Li intercalation and extraction
into VO2(M).

■ EXPERIMENTAL SECTION
Solvothermal Synthesis of VO2(M). VO2(M) was

synthesized similar to the description by Corr et al.22 In an
80-mL Teflon-lined autoclave containing a Teflon-lined
stirring bar, 1.81 g of vanadium(V) pentoxide (≥99.6%,
Sigma-Aldrich) was suspended in 30 mL of formaldehyde (37
wt % in H2O, stabilized with 5−15% methanol, Acros
Organics) and left under magnetic stirring. After 2 h of
stirring, the autoclave, containing the red suspension, was
sealed and heated at 180 °C for 48 h. The resulting blue
powder, VO2(B), was filtered and washed with ethanol (96%,
Sigma-Aldrich) and demineralized water through suction
filtration and left to dry overnight under vacuum at 60 °C.
After drying the powder was grinded using mortar and pestle
and transferred to an alumina (Al2O3) crucible. The powder
was heated at 300 °C/h and annealed at 700 °C for 1 h
followed by cooling to room temperature. At room temper-
ature, the powder was transferred and stored in an Ar-filled
glovebox.
Chemical Lithiation. This process was conducted in an

Ar-filled glovebox. 0.205 g of the prepared VO2(M) was
transferred to a 50-mL Erlenmeyer flask and suspended in 20
mL dry n-heptane (+99%, extra dry over molecular sieves,
Acros Organics). To this suspension was added 0.920 mL of a
2.7 M solution of n-butyllithium in hexane (Sigma-Aldrich)
slowly using a dry 1 mL plastic syringe equipped with a metal
needle. The flask was equipped with a screw cap and left to
react for 24 h under magnetic stirring. The following day the
liquid was decanted and washed with n-heptane (+99%, extra
dry over molecular sieves, Acros Organics), and the powder
was left to dry under an Ar-atmosphere.
Electrochemical Characterization. The as-synthesized

VO2(M) powder was mixed with acetylene black (VXC72,
Cabot Corporation), graphite (C-NERGY SFG6L, IMERYS)
and polyvinylidene fluoride binder (HSV900, MIT) in a
6:1:1:2 mass ratio dispersed in acetone for thorough mixing.
The mixture was dispersed onto a glass plate and scraped off to
isolate the electrode pellet mixture. The pellet mixture was
pressed into Ø 7-mm free-standing pellets, weighing between 5
and 8 mg, under a uniaxial press at 1.8 t for 60 s and dried at
60 °C under vacuum overnight. Galvanostatic cycling was
performed using a Swagelok type cell with a Teflon body. A
cathode pellet was mounted on a stainless-steel cylinder with Ø
11-mm lithium metal foil serving as the anode. To separate the
electrodes, a microporous, Whatman GF/B, glass fiber wetted
with electrolyte was used. A 1 M solution of lithium
hexafluorophosphate (LiPF6, Solvionic, 99.9%, ethylene
carbonate/dimethyl carbonate 1:1, v/v) worked as electrolyte.
These batteries were cycled between 1.0 and 4.0 V against Li/
Li+ using a Biologic VMP-3 battery cycler. The number of
intercalated Li-ions, x, is based on Coulomb counting,
assuming all current goes into Li-ion intercalation.
X-Ray Diffraction and Total Scattering. Samples for ex

situ X-ray total scattering (TXS) and powder diffraction
(PXRD) were measured in polyimide Kapton capillaries (Ø
1.0-mm inner diameter, Cole-Parmer). All measurements were
taken at the P02.1 beamline at PETRA III at DESY, Germany,
using synchrotron radiation. The data were measured with a
wavelength of 0.20735 Å using a Varex XRD 4343CT (150 ×
150 μm2 pixel size, 2880 × 2880 pixel area) detector. PXRD
measurements were all obtained within 30 s of exposure, and
the Kapton capillaries were spun. PDF samples were measured

Figure 1. Crystal structure of monoclinic VO2(M) with distortion
index, D, of the [VO6] octahedra.
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with 50 s exposure and 40 subframes in ex situ, while operando
was measured using 60 s exposure and four subframes. For
operando PXRD and PDF experiments, the cathode pellet was
mounted in an AMPIX-type battery test cell and cycled at C/
12. Operando PXRD data were collected every 8 min while
PDF data were collected every 30 min.
Both PXRD and PDF was calibrated using either a NIST

CeO2 or a LaB6 standard placed at the sample position in
either Kapton capillaries or in the AMPIX cell. Single-crystal
spots from the lithium metal anode were masked before the
data was calibrated and integrated using the Data Analysis
WorkbeNch (DAWN)23 software. Corrections for fluctuations
in the beam were done with a normalization of the data
background at low Q or 2θ values.
The data were normalized to correct for fluctuations in beam

intensities over a range of background points at low 2θ or Q [Q
= 4π sin(θ)λ−1]. Rietveld refinement was conducted using the
FullProf suite24,25 for both operando and ex situ PXRD. The
PDFgetX326 was used to obtain PDF’s from the TXS data with
an rpoly set to 0.9 Å and Qmax values of 23.3 and 28.0 Å−1 for
operando and ex situ, respectively. PDF-fits were done with the
PDFgui software.27 All crystal structures are made using
VESTA.28 The distortion index, D, of the [VO6] octahedra are
calculated from eq 1 using VESTA, with n as the number of
V−O bonds, li, the length of the ith V−O bond and lav being
the average V−O bond length.

D
n

l l
l

1

n i

n
i av

av
= | |

= (1)

■ RESULTS AND DISCUSSION
Characterization of the As-synthesized VO2(M). The

expected monoclinic rutile-like VO2(M) phase was obtained
from the solvothermal synthesis and subsequent solid-state
treatment as confirmed by PXRD and Rietveld refinement
(Figure 2). PXRD also reveals the presence of a small amount
of nanocrystalline VO2(B) in the sample (see broad and low
intensity reflections at 1.81 and 3.95 Å−1). Refinement of the
PDF (Figure 2B) obtained from a total scattering experiment
(Table S2) confirms both the structural model of VO2(M) as
obtained from Rietveld refinement (Table S1) and the
presence of a small amount of VO2(B).
Electrochemical Characterization of VO2(M) Electro-

des. During the first discharge (Figure 3A), ∼0.94 Li is
inserted into VO2(M) when cycling versus Li-metal at a C/12-
current rate to a lower cutoff potential of 1.0 V. A plateau is
observed for the intercalation just below 2.0 V. Inspection of
the first derivative of the discharge curve reveals that there
might be separate discharge domains. Hence, for x < 0.04, the
sloping nature is likely originating from a direct response of the
polarization and diffusion-induced resistance effects.29 The
domain at 0.04 < x < 0.18 may originate from the effect of a
constantly changing crystal structure as observed in a typical
solid solution transition. At x ∼ 0.15−0.35 Li-ions, the
potential profile shows features that could indicate an overlap
between solid solution behavior and a biphasic transition. At x
∼ 0.35 > x > 0.75 Li-ions, the first derivative is almost constant
at zero, suggesting a biphasic transition occurring at this point.
For the remaining discharge, the curve slope increases, which
may indicate solid solution behavior and beyond x ∼ 0.8
polarization comes into play.

From the profiles from the repeated galvanostatic discharge/
charge cycling (Figure 3B), it is evident that the first discharge
differs significantly from the following cycles. First, the plateau
is lost upon cycling, indicating increasing solid solution
behavior with cycling. Furthermore, looking beyond the first
discharge, it becomes clear that the system slowly loses
capacity.

Operando PXRD. To gain insight into the structural
evolution of VO2(M) electrode during Li-ion intercalation,
operando PXRD (Figure 4) was collected during galvanostatic
cycling vs a Li-metal anode in an AMPIX cell.
During insertion of the first ∼0.25 Li, the Bragg reflections

from LixVO2 are well-defined and only minor structural

Figure 2. Structural characterization of the as synthesized VO2(M) by
(A) PXRD with Rietveld refinement, and (B) PDF with refinement.
Results from the refinements is found in Tables S1 and S2.

Figure 3. (A) Potential profile (blue) and first derivative (red) of the
first galvanostatic discharge of VO2(M) versus Li metal. (B) Potential
profiles for repeated galvanostatic discharge/charge cycling of
VO2(M) versus Li metal.
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changes occur with a slight expansion in the c-direction. Upon
continued Li insertion, the c-axis continues to expand;
however, the intercalation causes the Bragg reflections to
gradually diffuse, and the Rietveld model provides an
increasingly poor description of the data suggesting loss of
crystallinity due to disordering. As an electrode composition of
Li∼0.4VO2 is reached, the Rietveld refinement model becomes
unreliable reflected in the sudden shift in the refined values for
the c-axis and the β-angle. At Li∼0.5VO2 the model fails and is
no longer able to describe the system, that is the degree of
crystallinity in Li0.5VO2 is too low to allow for quantitative
analysis by PXRD. During this process, no new sharp Bragg
reflections appear, and beyond insertion of 0.5 Li only weak
and diffuse reflections are observed. Hence, the Li-intercalation
drives an order−disorder transition. The observed behavior
bears strong resemblance to the rutile LixTiO2 system.

6 In the
TiO2 system, Christensen et al.6 report that upon continues Li-
insertion above Li0.78TiO2, the system rearrange into ∼5 nm
domains of a layered α-NaFeO2 structure with small amounts
of amorphous LixTiO2 columbite. Based on this knowledge, it
is possible to describe the scattering data beyond 0.5 Li using
Le Bail fitting with unit cells resembling a layered α-NaFeO2
(space gr. P2/m, no. 10) and a columbite (space gr. Pbcn, no.

60) structures (Figure S3).6 From the operando PXRD data
(Figure 4) it is also clear that rutile LixVO2(M) is not reformed
during charge and that the material remains in the disordered
state with a structure resembling the structure of the discharge
state, i.e. the disordered layered α-NaFeO2 and columbite
structures behaves as solid solutions toward Li-ion intercala-
tion.
Characterization Using Total Scattering with Pair

Distributions Function Analysis. To get insight into the
atomic structure of LixMO2 at x > 0.5, a VO2(M) sample was
chemically lithiated using n-butyllithium and the PDF of this
was obtained ex situ (Figure 5). This sample provides a higher
quality PDF as compared to the functional electrode, which,
besides the active materials, also contains binder and carbon
additives. Fitting the PDF of chemically lithiated sample shows
that most correlations can be explained by a LiVO2 structure
with a distorted α-NaFeO2-structure as in the Le Bail fit.
However, the fit clearly improves by addition of a VO2
columbite phase, especially in the lower r region (r < 10 Å).
Based on the agreement factors and the shape of the residual
other minor phases may be present as well. We note that
lithiated LiVO2(M) and LiVO2(B) structure were also tested
as both the major and minor phase; however, these did not

Figure 4. (A) Operando PXRD data plotted as a function of time and x in LixVO2. The weak reflection at 2.565 Å−1 is caused by the Li-metal
anode. (B,C) Refined lattice parameters for LixVO2(M) for the first 65 scans after which the Rietveld method can no longer describe the data
satisfactorily, which is also reflected in the agreement factor, RBragg, in (D). (E) Potential and first derivative as a function of x in LixVO2 during
discharge and charge against a Li-metal anode at a C/12-current rate.
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provide good fits to the data. Hence, from the ex situ PDF we
confirm that rutile-like VO2(M) upon lithiation transforms to a
layered LiVO2 structure (Figure 6) as observed for rutile TiO2.
DFT calculations by Kulish et al.30 suggests that lithium ions
are intercalated into the octahedral sites in the rutile structure
as this is energetically more favorable than the tetrahedral sites.
By filling up the octahedral sites the structure approaches an
NiAs structure (hcp packing of oxygen with all octahedral
holes filled), which is rarely observed for stoichiometric
oxides.6 Hence, the irreversible structural rearrangement
occurs wherein the oxygen lattice rearranges to a ccp packing,
which can accommodate full occupancy on all octahedral sites
(i.e., rock salt structure). For the structure to transform from
rutile- to α-NaFeO2-like (i.e., to become layered), the V atoms
in every second layer in VO2(M) must translate 0.5 along the
c-axis. It is plausible that this translation only occurs for a part
of the V atoms and that Li and V instead are distributed over
all octahedral sites (i.e., rock salt structure). However, fitting a
structural model with varying amounts of V on the Li-positions

in the layered α-NaFeO2-like LiVO2 structure does not
improve the fit. This is also evident from comparison of
calculated PDFs from the layered α-NaFeO2-like LiVO2
structure and the rock salt like LiVO2 structure (Figure S4).
Hence, after chemical lithiation, the LiVO2 appears to truly
have a layered structure. Note that in the α-NaFeO2-like
LiVO2 structure, there are only edge-sharing and no corner
sharing [VO6] octahedra. Columbite has a high [VO6] corner-
to-edge-sharing ratio of 3.5. Hence, the improvement of the
PDF fit obtained from adding a local columbite phase reveals
that a fraction of the material still contains corner sharing
[VO6].
To follow the dynamic changes in the local atomic structure,

an operando TXS measurement was performed during
discharge and charge of the VO2(M) electrode versus Li.
From here, the operando PDF data was obtained. The PDF
confirms that the coherence length significantly decreases with
insertion of Li (see Figure S2) and that structural order is only
observed on the local scale (r < 30 Å) in the lithiated state.
Hence, an PDF overview plot of the local structure and
simulated PDFs for the relevant phases is shown together with
the galvanostatic discharge/charge curve in Figure 7. Note that
the carbon windows of the AMPIX cell and carbon additives in
the electrode give rise to correlations at ∼1.4, ∼2.5, ∼2.8, ∼3.8
and ∼4.4 Å.
By visual inspection of the operando PDF data, it is clear that

some changes in the local atomic structure are induced by
battery cycling. A gradual shift in the correlations is observed
already at the very early stages of Li-intercalation, which may
suggest that Li-ions are intercalated into VO2(M) via a
solution solid reaction in line with the observation of
continuous changes to the lattice parameters in the operando
PXRD data.
Looking at interatomic distances in the observed phase

(Figure 6), we see that the V−O distances in the [VO6]
octahedra in VO2(M) are 1.7−2.1 Å, while in LiVO2 they are
2.0−2.1 Å, that is, in average slightly longer in line with the
reduction of V4+ to V3+. The data clearly show that the [VO6]
is not broken or heavily distorted at any point. The shortest
V−V distance appears between the edge-sharing [VO6]
octahedra. In VO2(M) this is ∼2.60 Å, while it is ∼2.95 Å

Figure 5. PDF fits of chemical lithiated Lix∼1VO2(M) showing a clear
improvement in the residual when including both a distorted α-
NaFeO2 and columbite models. Fitted parameters are found in Tables
S3 and S4.

Figure 6. Illustration of the observed phase transition during first lithiation/discharge. For the endmembers VO2(M) and LixVO2, the layers of
[VO6]-octahedra are shown along with interatomic distances of importance for the operando PDF analysis. V is shown in blue, O in red, and Li in
green.
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in LiVO2. The latter correlation emerges after insertion of ∼0.2
Li and just before Rietveld refinement of the PXRD fails
(Figure 4). From VO2(M), strong correlations are observed at
∼3.5 and 5.1−5.5 Å, originating from the distance between V
atoms in the adjacent [VO6]n chains running along the a-axis.
These correlations fade during lithiation, and upon insertion of
∼0.6 Li they have vanished as seen from Figure 7. Instead, a
strong correlation appears at ∼5.1 Å due to V−V distances in
the layers of edge sharing [VO6] octahedra forming in LiVO2.
Hence, these observations confirm that the number of corner
sharing [VO6] octahedra as found in rutile decreases on the
expense of edge sharing [VO6] octahedra as found in α-
NaFeO2. We note that the correlations indicative of VO2(M)
do not reappear upon charge, that is, VO2(M) does reform
neither in a crystalline nor in an amorphous state.
Turning our attention to the charge process, we find that the

charged state resembles the discharged state. The main
differences arise from a decrease in the interatomic distances
caused by the oxidation of V and removal of Li. Hence, the α-
NaFeO2-like LixVO2 structure is retained and the material does
not transform back to the rutile structure in line with the case
of rutile TiO2.

5,6 This is evidenced by the correlations at ∼3.5
and 5.1−5.5 Å from the V−V in corner sharing [VO6]
octahedra not reappearing upon charge (also see Supporting
Information Figure S5, which compares the PDF of the
pristine, chemical lithiated, discharged, and charged states).
Despite the similarity between the discharged and charges
state, some minor albeit important differences are noticed. The
correlations at ∼2.9, ∼5.1, and 5.8 Å have a higher intensity in
the discharged state, which is indicative of V on the Li-
positions in the α-NaFeO2-like LixVO2 structure. The fade of

these correlations and the increase in intensity at ∼6.2 Å
indicate that the V on the Li-positions in the interlayer space
migrate to the V-layers upon charge (see also calculated PDF
in the Supporting Information Figure S4). The migration is
likely enabled by the reduction in the ionic radius upon
oxidation from V3+ to V4+. Whether V remains within the V-
layers upon repeated cycling will require further studies.
Based on the observations, it appears that Li-ion

intercalation is the driver for the transition from the
monoclinic rutile-like to the layered α-NaFeO2-like LixVO2
structure. As mentioned, when the (Li + V)/O ratio goes
toward one, the rutile-like structure approaches a NiAs
structure, which is generally not observed for metal oxides.
The nature of the transition is likely linked to the ionic radius
of Li+ (90 pm), as this determines the strain induced by
intercalation. To the best of our knowledge, Na-ion
intercalation in VO2(M) has not been reported. This may be
due to difficulties in intercalating the larger Na+ ion. However,
this would make for an interesting comparison. In contrast,
hydrogenation of VO2 materials has been widely explored,

31

which can be viewed as intercalation of H+ ions. In studies
specifically on monoclinic VO2(M),

32,33 they report that
hydrogenation only induced minor structural changes, that is,
the rutile-like structure is retained even as the (H + V)/O ratio
in HxVO2 goes toward one. One study

32 even indicates that
the monoclinic distortion diminishes. This underlines the point
of the effect of the size of the intercalated ion.

Figure 7. (A) Overview plot of the operando PDFs plotted as a function of time and x in LixVO2 during galvanostatic cycling of VO2(M) versus Li
metal anode at a C/12 rate. (B) The potential profile (black) for the first discharge is plotted with the first derivative (red) to enhance the
electrochemical domains. (C) Calculated PDFs of pristine VO2(M), the distorted α-NaFeO2, and columbite phases are shown underneath the
overview plot for comparison.
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■ CONCLUSIONS
The structural changes occurring during lithium insertion and
extraction in a monoclinic distorted rutile VO2(M) LIB
cathode were studied by using galvanostatic cycling, PXRD,
and TXS-PDF. The phase of interest, VO2(M), was obtained
via solvothermal synthesis followed by a solid-state treatment
to yield the desired phase. During the first discharge, the rutile
VO2(M) structure first accepts Li-ions via a solid solution
reaction forming LixVO2(M) observed by operando PXRD and
Rietveld refinement as changes to the unit cell parameters.
Upon insertion of ∼0.3 Li, the Bragg reflections become
increasingly diffuse, and between 0.4 and 0.5 Li the Rietveld
refinement fails due to loss of crystallinity. PDF analysis reveals
that at this stage, LixVO2(M) transforms to a highly disordered
layered α-NaFeO2-like LixVO2 structure along with a minor
amount of a columbite-like structure. This resembles the case
of rutile TiO2 and suggests that this is a general behavior of
rutile oxides because Li-ion intercalation results in formation of
a NiAs structure, which is generally not stable for oxides.
However, the Li-limit for the structural reconstruction into the
ccp α-NaFeO2-like appears to depend on the nature of the
transition metal. Furthermore, this study indicates that in the
α-NaFeO2-like LixVO2 structure forming during discharge,
some V remains in the interlayer space (Li-positions) but
migrates to the V-layers upon oxidation during the subsequent
charge.
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