
Probing how Ti- and Nb-substitution affect the stability and 
improve the electrochemical performance of β- and ε-

LiVOPO4 

Journal: Journal of Materials Chemistry A

Manuscript ID TA-ART-10-2022-008184.R1

Article Type: Paper

Date Submitted by the 
Author: 24-Dec-2022

Complete List of Authors: Hidalgo, Marc; Binghamton University, Materials Science and Engineering
Buyuker, Isiksu; Binghamton University, Materials Science and 
Engineering
Kamm, Gabrielle; Stony Brook University, Department of Chemistry
Zhu, Zhuoying; UCSD, 
Grenier, Antonin; X-ray Science Division, Advanced Photon Source, 
Argonne National Laboratory
Zuba, Mateusz; Binghamton University, Physics, Applied Physics and 
Astronomy
Deng, Zhi; University of California, San Diego, Department of 
NanoEngineering
Zong, Yanxu; Binghamton University, Materials Science and Engineering
Kaplan, Carol; Binghamton University, Chemistry
Chernova, Natasha; Binghamton University, 
Zhou, Guangwen; Binghamton University, Mechanical Engineering
Piper, Louis; Binghamton University, State University of New York, 
Department of Physics, Applied Physics, and Astronomy
Ong, Shyue Ping; University of California, San Diego, Nanoengineering
Chapman, Karena; Stony Brook University, Chemistry
Whittingham, Stanley; SUNY Binghamton

 

Journal of Materials Chemistry A



ARTICLE

Please do not adjust margins

Please do not adjust margins

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Probing how Ti- and Nb-substitution affect the stability and 
improve the electrochemical performance of β- and ε-LiVOPO4 
Marc Francis V. Hidalgo,a$ Isik Su Buyuker,a$ Gabrielle E. Kamm,b Zhuoying Zhu,c Antonin Grenier,b Mateusz J. Zuba,a Zhi 
Deng,c Yanxu Zong,d Carol Kaplan,a Natasha A. Chernova,a Guangwen Zhou,d Louis F. J. Piper,a Shyue Ping Ong,c Karena W. 
Chapman,b M. S. Whittinghama

LiVOPO4 is a promising next-generation multi-electron cathode material, boasting a theoretical capacity of 305 mAh/g, 
significantly higher than any commercially used Li-ion battery cathode material. However, the material still faces several 
limitations, including the difficulty in attaining the full theoretical capacity at higher rates and capacity fade over several 
cycles. In this paper, we show that Ti- and Nb-substitution can be used to improve the thermal stability and electrochemical 
performance of LiVOPO4. We show through in-situ heating with XRD and a novel gradient heating technique that both Ti- 
and Nb-substitution cause β-LiVOPO4 to be stabilized relative to ε-LiVOPO4. This is due to transition-metal substitution, which 
increases the O-vacancy formation energies, pushing the β → ε transition to higher temperatures. We show that it is still 
possible to synthesize pure-phase ε-LiVOPO4 through the use of high temperatures to generate these O-vacancies. We show 
that even 1% of Ti- or Nb-substitution can improve the initial capacity and long term cycling capability of LiVOPO4 by 
improving the high-voltage capacity and reducing the capacity fade in both the high- and low-voltage regions. This is due to 
the an overall improved Li+ ion diffusion which is caused by an improved charge-transfer resistance during cycling. 

Introduction
Li-ion batteries are currently the most ubiquitous form of 

energy storage for portable electronic devices due to their high 
energy density.1-4 However, with the rise of more powerful 
devices, including electric vehicles, the demand for more 
energy-dense Li-ion batteries is increasing.5-7 In order to 
improve the energy density, either the mass of the non-active 
elements in the cathode must decrease or multiple Li+ ions must 
be intercalated per gram of material.8-13 One promising cathode 
material utilizing the latter method is lithium vanadyl 
phosphate (LiVOPO4).14-16  The vanadium has two redox couples 
within the voltage window of the electrolyte: V5+/V4+ and 
V4+/V3+ at 4.0 V and 2.5 V, respectively. This allows LiVOPO4 to 
intercalate up to two Li+ ions, going through the transition of 
VOPO4 ↔ LiVOPO4 ↔ Li2VOPO4, resulting in a theoretical 
capacity of 305 mAh/g and a specific energy of over 900 
Wh/kg.17-19 Although LiVOPO4 has three major polymorphs (αI, 
β, and ε), we have shown previously that the β and ε 
polymorphs are the more promising polymorphs due to their 

superior thermal stability, capacity, and long-term cycling 
performance.20, 21

Although thermodynamically similar,20-22 the β-LiVOPO4 
polymorph has an orthorhombic structure (Pnma) with 1D 
diffusion channels23-25 while the ε-LiVOPO4 polymorph has a 
triclinic structure (P ) with pseudo-1D diffusion channels.16, 22, 1
23, 26, 27 Additionally, the polymorphs differ in the amount of O-
vacancies present, with ε-LiVOPO4 being stabilized in the 
presence of O-vacancies.20 Thus, β-LiVOPO4 can transform into 
ε-LiVOPO4 through the generation of O-vacancies within the 
structure. Conversely, the opposite transition is also possible, 
albeit at a slower rate, if the O-vacancies are filled.20, 28 

Even when synthesized through different methods, most 
studies on LiVOPO4 have difficulties in attaining theoretical 
capacity at higher rates. General methods to improve the 
capacity in Li-ion batteries include particle size reduction,17, 29 
improvements to crystallinity,17, 30, 31 and the use of 
coatings.29,32-34 Shi et al. showed that utilizing these techniques 
significantly improves the electrochemical performance of 
LiVOPO4, approaching theoretical capacity, even at high C-rates. 
Siu et al. furthered this by showing full 2 Li cycling in nanosized 
and highly crystalline ε-VOPO4 using graphene as a conducting 
additive. However, capacity quickly fades when cycling at higher 
C-rates. Thus, we propose the use of another technique to 
improve the electrochemical performance of LiVOPO4: 
transition metal substitution.32-38 

Although there have been several reports on transition-
metal substitution into (Li)VOPO4,38-41 they all focus on 
intercalating only a single Li+ ion, with the exception of Wen et 
al., who showed multi-Li cycling in Mo-substituted ε-VOPO4.38 

$Equal contribution
aNECCES, Binghamton University, Binghamton, NY 13902, USA. Email: 
stanwhit@gmail.com
bDepartment of Chemistry, Stony Brook University, NY 11794, USA. Email: 
karena.chapman@stonybrook.edu 
cDepartment of NanoEngineering, University of California San Diego, 9500 Gilman 
Drive #0448, La Jolla, CA 92093, USA. Email: ongsp@eng.ucsd.edu
dMaterials Science and Engineering Program & Department of Mechanical 
Engineering, State University of New York, Binghamton, New York 13902, USA Email: 
gzhou@binghamton.edu .

Page 1 of 18 Journal of Materials Chemistry A



ARTICLE Journal Name

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

Additionally, all these studies focus solely on improving either 
β- or ε-LiVOPO4, but not both. In this study, we propose utilizing 
Ti and Nb as our substituents, and characterizing its effects on 
multi-lithium intercalation in both β- and ε-LiVOPO4. Ti is 
selected as a substituent due to LiTiOPO4 having polymorphs 
with similar structures to both the β (orthorhombic)42 and ε 
(triclinic)43 polymorphs, with the orthorhombic structure being 
the more common form. Both have also been extensively 
studied for use in anodes, with a redox potential of ~1.5 V. Ti-
substitution has also previously been employed in NMC’s, 
where it has been shown to improve the capacity retention 
(even at levels of ~1%) by reducing the volume changes that 
occur during cycling, which then reduces cracking of the NMC 
particles.44, 45 However, since Ti has a similar size to V, we do not 
expect this mechanism to be present in the Ti-substituted 
LiVOPO4. A separate study has also reported the use of Ti-
substitution into LiVOPO4.40 However, the study only focused on 
ε-LiVOPO4 and did not take into consideration the effects of the 
large β-LiVOPO4 impurity present nor the insertion of the 
second Li+ ion to its electrochemical performance.

The other substituent selected, Nb, is from the same family 
as V. Both transition metals have similar bonding 
characteristics, theoretically making it likely that substitution 
would be successful. Nb has also been substituted in other 
cathode systems,46-48 with a recent increased interest in its use 
as a substituent in (Li)VOPO4.49-51

Overall, we predict Ti and Nb to have a high probability of 
successful substitution into LiVOPO4. However, due to 
differences in atomic size and bonding characteristics, 
substitution will also have an effect on the thermodynamic 
stability of the host material used. Thus, in this study, we 
propose to study the effects of Ti and Nb substitution on both 
the thermodynamic stability and electrochemical performance 
of β- and ε-LiVOPO4. We will be using the hydrated LiVOPO4 
precursor, LiVOPO4·2H2O, because we have shown that it is a 
useful precursor in studying the thermodynamic and 
electrochemical properties of both β- and ε-LiVOPO4.20, 21

Methodology

Synthesis of substituted LiVOPO4∙2H2O, β-LiVOPO4, and ε-LiVOPO4

LiVOPO4·2H2O was synthesized using the hydrothermal 
method with some modifications.20, 27 V2O5 (Aldrich, >99.6%), 
oxalic acid (Sigma-Aldrich, >99.0%), and phosphoric acid (Fisher 
Scientific, 85%) were first dissolved in water and ethanol. If the 
samples were to be substituted, the amount of V2O5 was 
reduced and an equivalent molar amount of either 
(NH4)2(C2O4)2TiO·H2O (Fisher, 98%) or NH4(C2O4)2NbO·5H2O 
(Sigma-Aldrich, 99.99%) was added. The solution was then 
stirred for 18 hours. Afterward, LiOH·H2O (Sigma, >99.0%) was 
added, and stirred for another 4 hours. The solution was 
hydrothermally synthesized in a 4748 Type 125 mL PTFE-lined 
reactor (Parr Instrument Co.) and heated to 160 °C for 48 hours. 
The product was filtered, washed with water, ethanol, and 
acetone, then dried overnight at 60 °C. β-LiVOPO4 was 
synthesized by heating the LiVOPO4·2H2O at 600 °C in O2 for 3 

hours, while ε-LiVOPO4 was formed by annealing the same 
precursor at 900 °C in Ar for 3 hours. 

Materials characterization

Powder X-ray diffraction (XRD) data was collected using a 
Bruker D8 Advance diffractometer utilizing a Cu Kα source (Kα1 
= 1.54053 Å, Kα2 = 1.54431 Å) over the 2θ range of 10 ° – 80 ° 
and a step size of 0.02 °. Indexing, phase identification, and 
Rietveld refinement were conducted using the TOPAS software 
package (Bruker AXS, version 5.0) and the PDF-2016 software 
package. Phase quantification for the alumina was not included 
in the calculated total phase quantification data of LiVOPO4 for 
the refinement of the data from the gradient heater. This is 
because alumina was used simply as a matrix material to hold 
the LiVOPO4 in place during heating and analysis. 

Thermogravimetric analysis (TGA) was performed using a 
TG 209 F1 Iris (260-TG) instrument at a ramp rate of 5 °C/min in 
Ar. Data was analyzed using Proteus.

Samples were prepared for analysis using inductively 
coupled plasma optical emission spectrometry (ICP) by first 
dissolving ~5 mg of LiVOPO4 in aqua regia. If the sample contains 
Nb, then oxalic acid was also added. After dissolving, the 
solution was then diluted to 25 mL. The samples were analyzed 
using a Varian Vista-MPX Axial ICP-OES instrument.

High-resolution transmission electron microscopy (HRTEM) 
imaging was carried out on JEOL JEM 2100F operated at 200 kV.

In situ synchrotron XRD data were collected using high-
energy x-rays (λ = 0.2410 Å) provided by beamline 17-BM at the 
Advanced Photon Source, Argonne National Laboratory. 
Diffraction images were recorded in transmission geometry 
using an area detector, and integrated with GSAS-II52 using a 
LaB6 standard (NIST SRM 660b) as a reference. LiVOPO4·2H2O 
(or transition-metal substituted analogues) were loaded in 1.1 
mm diameter amorphous SiO2 capillary tubes (F&D Glass) and 
heated under a controlled atmosphere (He or O2, 20 cc/min) 
using the flow-cell furnace.53

For gradient heating, the heating elements of the flow-cell 
furnace were replaced by a 3D printed ceramic bar wound with 
Kanthal wire at an increasing pitch.54 The material was mixed 
with alumina fiber to minimize movement of the sample 
powder within the capillary/thermal gradient following a 
change in volume associated with water loss at high 
temperatures. The samples were heated for 10 minutes and 
then cooled at 1 °C·s-1 to room temperature before collecting 
diffraction data at room temperature. The temperature along 
the gradient was estimated based on the observed offset 
between the lattice parameters and known coefficients of 
thermal expansion obtained for a mixture of α-Al2O3 and Si.55 
Lattice parameters were determined using LeBail refinement 
with the TOPAS software. Coefficients of thermal expansion 
were taken from literature.56, 57 The temperature range 
determined from this method was 276-744˚C. 

X-ray absorption spectroscopy (XAS) measurements were 
carried out using the synchrotron facilities of the National 
Synchrotron Light Source (NSLS-II). Ex-situ samples were 
measured at beamline 6BMM. V K-edge measurements were 
carried out in the transmission mode using the Si(111) double 
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crystal mono-chromator and an unfocussed incident beam. 
XANES measurements of low concentration substituted 
elements were carried out in fluorescence mode using a 
fluorescence detector. 

Electrochemical characterization

The particle size of β- and ε-LiVOPO4 were first reduced 
prior to being turned into electrodes. This was done via high-
energy ball-milling the powders with graphene for 30 minutes. 
The mixture was then combined with polyvinylidene fluoride 
(PVDF), resulting in a ratio of LiVOPO4:graphene:PVDF of 
75:15:10. A slurry was formed using n-methyl-2-pyrrolidinone 
(NMP) as the solvent, cast onto a carbon-coated Al foil, and 
dried at 60 °C. Electrodes were then punched out with a surface 
area of 1.2 cm2 and active mass loadings ranging from 4.5 - 6.5 
mg. The electrodes were then used as cathodes in 2325-type 
coin cells, with a Li chip (MTI) as the anode, a Celgard 2400 
separator (Hoechst Celanese) as the separator, and 1 M LiPF6 in 
1:1 v/v ethylene carbonate (EC) and dimethyl carbonate (DMC) 
as the electrolyte. Electrochemical tests were conducted using 
a VMP multichannel potentiostat (Bio-Logic).

Charge-discharge tests were conducted at a rate of C/20 (C 
= 305 mAh/g) from 1.5 V to 4.5 V. Rate tests were conducted 
within the same voltage window at C-rates of C/40, C/20, C/10, 
and C/5. Cyclic voltammetry (CV) measurements were taken at 
scan rates of 0.05, 0.1, 0.2, and 0.4 mV/s. Overall Li+ ion 
diffusion coefficients (DCV) were estimated using the Randles-
Sevick equation, with an area of 1.2 cm2, Li+ concentration of 
0.019757 mol/cm3, and electrons transferred of 1. This 
calculation of DCV for LiVOPO4 is described in detail elsewhere.21 
Electrochemical impedance spectroscopy (EIS) measurements 
were conducted using the Potentio Electrochemical Impedance 
Spectroscopy method. The frequency range was from 200 kHz 
to 5 mHz, with 6 points taken per decade. The applied voltage 
oscillated between ±10 mV. EIS measurements were taken in 
triplicate to confirm that the system reached a steady state. A 
modified Randles circuit is used to model the measured EIS data 
and calculate the series (Rs) and charge-transfer (Rct) 
resistances. The method for calculating the bulk Li+ diffusion 
coefficient (DW) is discussed in the supplementary section and 
is based on the method described by Ho et al.58

Computational methods

The pre-relaxed structures for β- and ε-LiVOPO4 were 
obtained from the Materials Project59 database with material 
IDs mp-26963 and mp-26091, respectively. For partially 
substituted structures, we considered all symmetrically distinct 
sites for 3.125%, 6.25%, 9.375% of Ti/Nb substitutions in a 
2x2x2 supercell. When it comes to a higher substitution ratio of 
12.5%, we used relatively smaller supercells (2x2x1, 2x1x2 and 
1x2x2) to generate a reasonable number of orderings for 
structural relaxations (>500 if still using 2x2x2 supercell).  After 
computing all enumerated structures, the lowest-energy 
configuration was then selected and used for the following 
calculations. Note that the diverse choice of substituted sites 
does have effect on stability: more dopants introduced, more 
diverse the substitution sites are, more thermodynamically 

different the substituted structures will be. All density 
functional theory (DFT) calculations were performed using the 
Vienna Ab initio Simulation Package (VASP),60 within the 
projector augmented wave approach.61 The total energies of all 
partially substituted structures were calculated using the 
Perdew-Burke-Ernzerhof (PBE) generalized-gradient 
approximation (GGA)62 functional with a Hubbard U63 of 3.25 eV 
for vanadium, similar to that used in the Materials Project. All 
calculations were spin-polarized, with a plane wave energy cut-
off of 520 eV and a k-point density of at least 1000/(number of 
atoms in the unit cell) applied. For phase stability assessment, 
all other pre-computed phases in the chemical systems of 
interest were obtained from the Materials Project database.64

To estimate the dopability of β- and ε-LiVOPO4, we 
calculated the neutral dopant formation energy using the 
formalism by Wei et al.65

𝐸𝑓[𝑀] = 𝐸𝑡𝑜𝑡[𝑑𝑜𝑝𝑒𝑑] ― 𝐸𝑡𝑜𝑡[𝑏𝑢𝑙𝑘] ― ∑
𝑖

𝑛𝑖𝜇𝑖

where  and are the total energies of 𝐸𝑡𝑜𝑡[𝑑𝑜𝑝𝑒𝑑] 𝐸𝑡𝑜𝑡[𝑏𝑢𝑙𝑘] 
the structure with and without the neutral dopant M, 
respectively.  is the atomic chemical potential of species i that 𝜇𝑖

varies based on different experimental conditions;  is the 𝑛𝑖

number of atoms of species i being added (  ) or removed 𝑛𝑖 > 0
( ) from the pristine structure. The lower bounds of the 𝑛𝑖 < 0
dopant formation energies are given in Error! Reference source 
not found..

To investigate the β-to-ε transition in Ti/Nb-doped 
LiVOPO4, we calculated the defect formation energies of O-
vacancy using the following equation: 

𝐸𝑓[𝑂𝑣𝑎𝑐] = 𝐸𝑡𝑜𝑡[𝐿𝑖32𝑉32 ― 𝑥𝑀𝑥𝑃32𝑂159] ― 𝐸𝑡𝑜𝑡[𝐿𝑖32𝑉32 ― 𝑥𝑀𝑥𝑃32𝑂160] + 𝜇𝑂

where  is the oxygen chemical potential ∆𝜇𝑂 = 𝜇𝑂 ―
1
2𝜇0

𝑂2

relative to , the reference state of O2 gas at standard 𝜇0
𝑂2

temperature and pressure. The oxygen vacancy was created in 
a 2x2x2 supercell at a concentration of 0.625%. The structure 
was relaxed until the energy and forces are converged to 10-5 
eV and 0.05 eVÅ-1, respectively.

The Helmholtz free energy was calculated using VASP’s 
implementation of density functional perturbation theory 
(DFPT) and the Phonopy code.66 12.5% Nb- and Ti-doped 
LiVOPO4 in 2x2x1 supercells with/without 1.25% oxygen 

      
Fig. 1. ICP data showing changes in (a) Li and (b) V content relative to P (P = 1) 
calculated from ICP as transition-metal content increases.
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vacancy were used and a more strict energy convergence 
criterion of 10-8 eV was used for all DFPT calculations. 

Results

Confirmation of substitution in LiVOPO4∙2H2O

LiVOPO4·2H2O synthesized using the hydrothermal method 
is used as the precursor for later forming LiVOPO4. Substituted 
versions are synthesized by replacing appropriate amounts of V 
with the required amount of substituent during the synthesis. 
Inductively coupled plasma with optical emission spectrometry 
(ICP) is used to quantify the amounts of each element present 
in the LiVOPO4·2H2O (Error! Reference source not found.) and 
are plotted as the Li and V content vs % substitution (Fig. 1) to 
better show changes induced by substitution. The analysis 
shows that we are successful in introducing a controlled amount 
of substituent while simultaneously reducing the amount of V 
present. We also observe that Li-deficiencies are induced upon 
the introduction of the substituents. V-deficiencies are 
expected, as the transition-metals are substituting the V. Li-
deficiencies are also expected in the Nb-substituted samples, as 

V4+ is being replaced with Nb5+. Our other studies have also 
shown that transition-metal substitution often exacerbates the 
introduction of protons within the hydrothermally synthesized 
LiVOPO4 structure, which also leads to Li-deficiencies. This may 
also be the case for transition-metal substituted LiVOPO4·2H2O, 
and may explain the presence of Li-vacancies in the Ti-
substituted samples, even if V4+ is replaced with Ti4+.

Powder X-ray diffraction (XRD) shows that the Ti-
substituted LiVOPO4·2H2O remains pure-phase up to ~3% 
substitution (Fig. 2). Past 3% Ti-substitution, some amount of β-
LiVOPO4 forms, with the 6% and 14% Ti-substituted samples 
containing ~15% and ~55% β-LiVOPO4, respectively. The 
formation of a separate β-LiVOPO4 phase in the samples with 
higher amounts of Ti-substitution is expected because the 
orthorhombic LiTiOPO4 has a structure similar to β-LiVOPO4. 
The orthorhombic LiTiOPO4 structure is also more stable than 
the triclinic LiTiOPO4 structure,67, 68 which explains why the 
orthorhombic phase forms instead of the triclinic one. We know 
that these side products are β-LiVOPO4 and not LiTiOPO4, since 
the amounts of this orthorhombic phase present are 
significantly larger than the amount of Ti in the sample. Since β-
LiVOPO4 is significantly more stable than LiVOPO4·2H2O, it is not 

Fig. 2. XRD of (a) Ti- and (b) Nb-substituted LiVOPO4·2H2O (λ=1.54053 Å).

Fig. 3. Lattice parameters of (a) Ti- and (b) Nb-substituted LiVOPO4·2H2O showing successful transition-metal substitution into LiVOPO4·2H2O.
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surprising that Ti-substitution into LiVOPO4 would cause it to 
transform into β-LiVOPO4 over LiVOPO4·2H2O. Since the goal of 
this study is to synthesize LiVOPO4, these β-LiVOPO4 side 
products are not considered as impurities. 

On the other hand, the Nb-substituted samples steadily 
become more amorphous as the amount of Nb increases. Since 
there have been no reports on a LiNbOPO4 crystal with the same 
structure as LiVOPO4, we do not expect any polymorph of 
LiVOPO4 to form as a side product in the same way as the Ti-
substituted LiVOPO4·2H2O samples. In fact, we expect the Nb-
substituted LiVOPO4·2H2O to remain with this layered structure 
since there have been reports of NbOPO4·3H2O,69 which also 
has a layered structure.

If substitution is successful, we expect the lattice 
parameters to change following Vegard’s law.70 That is, since Ti 
and Nb are larger than V, we expect some or all of the lattice 
parameters to increase (Fig. 3). In the Ti-substituted 
LiVOPO4·2H2O, we observe that the b and c lattice parameters 

increase with an increase in the amount of Ti, while the a lattice 
parameter only goes through relatively very smaller changes. 

Similarly, the lattice parameters of the Nb-substituted 
LiVOPO4·2H2O increase consistently with substitution, with the 
c lattice parameter increasing the most, followed by the b 
lattice parameter. Although the a lattice parameter does 
increase slightly, it also tapers off after ~3% substitution and 
even decreases afterwards. These changes continue up to ~15% 
substitution. Further increasing the Nb-content results in very 
amorphous XRD patterns, meaning calculations of the lattice 
parameters above 15% Nb would be fairly dubious. Finally, note 
that the lattice parameter changes of the Nb-substituted 
LiVOPO4·2H2O are larger than that of the Ti-substituted samples 
since Nb is a much larger atom than Ti.

Overall, these show that substitution is successful for both 
Ti- and Nb-substituted LiVOPO4·2H2O. 

Fig. 4. Comparison of XRD patterns of pristine and substituted LiVOPO4·2H2O in He via (a-c) the in-situ method and (d-f) the gradient heater method (λ = 0.2410 Å).

Fig. 5. Phase quantification of XRD from (a-c) the in-situ heating and (d-f) gradient heating of pristine and substituted LiVOPO4·2H2O in He showing how transition-metal 
substitution affects the amount of each phase formed.
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Thermal transformation of LiVOPO4∙2H2O into β- and ε-LiVOPO4

We have shown in a previous study that in-situ heating with 
XRD of LiVOPO4·2H2O can be used to show the differences in the 
stability of the various polymorphs of LiVOPO4.20 Here, we 
conducted a similar study, this time utilizing both in-situ heating 
with XRD and a novel technique using a gradient heater. The 
gradient heater approach is a tool for synthesis that enables the 
collection of crystallographic data from a reaction at a variety of 
temperatures simultaneously. The details for this novel 
technique are published elsewhere.54

Qualitatively, both techniques in He (Fig. 4) show that the 
material transforms with the trend of LiVOPO4·2H2O → αI → β 
→ ε, with the substituted samples containing more β-LiVOPO4 
than the pristine. To better understand these transitions, we 

used Rietveld refinement to quantify the amount of each phase 
present at each temperature (Fig. 5). First, we observe that the 
transition temperatures are similar between the in-situ and 
gradient heater methods. Both methods also show that the 
amount of β-LiVOPO4 increases with substitution, peaking at 
~600 °C. The major difference is that we measure ~70% β-
LiVOPO4 at 600 °C for both Ti- and Nb-substituted LiVOPO4 using 
the in-situ heating method while we only measure ~40-60% β-
LiVOPO4 in the gradient heater method. Although there is a 
disparity in the exact amount, both methods show that Ti- and 
Nb-substitution cause the formation of β-LiVOPO4 over ε-
LiVOPO4. A similar study was conducted in O2 (Error! Reference 
source not found. & Error! Reference source not found.), but 
these heating runs resulted in the samples transforming into 

Fig. 6. XRD from the gradient heater method in He of (a) pristine, (b-d) Ti- and (e-g) Nb-substituted LiVOPO4·2H2O (λ = 0.2410 Å).

Fig. 7. Phase quantification of the XRD of (a) pristine, (b-d) Ti- and (e-g) Nb-substituted LiVOPO4·2H2O using the gradient heater method in He showing how increasing the 
amount of transition-metal substitution affects the amount of each phase formed.

Page 6 of 18Journal of Materials Chemistry A



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins

Please do not adjust margins

highly-pure β-LiVOPO4, with no other notable transitions 
occurring. Although this proves that it is still possible to 
synthesize highly-pure β-LiVOPO4, it is difficult to show any 
differences in stability from this data. Thus, we will focus our 
discussion mainly on the data from LiVOPO4·2H2O heated in He. 

Effects of substitution on the thermodynamic stability and 
formation of β- and ε-LiVOPO4

In the previous section, we showed that the gradient 
heater method can be used to observe the various high-
temperature transitions, and the data is comparable to what is 
observed using the in-situ method. For further studies on the 
rest of the substituted samples, this gradient heater method 
was chosen over the in-situ method due to the gradient heater 
method being a more rapid measurement technique, allowing 
for more samples to be analyzed during the limited time spent 
at the synchrotron. From the XRD data (Fig. 6), we can 
qualitatively observe that as the amount of Ti- or Nb-
substitution increases, there is also an increase in the amount 
of β-LiVOPO4. This is more clearly seen by looking at the phase 
quantification diagrams (Fig. 7), where the amount of β-
LiVOPO4 quickly increases as the amount of substitution also 
increases.

Aside from the LiVOPO4, we also observe the formation of 
impurities (shown as the dark yellow phase in the phase 
quantification diagrams) as either LiVP2O7 or Li2V2(PO4)3. These 
impurities are only seen when heating the samples in a capillary 
(such as in the in-situ and gradient heater methods), and not 
seen when heating the powders in a larger quartz tube. We 
hypothesize that these impurities only formed due to the 
intense and direct heat used when heating samples in a 
capillary, which causes O-loss and V-reduction. We theorize this 
because LiVP2O7 and Li2V2(PO4)3 have average V oxidation states 
of 3+ and 3.5+, respectively, and P:O ratios of 1:3.5 and 1:4, 
respectively. These are much lower than LiVOPO4, which has a 
V oxidation state of 4+ and a P:O ratio of 1:5. Luckily, the 

impurities do not form when synthesizing the powders in the 
larger quartz tubes. We theorize this to be the case because the 
heat from the large tubes is less direct and more evenly 
dispersed, reducing the chance of large hotspots forming, which 
would result in significant O-loss and reduction of the oxidation 
states in the reducing atmosphere used.

Although these impurities affect the amount of each phase 
present, the trend still shows that the more Ti- or Nb-
substitution present, the larger the amount of β-LiVOPO4 
relative to ε-LiVOPO4. To estimate the dopability of Ti and Nb in 
two phases, we provided the dopant formation energies (Ef, Fig. 
8). Pristine ε-LiVOPO4 is 5.5 meV/atom higher in energy than β-
LiVOPO4. With an increase in doping ratio, the dopant formation 
energy per dopant decreases (see Fig. 8). Doping of Ti into β- 
and ε-LiVOPO4 is predicted to be more favorable than Nb.  This 
is in line with the experimental observations in Fig. 7, where the 
total area (amount) of Ti-doped β- and ε-LiVOPO4 is much larger 
than Nb-doped analogues.  

We have shown previously that one of the major factors in 
stabilizing either β- or ε-LiVOPO4 is the presence of O-defects.20 
Specifically, ε-LiVOPO4 forms in the presence of small amounts 
of O-vacancies. One consequence of this is that β-LiVOPO4 can 
be transformed into ε-LiVOPO4 if O-vacancies are generated. At 
high temperatures, this is possible due to small amounts of O-
loss. 

Fig. 9 shows the free energies of pristine and O-defective 
β- and ε-LiVOPO4 with 12.5% Ti and Nb doping within a 
temperature range of 0-1000K. We also calculated the O-
vacancy formation energy Ef for undoped and Ti- or Nb-doped 
LiVOPO4. To simplify the analysis, we chose to compare the 
values at ΔμO = -2.0 eV, which is the lower bound (high 
temperature or reducing atmosphere) to avoid LiVOPO4 
decomposition in Table 1. With Ti and Nb doping, the O vacancy 
formation energy generally decreases in both β- and ε-LiVOPO4, 
which explains the appearance of larger fractions of both 
phases at lower temperatures in Fig 7. 

The β-ε proportion and transition temperatures can be 
tuned by the substitution species (Ti or Nb) and doping ratios. 

 

Fig. 9. Calculated Helmholtz free energy of 12.5% Ti and Nb-substituted β- and ε-
LiVOPO4 (pristine and O-defective).

Ti

Nb

Pristine O-defective

Fig. 8. Dopant formation energy for 3%, 6%, 9%, 12% Ti and Nb-substituted 
LiVOPO4
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We found the effect of O vacancy is opposite in Ti and Nb doped 
LiVOPO4 as shown in Fig 9. For Ti-doped LiVOPO4, O vacancies 
help to stabilize β-phase at high temperatures through a larger 
free energy difference, which is also reflected in the large area 
of β phase in Fig. 7(d). For Nb, the opposite trend is true. The 
small △Ef(β-ε)  after introducing O vacancies indicate that both 
β and ε can co-exist at a wide temperature range. For example, 
with 6% Nb substitution, a very small △Ef(β-ε) of 0.09 eV makes 
β-ε transition easier than 6% Ti, which matches with observed 
large area of ε-phase in Fig 7(f). 

These calculations show that Ti- and Nb-substitution can 
tune β-ε transition with the existence of O vacancies in different 
ways and stabilize β-LiVOPO4 . We can experimentally show the 
delay in formation of O-vacancies using thermogravimetric 
analysis (TGA). Since O-vacancies form via the release of O2, the 
formation of these O-vacancies will be accompanied by a weight 
drop (Fig. 10a). Note that the values in the TGA thermogram are 
relative masses, meaning 100% mass is set at 600 °C. This 
temperature was chosen since above this temperature is where 

the β → ε transition occurs. The samples also adsorb small 
amounts of water from the air, which skews the low-
temperature weight losses if we set 100% mass at room 
temperature. 

We observe that the pristine ε-LiVOPO4 does not have any 
weight loss at high temperatures. This is because it has already 
generated O-vacancies during its synthesis. On the other hand, 
the pristine β-LiVOPO4 experiences a steady weight loss starting 
from 600 °C until around 750 °C. This coincides with the β → ε 
transition which we observed using in-situ heating with XRD in 
our previous report.20 If we then compare the pristine β-
LiVOPO4 with either of the substituted β-LiVOPO4 samples, we 
will see that the weight loss does not occur until a much higher 
temperature (~725 °C). If the TGA thermograms are then 
overlaid with the phase quantification diagrams (Fig. 10b – d) 
from in-situ heating with XRD shown previously, we see that the 
weight loss matches exactly with the β → ε transition. These 
prove that the high amount of β-LiVOPO4 in the substituted 
samples is due to the substituents delaying the formation of O-
vacancies. 

Synthesis of substituted β- and ε-LiVOPO4

From the heating data discussed previously, we have 
determined that β-LiVOPO4 can be synthesized at a high 
temperature in O2, while ε-LiVOPO4 can be formed at even 
higher temperatures in an inert atmosphere, such as He or Ar. 
The highest temperatures we can attain while maintaining good 
crystallinity are 600 °C in O2 and 900 °C in Ar. Temperatures 
higher than these cause the material to either transform into an 
amorphous phase (in O2, hypothesized to be a LixV2O5 melt) or 
simply melt (in Ar). Thus, these two temperatures will be used 
to synthesize the pure-phase β- and ε-LiVOPO4 used for the rest 
of this study.

Table 1. Summary of O-vacancy formation energies at ΔμO = -2.0 eV.

Dopant O-vac, Ef (eV) 0% 3% 6% 9% 12%

Nb
β-Nb 0.90 0.84 0.81 0.77 0.88
ε-Nb 0.75 0.50 0.72 0.58 0.79

△Ef of Nb (β-ε) 0.15 0.34 0.09 0.19 0.09

Ti
β-Ti 0.90 0.86 0.84 0.82 1.16
ε-Ti 0.75 0.51 0.51 0.51 0.59

△Ef of Ti (β-ε) 0.15 0.35 0.33 0.31 0.57

Fig. 11. XRD of (top) Ti-substituted and (bottom) Nb-substituted (left) β- and 
(right) ε-LiVOPO4 (λ=1.54053 Å).

  
Fig. 10. Weight losses associated with O-loss seen in the (a) TGA of pristine and 
substituted LiVOPO4. The (white lines) TGA thermograms are also overlaid on the 
(colored bars) in-situ heating with XRD data for (b) pristine, (c) 3% Ti-substituted, 
and (d) 3% Nb-substituted LiVOPO4.
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The resultant XRD after heating Ti-substituted 
LiVOPO4·2H2O at these temperatures (Fig. 11 top) show that we 
can get pure-phase β-LiVOPO4 and ε-LiVOPO4. Since these 
samples were synthesized in larger quartz tubes, we also did not 
form any LiVP2O7 or Li2V2(PO4)3 impurities present in the 
samples heated in capillaries. When forming β-LiVOPO4, the 6% 
Ti-substituted sample contains ~5% β-VOPO4, which increases 
to ~10% for the 14% Ti-substituted sample. The larger amount 
of β-VOPO4 is due to the fact that the higher substituted 
samples are also more Li-deficient compared to the pristine 
samples, as shown earlier by ICP. As this is simply the delithiated 
form of β-LiVOPO4, it is not considered an impurity. On the 
other hand, the ~14% Ti-substituted sample contains an 
impurity in the form ~10% LiTi2(PO4)3. This impurity contains 
~60% of the Ti within the sample, implying that the solubility 
limit of Ti in β-LiVOPO4 via this method is <14%.

High-purity Ti-substituted ε-LiVOPO4 can also be 
synthesized with <14% Ti substitution. This is because at ~14% 
Ti, there is the formation of ~6% LiTi2(PO4)3 impurity, which 
corresponds to about 40% of the Ti detected by ICP.

Looking at their lattice parameters (Fig. 12 top), we observe 
that the Ti-substituted β-LiVOPO4 experiences very small 
changes in the lattice parameters. On the other hand, the Ti-
substituted ε-LiVOPO4 experiences much larger changes in its 
lattice parameters, specifically in the a lattice parameter.

A similar heating protocol was also conducted with the Nb-
substituted LiVOPO4·2H2O. The XRD of the post-heated samples 
(Fig. 11 bottom) show that β-LiVOPO4 can be synthesized with 
high purity up to <27% Nb. At 27% Nb and above, many 
unknown impurities begin to form. On the other hand, pure-
phase ε-LiVOPO4 can be synthesized with substitution levels of 
only up to <15%. This is because at ~8% Nb-substitution, only 
~90% of the sample is ε-LiVOPO4, with the remainder being β-
LiVOPO4. Further increasing the Nb-content to ~15% results in 
~80% β-LiVOPO4. At substitution levels >15%, we also see the 
formation of LiVNb(PO4)3 as an impurity. 

Looking at their lattice parameters (Fig. 12 bottom), we see 
that the a lattice parameter for Nb-substituted β- and ε-
LiVOPO4 also increases the most compared to the other lattice 
parameters. Altogether, we can synthesize phase-pure β- and ε-
LiVOPO4 which all exhibit consistent changes in their lattice 
parameters as the amount of substitution increases. These 
suggest that Ti- and Nb-substitution into β- and ε-LiVOPO4 are 
successful. 

We further show this by comparing the experimental 
volume changes with theoretical modelled volume changes 
expected to occur when substituting either Ti or Nb into 
LiVOPO4. This comparison may be considered more accurate 
than comparing individual lattice parameter changes, especially 
for the triclinic structure, since volumes will include the effects 
of changes in the angles of the unit cell. This comparison of the 
different unit cell volumes calculated from XRD (Fig. 13a) show 
an increase in the overall volume as the amount of Ti- and Nb-
substitution increases. The samples with the smallest change in 
volume were the Ti-substituted β-LiVOPO4, while the Nb-
substituted ε-LiVOPO4 resulted in the largest increase in 
volume. Predicted unit cell volumes upon substitution (Fig. 13b) 
predict increases in the volumes of all the Ti- and Nb-
substituted samples, which fits the experimental data. 

Fig. 12. Changes in lattice parameters due to (top) Ti- and (bottom) Nb-substitution into (left) β- and (right) ε-LiVOPO4 showing successful Ti- and Nb-substitution 
in both β- and ε-LiVOPO4.

Fig. 13. Comparison of (a) experimental and (b) calculated volumes for (violet) Ti- 
and (magenta) Nb-substituted (solid) β- and (open) ε-LiVOPO4 showing successful 
Ti- and Nb-substitution in both β- and ε-LiVOPO4.
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Additionally, it predicts that Ti-substituted β-LiVOPO4 would 
experience a very small change in volume, which matches with 
the observed experimental volume changes. It also predicts the 
larger volume change due to Nb-substitution, which fits our 
experimental results. These increases in volume are due to the 
larger size of the Ti4+ and Nb5+ substituents (with ionic radii of 
0.61 Å and 0.64 Å, respectively) compared to the that of V4+ 
(0.58 Å).71 Note that the base theoretical volumes are larger 
than the experimental values. These differences are expected 
when comparing the theoretical calculations with the 
experimental values, which we have reported previously.21 
More importantly, the differences in the volumes induced by 
substitution predicted by our calculations match well with what 
is seen experimentally. 

Overall, we show that we can successfully synthesize Ti- 
and Nb-substituted β- and ε-LiVOPO4, up to a certain extent. We 
show that Ti-substitution into both β- and ε-LiVOPO4 are 
successful with up to ~6% substitution. Above these levels, we 
start seeing the formation of Ti-rich impurities. Similarly, Nb-
substitution into both β- and ε-LiVOPO4 is possible up to ~15% 
for β-LiVOPO4 and ~8% for ε-LiVOPO4. Above ~8% substitution, 
the ε-LiVOPO4 is still substituted, but is no longer phase-pure ε-
LiVOPO4 as there is also a large amount of substituted β-
LiVOPO4 present within the material. Above these levels, we 
also see the formation of various impurities.

Probing the effects of substitution on the initial electrochemical 
performance of LiVOPO4 using X-ray Absorption Spectroscopy

Once the specific conditions for synthesizing pure-phase β- 
and ε-LiVOPO4 have been identified, their electrochemical 
performance can be tested. The first full cycle of each 
substituted sample (Fig. 14) can be used to immediately 
ascertain if the substitution had a positive or negative effect on 
the electrochemical performance. For Ti-substituted β-LiVOPO4, 
we see that increasing the amount of substitution also increases 
the initial capacity by lengthening the high-voltage plateau. On 
the other hand, the Ti-substituted ε-LiVOPO4 samples perform 
slightly worse than the pristine ε-LiVOPO4. For Nb-substituted 
β-LiVOPO4, the 1% sample has the best performance, followed 
by the 3% Nb sample, then the pristine sample. These 
improvements were also due to the lengthening of the high-
voltage plateau. For Nb-substituted ε-LiVOPO4, the 1% Nb and 
the pristine samples roughly have the same electrochemical 
performance, while the 3% Nb sample performed poorly, due 
to a much shorter low-voltage plateau. 

Ex-situ X-ray absorption spectroscopy (XAS) of cycled 
LiVOPO4 is a powerful tool to understand the processes 
occurring during this initial cycling because it can measure the 
oxidation states of the V, Ti, and Nb. These would allow us to 
determine which species are causing changes in capacity. First, 
we note that the Ti K-edge (Fig. 15 top) shows that the Ti is in 
the 4+ oxidation state, since the edge and pre-edge features of 
the Ti-substituted β- and ε-LiVOPO4 both match those of TiO2. 
We do also not expect Ti to be redox active, since the Ti3+/Ti4+ 
redox voltage is at 1.51 V. This agrees with the fact that we do 
not see any redox reactions not associated with LiVOPO4. While 
we were unable to measure Ti redox during cycling due to its 

low concentration within the electrodes, we assume this low 
concentration of Ti to have marginal capacity contribution if 
ever it was electrochemically active.

On the other hand, Nb XAS shows that the Nb is in the Nb5+ 
state, since its edge matches that of Nb2O5 (Fig. 15 bottom). 
During cycling, we also note that the Nb XAS does not shift, 
meaning Nb remains in the 5+ state and does not contribute to 
the overall capacity.

Thus, we would expect that all the differences in capacity 
should be due to changes in the V oxidation state. Looking at 
the V XAS (Fig. 16), we observe that all the uncycled samples 
have a V oxidation state of 4+, which is expected of LiVOPO4. All 
the phases also reach V3+ on the first discharge going from OCV 
to 1.5 V, which is expected since intercalation at the low-voltage 
region is facile.17, 20 Thus, any improvements in the 
electrochemical performance would focus mainly on the high-
voltage region. As expected, the first charge up to 4.5 V is where 
a lot of the differences begin to appear. Pristine β-LiVOPO4 does 
not reach full V5+, which agrees with the fact that we do not 
attain full theoretical capacity. On the other hand, the 1% Ti 

Fig. 14. Changes in the 1st cycle electrochemical performance at C/20 due to 
transition-metal substitution in LiVOPO4.

Fig. 15. Ti and Nb XAS in substituted β- and ε-LiVOPO4 showing Ti in the 4+ state 
and Nb in the 5+ state.
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sample charged to 4.5 V has a higher amount of V5+ compared 
to the pristine, indicating that the Ti improved the high-voltage 
capacity. This is in agreement with the 1st cycle data discussed 
previously. The same observation can be made with the 1% Nb 
β-LiVOPO4 sample, which has an even higher capacity than the 
1% Ti sample and has a larger amount of V5+. Looking at ε-
LiVOPO4, we see that the pristine, 1% Ti, and 1% Nb samples all 
have similar amounts of V5+ when charged to 4.5V, which fits 
with the observation that they all have similar 1st cycle 
capacities.

Thus, we see here that Ti and Nb improve the initial 
electrochemical performance by improving the high-voltage 
capacity of β-LiVOPO4. On the other hand, substitution does not 
greatly affect the ability of ε-LiVOPO4 to reach V5+, which 
explains the limited change in its initial cycling performance.

Effect of substitution on the long-term cycling capability and rate-
performance of β- and ε-LiVOPO4

The effect of substitution is not only limited to the initial 
capacities. Long-term cycling (Fig. 17) shows that, the pristine 
samples quickly fade in capacity (whether it is β- or ε-LiVOPO4). 
On the other hand, all the substituted samples tested (with 
substitution levels ranging from 1% to 3%) resulted in 
significantly improved long-term cycling performance, 
regardless of polymorph.

For Ti-substituted β-LiVOPO4, the 3% substituted sample 
performed the best, followed by the 1% Ti sample and then 
pristine. This trend matches the initial capacities of Ti-
substituted β-LiVOPO4, suggesting that the improved cycling 

performance may be related to the improved high-voltage 
capacity. Looking at the voltage profiles over several cycles (Fig. 
18), we see that capacity fade in the Ti-substituted β-LiVOPO4 is 
less in the high-voltage region compared to the pristine. Thus, 
we conclude that the Ti improves the cycling performance of β-
LiVOPO4 by improving the electrochemical performance in the 
high-voltage region.

 

Fig. 16. V K-edge XAS of pristine and 1% substituted β- and ε-LiVOPO4 showing how transition-metal substitution affects the V-redox, mainly in the V4+/V5+ redox 
couple.

Fig. 17. Long-term cycling data showing improvements in capacity retention due 
to transition-metal substitution.
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There is no change in the initial cycling performance due to 
substitution within Ti-substituted ε-LiVOPO4. However, long-
term cycling data shows that the 1% Ti sample has the best 
cycling performance, followed by the 3% Ti sample, then the 
pristine. The voltage profiles of these samples show that 
substitution reduces the washing out of the low-voltage region 
while also maintaining the capacity in the high-voltage region. 
These all clearly show that Ti-substitution into ε-LiVOPO4 
significantly improves the overall electrochemical performance.

For Nb-substituted β-LiVOPO4, the 1% substituted sample 
retains the most capacity over several cycles, followed by 3% Nb 
and the pristine. This trend also matches with the initial 
capacities of Nb-substituted β-LiVOPO4. Looking at the voltage 
profiles over several cycles, we see that the 1% Nb sample 
retains its large capacity by stabilizing both the high- and low-
voltage regions. The 3% Nb sample maintains a stable high-
voltage plateau but slowly loses capacity in the low-voltage 
region, which explains why it performs poorly compared to the 
1% Nb sample.

Conversely, the Nb-substituted ε-LiVOPO4 shows that both 
the 1% and 2.5% Nb samples experience very little capacity 
fade. Although the 2.5% Nb sample does begin with the lowest 
capacity due to a shorter low-voltage region, it quickly recovers 
and attains a similar capacity to the 1% Nb sample. The voltage 
profiles over several cycles show that the high- and low-voltage 
plateaus do not significantly change over several cycles for the 
substituted samples. 

As mentioned previously, one major goal for transition-
metal substitution is the improvement of the rate capability of 
LiVOPO4. A comparison of the capacities at different C-rates of 
the best performing samples for each substituent and 
polymorph (Fig. 19) shows that all the substituted samples have 
superior rate performance compared to the pristine. For β-
LiVOPO4, the 1% Nb-substituted sample resulted in the overall 
best rate capability. Although the 3% Ti-substituted sample also 
had a good rate capability, its performance significantly 
dropped at rates higher than C/10. For ε-LiVOPO4, both 1% Ti-
substituted and 1% Nb-substituted samples performed 
similarly. It should be noted that there were some charging 

issues with the 1% Ti-substituted ε-LiVOPO4 and low-rate 
cycling in the pristine ε-LiVOPO4 sample. This was occasionally 
observed within the samples heated at 900 °C, suggesting that 
this excessively high temperature may have some detrimental 
effects on the overall cycling performance of the materials.

Probing the causes of the improved electrochemical performance

To explain the overall improved electrochemical 
performance, we conducted cyclic voltammetry (CV) 
experiments (Fig. 20a – c) to estimate the overall Li+ diffusion 
coefficients (Fig. 20d). The specifics related to these calculations 
for LiVOPO4 are discussed elsewhere.21 The 1% Nb- and 3% Ti-
substituted β-LiVOPO4 samples were selected for this test 
because they were the best-performing Ti- and Nb-substituted 
samples. We also tested the pristine sample to serve as a 
baseline. We did not test ε-LiVOPO4 as the initial cycling data 
and XAS data showed that there were no significant changes 
with the initial cycling of ε-LiVOPO4.

The estimated overall Li+ diffusion coefficients from CV 
(DCV) during discharge show that the low-voltage region has 
significantly larger Li+ diffusivity compared to the high-voltage 
region. This explains why the material easily reaches V3+ at 1.5 
V but cannot fully reach V5+ at 4.5 V. Additionally, we see that 
both substituted samples exhibited superior values for DCV 
compared to the pristine, especially in the high-voltage region 
where most of the improvements in capacity occur. Thus, the 

Fig. 18. Voltage profiles over several cycles of pristine, Ti-substituted, and Nb-substituted LiVOPO4 showing how substitution affects capacity fade in the high- and low-voltage 
regions. 

    
Fig. 19. Rate performance comparing pristine with the best performing 
substituted samples of (left) β- and (right) ε-LiVOPO4 (C = 305 mAh/g).
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improved electrochemical performance can be attributed to Ti- 
and Nb-substitution improving the overall Li+ diffusion.

We then go a step further and use electrochemical 
impedance spectroscopy (EIS) in order to identify the sources of 
this improved overall Li+ diffusion. The samples were tested at 
the end of charge (4.0 V), middle of the discharge (3.4 V), and 
at the end of discharge (1.6 V) to represent the impedances 
within VOPO4, LiVOPO4, and Li2VOPO4, respectively. 
Qualitatively, the substituted samples exhibit smaller overall 
impedances compared to the pristine sample, as shown by the 
overall smaller diameters of the semicircles in the Nyquist plots 
(Fig. 21a – c). We can quantitatively measure this improvement 
by modelling the Nyquist plots using a modified Randles circuit 
(Fig. 21d). Rs represents the internal resistance of the cell, which 
is associated to the general resistances within the cell due to 
the inherent resistances within all the materials encompassing 
the cell. Rct represents the charge-transfer resistance, which is 
associated with the exchange of electrons as the Li+ transitions 
from the electrolyte onto the surface of the active material (and 
vice versa). A constant phase element (CPE) is placed in series 

with the Rct to represent the Warburg impedance, which can be 
used to model the diffusion of Li+ within the bulk of the active 
material. Ideally, this Warburg impedance should be a straight 
line with an angle of 45 ° in the Nyquist plot. However, our 
experimental data shows deviations from this angle. Thus, a CPE 
is instead used in the model to account for this deviation. The 
extent of this deviation can be quantified using the variable α 
(Error! Reference source not found.), which is a measure of 
how close a CPE is to other electronic components. As α 
approaches 0.5, the CPE approaches the ideal behaviour of a 
Warburg impedance and the angle of the Warburg portion in 
the Nyquist plot approaches 45 °. Note that the deviations are 
not significantly large, with the exception of the 4.0 V sample 
containing 1% Nb-substitution. Thus we can conduct bulk 
diffusion calculations using all the Warburg impedance data 
sets with the exception of the 4.0 V sample containing 1% Nb-
substitution. Finally, the CPE parallel to Rct represents the 
electric double layer (EDL) on the surface of the active 
materials. A CPE is used here instead of a capacitor due to the 

 
Fig. 20. CV data for (a) pristine, (b) 1% Nb-, and (c) 3% Ti-substituted LiVOPO4, with the (d) estimated overall Li+ diffusion coefficients during discharge.

 

Fig. 21. EIS data showing a comparison between the experimental and fitted Nyquist plots at different charge states: (a) 4.0V, (b) 3.4V, and (c) 1.6V. The fittings used (d) a 
modified Randles circuit, which was then used to (e) calculate the series and charge-transfer resistances The Warburg diffusion region of the EIS plots were also (f) used to 
estimate the bulk Li+ diffusion coefficients.
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EDL of the material not acting as an ideal capacitor, which is 
often the case in Li-ion batteries.

The values for all these model components can be 
estimated by creating a fit with the EIS data (solid lines in Fig. 
21a – c). The analysis will focus on the changes to the values for 
Rs, Rct (Fig. 21e), and the bulk Li+ diffusion coefficient calculated 
using the Warburg impedance (DW). Rs shows if transition-metal 
substitution will cause any significant changes in the electronic 
resistance of the active material. Rct shows changes in the ease 
of transfer of electrons during the insertion of Li+ form the 
electrolyte onto the surface of the active material (or for the 
reverse reaction). Finally, DW shows changes in ability of Li+ to 
diffuse within the bulk of the active material. DW is estimated 
using the Warburg coefficient based on the method described 
by Ho et al.58 Since there is a slight deviation in the calculated 
Warburg coefficients due to the non-deal Warburg behaviour, 
the Warburg coefficients are estimated separately using both 
the real and imaginary impedances. Values of DW using both 
forms of impedances are reported here.

In general, the values for both Rs and Rct are lower for the 
substituted samples compared to the pristine (Fig. 21e). 
However, the values for Rs are insignificant relative to Rct, 
meaning charge-transfer is a more significant limiting factor 
than the inherent resistance of the cell. We also see that both 
Ti- and Nb-substitution improve the charge-transfer resistance, 
which would partially explain the improved electrochemical 
performance of the substituted samples. Looking then at the 
bulk diffusion coefficients, we see that Ti-substitution 
significantly improves the bulk Li+ diffusivity while Nb-
substitution does not. However, note that these values are in 
the range of 10-10 cm2/s, much larger than the overall Li+ 
diffusion coefficient (DCV) of 10-12. Since the overall Li+ diffusion 
is a combination of bulk Li+ diffusion and Li+ charge-transfer at 
the surface, our data suggests that charge-transfer is the overall 
rate-limiting step during discharge. This fact is in agreement 
with the CV data, which suggests that the electrochemical 
reaction is quasi-reversible. We say this because as the scan rate 
is increased, the electrochemical peaks shift, which is indicative 
of an electrochemically quasi-reversible reaction. In other 
words, the CV data suggests that the charge-transfer at the 
surface is possibly slower than the diffusion of Li+ within the 
bulk, which matches our EIS data. 

Thus, improvements in the electrochemical performance 
are more likely to be the result of improvements in the charge-
transfer occurring at the surface of the active materials. This 
suggests that there may be some form of improved interface 
between the active material and the electrolyte, which 
improves the transition of Li+ ions from the electrolyte onto the 
surface of the active material (or vice versa). 

To confirm the presence of such an interface, high 
resolution transmission electron microscopy (HRTEM) images 
were taken comparing the pristine and the 3% Ti-substituted β-
LiVOPO4 samples. The 3% Ti-substituted sample was selected 
among all the samples as this resulted in the overall largest drop 
in the charge-transfer resistance. As can be seen from the 
HRTEM image of the pristine β-LiVOPO4 powder (Fig. 22a), there 
is no difference between the bulk region and surface areas, 
which could be verified by the magnified view and 
corresponding diffractograms (fast Fourier transform) in the 
bulk region (Fig. 22b and Fig. 22c) and surface area (Fig. 22d and 
Fig. 22e). However, once substituted with Ti, we could clearly 
observe a change at the surface (Fig. 22f). The HRTEM image in 
the bulk region of the Ti-substituted β-LiVOPO4 (Fig. 22g) shows 
the alternate bright and faint contrast of the (010) planes. The 
HRTEM image at the surface area shows the “all bright” contrast 
of the (020) planes (Fig. 22i). Corresponding diffractograms (Fig. 
22h and Fig. 22j) also confirm this by the disappearance of the 
(010) spot in the surface region, which may be caused by Ti 
substitution. This shows that there is indeed the formation of a 
surface layer on the transition-metal substituted LiVOPO4 which 
may have a different composition compared to the bulk. This 
new surface layer may be the cause for the improved charge 
transfer during cycling.

Discussion

We have previously shown that LiVOPO4·2H2O is a good 
precursor to study the differences in thermodynamic stability 
and electrochemical performance between β- and ε-LiVOPO4, 
two of the most stable polymorphs of LiVOPO4. We have also 
previously shown that the major difference between the two 
phases is the fact that ε-LiVOPO4 becomes more stable than β-
LiVOPO4 in the presence of O-vacancies.20, 21 We utilize similar 
techniques in this study, where we show that Ti- and Nb-
substitution stabilize β-LiVOPO4 over ε-LiVOPO4. Our 
calculations show that this is attributed to the substituents 

          
Fig. 22. Comparison of structures of the bulk and surface in pristine and 3%Ti substituted β-LiVOPO4. HRTEM images of (a) the pristine β-LiVOPO4 particle, with (b) 
the magnified view of the bulk region and (c) its corresponding FFT image. This can be compared to (d) the magnified view of the surface region of the pristine 
sample with (e) its corresponding FFT image. Similar images are taken for the (f) Ti substituted β-LiVOPO4 particle, with (g) the magnified view of the bulk region 
and (h) its corresponding FFT image. Finally, (i) the magnified view of the surface region of the Ti-substituted sample, with (e) its corresponding FFT image.
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inhibiting the formation of O-vacancies, and not due to changes 
in the inherent thermodynamic stability of either phase during 
substitution. That is, Ti- and Nb-substitution impede the 
formation of O-vacancies, which inhibits the β → ε transition. 
We showed this experimentally by observing the β → ε 
transition utilizing XRD taken from both the in-situ heating and 
the novel gradient heating methods, as well as TGA to observe 
the drop in weight due to O-loss.

Overall, β-LiVOPO4 can be synthesized from LiVOPO4·2H2O 
by heating the precursor at 600 °C in O2. Temperatures higher 
than this causes LiVOPO4 to react to form an amorphous melt, 
hypothesized to be LixV2O5. Conversely, ε-LiVOPO4 can form by 
annealing the precursor at a high temperature (in this case, 900 
°C in Ar). Above this temperature, LiVOPO4 begins to melt. The 
formation of impurities also limits our ability to introduce 
substituents into LiVOPO4. High amounts of Ti results the 
formation of LiTi2(PO4)3. Limits to the amount of Nb-
substitution in LiVOPO4 are mainly due to the formation of 
unknown impurities or the material with high levels of 
substitution melting before O-vacancies can be generated. 
Overall, we show that it is possible to substitute Ti into LiVOPO4 
with up to ~6% Ti in both β- and ε-LiVOPO4. Similarly, up to ~15% 
Nb can be substituted into β-LiVOPO4 and <8% into ε-LiVOPO4.

We focused our electrochemical testing on the samples 
with <5% substitution, namely the pristine, 1%, and 3% 
substituted samples. Literature generally shows that the low-
substituted samples have superior electrochemical 
performance compared to the highly substituted samples, even 
for LiVOPO4.38-41 The samples with low levels of substitution also 
generally resulted in more pure-phase products, eliminating the 
possible effects of unseen impurities or small amounts of β-
LiVOPO4 appearing in the ε-LiVOPO4.

Firstly, XAS confirms that Ti is in the 4+ oxidation state 
while Nb is in the 5+ state. Additionally, it shows that Nb is not 
electrochemically active. We also do not expect Ti redox to 
contribute to the overall capacity due to its low redox potential 
and low concentration. Thus, any capacity changes are due 
solely to V redox. XAS also shows that both Ti- and Nb-
substitution cause an improvement in the ability of β-LiVOPO4 
to reach V5+. However, they do not significantly improve the 
amount of V5+ in ε-LiVOPO4.

Interestingly, both Ti- and Nb-substitution improve the 
long-term cycling of LiVOPO4, regardless of polymorph, 
substituent used, or whether it improved the initial capacity or 
not. However, different levels of substitution also result in 
different effects on the long-term cycling, just as it did with the 
initial capacity. The rate capabilities of the substituted samples 
were also superior to those of the pristine samples. It was also 
observed that the samples synthesized at 900 °C occasionally 
had charging issues, which we attribute to this high synthesis 
temperature. To our knowledge, no other report has discussed 
the electrochemical performance of LiVOPO4 synthesized at 
such a high temperature (> 800 °C), so we currently are unsure 
why these charging issues are observed. 

In order to understand the mechanisms behind the overall 
improvements in the electrochemical performance, various 
other tests were conducted comparing the pristine samples 

with the substituted samples. The overall diffusion coefficient 
of Li+ was estimated using CV and shown to improve with 
substitution. This directly explains the overall improved 
electrochemical performance of the substituted samples. EIS 
allowed us to go one step further and identify the various 
changes which may cause this improved overall Li+ diffusion 
coefficient. We show that, although the internal resistances of 
the cells do decrease and the Ti-substituted samples do have 
improved bulk Li+ diffusion coefficients, the main drivers for the 
improved electrochemical performances were the significant 
drops in the charge-transfer resistances upon substitution. This 
suggests the possible formation of a surface layer or coating 
that facilitates the transition of the Li+ ion from the electrolyte 
to the active material and vice versa. We show that this is, 
indeed, the case in the Ti-substituted sample. HRTEM shows the 
formation of a surface phase corresponding to β-LiVOPO4 
missing the (010) planes in the Ti-substituted sample. This 
surface phase was not present within the pristine and possibly 
explains the overall improved electrochemical performance of 
the Ti-substituted samples. Although we do not have HRTEM 
images of the Nb-substituted samples, we hypothesize that it 
may have a similar surface layer.

The use of small amounts of substituents to improve the 
electrochemical performance via the formation of a surface 
layer is very similar to how Al is used in NCA.72 This shows that 
low levels of substitution may be a viable method for the 
introduction of surface coatings.

While we were not the first to report on Ti-substitution in 
LiVOPO4, the study by Lee et al. was only limited to cycling 1 Li 
in ε-LiVOPO4.40 They also show that Ti-substitution does 
improve the cycling capability of ε-LiVOPO4, which is in 
agreement with our results. They attribute this to the improved 
overall kinetics upon substitution, which is in agreement with 
our results as well. Interestingly, when they substituted Ti into 
ε-LiVOPO4, there is an increase in the peak intensities of their β-
LiVOPO4 side-products. This is in agreement with our results and 
predictions that Ti-substitution should stabilize β-LiVOPO4 over 
ε-LiVOPO4. This shows that our observations are not merely 
limited to Ti-substitution into LiVOPO4·2H2O. In their 
electrochemical testing, they also did not take into account the 
possible effects of this β-LiVOPO4 phase on the electrochemical 
performance of ε-LiVOPO4. Overall, we are able to expand upon 
their electrochemical study by showing that Ti-substitution has 
different effects on β-LiVOPO4 compared to ε-LiVOPO4. We also 
conducted our tests over the full 2-Li cycling window and 
showed other possible mechanisms involved in improving the 
capacity, namely the improved charge-transfer resistance and 
the presence of the surface layer.

There is also a rising interest in Nb-substitution into 
(Li)VOPO4. This report adds to this group of studies by focusing 
on how Nb-substitution affects both major polymorphs over the 
full 2-Li cycling window, and gives some possible explanations 
for this improved electrochemical performance.
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Conclusion
This study contributes to the overall literature of transition-

metal substitution into LiVOPO4 by showing the changes in the 
thermodynamic stability and electrochemical performance of β- 
and ε-LiVOPO4 upon substitution of V with either Ti or Nb. 
Specifically, we show that both Ti- and Nb-substitution stabilize 
β-LiVOPO4 by inhibiting the formation of O-vacancies. Thus, we 
are able to synthesize pure-phase, substituted β-LiVOPO4 with 
varying amounts of substitution. Conversely, we can still 
synthesize pure-phase, substituted ε-LiVOPO4, albeit at an 
increased temperature compared to the pristine. We have also 
shown that substitution is a promising method for improving 
the electrochemical performance of LiVOPO4. With the 
exception of the 3% Nb-substituted ε-LiVOPO4, all the 
substituents up to 3% either significantly improved or only 
slightly decreased the 1st cycle capacity of LiVOPO4. 
Additionally, the 3% Nb-substituted ε-LiVOPO4 sample quickly 
increased its capacity, matching the capacity of the other 
phases by the 6th cycle. Over several cycles, we have shown that 
all the substituted samples (even the 3% Nb-substituted 
sample) had better capacity retention and rate performance 
than the pristine for both β- and ε-LiVOPO4. We showed that Nb 
was in the 5+ oxidation state and was not electrochemically 
active during cycling. Similarly, we show that Ti is in the 4+ 
oxidation state. Although we could not measure the oxidation 
state of Ti during cycling, do not expect it to be 
electrochemically active due to its low redox potential and low 
concentration. We show then that the improved 
electrochemical performance is due to an increase in the overall 
Li+ diffusion coefficient, which is driven by a lower charge-
transfer resistance. One possible cause of this improved 
resistance is the formation of a surface layer or coating which 
possibly facilitates the transfer of Li+ from the electrolyte into 
the cathode and vice versa, which we confirmed to be present 
in the 3% Ti-substituted sample.
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