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Electrochemical Investigation of Calcium Substituted
Monoclinic Li3V2(PO4)3 Negative Electrode Materials for
Sodium- and Potassium-Ion Batteries

Qiang Fu,* Bingrui Guo, Weibo Hua, Angelina Sarapulova, Lihua Zhu, Peter G. Weidler,
Alexander Missyul, Michael Knapp, Helmut Ehrenberg, and Sonia Dsoke*

Herein, the electrochemical properties and reaction mechanism of
Li3‒2xCaxV2(PO4)3/C (x = 0, 0.5, 1, and 1.5) as negative electrode materials for
sodium-ion/potassium-ion batteries (SIBs/PIBs) are investigated. All samples
undergo a mixed contribution of diffusion-controlled and
pseudocapacitive-type processes in SIBs and PIBs via Trasatti Differentiation
Method, while the latter increases with Ca content increase. Among them,
Li3V2(PO4)3/C exhibits the highest reversible capacity in SIBs and PIBs, while
Ca1.5V2(PO4)3/C shows the best rate performance with a capacity retention of
46% at 20 C in SIBs and 47% at 10 C in PIBs. This study demonstrates that
the specific capacity of this type of material in SIBs and PIBs does not increase
with the Ca-content as previously observed in lithium-ion system, but the
stability and performance at a high C-rate can be improved by replacing Li+

with Ca2+. This indicates that the insertion of different monovalent cations
(Na+/K+) can strongly influence the redox reaction and structure evolution of
the host materials, due to the larger ion size of Na+ and K+ and their different
kinetic properties with respect to Li+. Furthermore, the working mechanism of
both LVP/C and Ca1.5V2(PO4)3/C in SIBs are elucidated via in operando
synchrotron diffraction and in operando X-ray absorption spectroscopy.

1. Introduction

Recently, sodium-ion batteries (SIBs) and potassium-ion batter-
ies (PIBs) have received much attention for large-scale energy
storage to preserve lithium-ion batteries (LIBs) owing to their
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abundant resources and low cost as well as
to the similar “rocking chair” working prin-
ciple as in LIBs. Meanwhile, Aluminum can
be used as the current collector in posi-
tive and negative electrodes for both SIBs
and PIBs, whereas an expensive and heavier
Cu foil must be used as a current collector
in negative electrodes for LIBs, because of
the Li–Al alloy formation at low potential.[1]

Potassium-ion in propylene carbonate (PC)
displays a lower ion-solvent interaction due
to lower desolvation energy and a smaller
solvated ion compared to Li- and Na-ion, re-
sulting in fast diffusion kinetics and high
rate capability.[2] However, due to the large
ionic radius of Na+ (1.02 Å) and K+ (1.38
Å),[3] (which results in sluggish diffusion ki-
netics), SIBs and PIBs are still facing big
challenges, such as sluggish diffusion ki-
netics in host structures.

Graphite is commonly used as nega-
tive electrode material for LIBs because
of its flat and low working potential (0.1–
0.2 V versus Li+/Li) and relatively high spe-
cific capacity (372 mAh g−1). Unfortunately,

graphite is electrochemically less active in Na cells and cannot
be used as an insertion host in SIBs since Na+ insertion into
graphite is significantly impeded,[4] while it is possible to coin-
tercalate Na-diglyme species.[5] This might be due to the unfa-
vorable mismatch between the graphite structure and the size of

W. Hua
School of Chemical Engineering and Technology
Xi’an Jiaotong University
Xi’an, Shaanxi 710049, P. R. China
P. G. Weidler
Institute of Functional Interfaces (IFG)
Chemistry of Oxidic and Organic Interfaces (COOI)
Karlsruhe Institute of Technology (KIT)
Hermann-von-Helmholtz-Platz 1, D-76344 Eggenstein-Leopoldshafen,
Germany
A. Missyul
CELLS-ALBA Synchrotron
Cerdanyola del Valles, Barcelona E-08290, Spain

Small 2023, 2304102 © 2023 The Authors. Small published by Wiley-VCH GmbH2304102 (1 of 12)

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmll.202304102&domain=pdf&date_stamp=2023-07-02


www.advancedsciencenews.com www.small-journal.com

the Na+ ion and the energetic instability of the Na-graphite inter-
calation compounds.[6] Unlike the poor performance of graphite
in SIBs, graphite can form KC8 by K+ ion intercalation with the
high charge capacity of 273 mAh g−1 and good reversibility.[7]

However, graphite also suffers from volume expansion and un-
satisfactory cycling stabilities during potassium ion intercala-
tion/deintercalation, which might cause safety issues and low
Coulombic efficiency and hinder its practical application.[8] At
present, hard carbon is considered the best option for SIBs and
exhibits a low potential plateau ≤0.2 V (Na+/Na) with a high ca-
pacity, delivering high power density in SIBs. Meanwhile, hard
carbon delivers stable cycling performance in PIBs and is con-
sidered as a “reference” negative electrode material for SIBs due
to its low cost, 3D structure, high specific capacity, and renewable
resources.[9] Moreover, a large variety of hard carbon can be devel-
oped depending on the peculiar properties (porosity surface area,
etc.).[9–10] Recently, the company CATL has launched commer-
cial SIBs, consisting of a Prussian-white positive electrode and
a hard carbon negative electrode with porous structure, where
the battery provides a high energy density of 160 Wh kg−1 and
fast charge to 80% state of charge (SOC) in 15 min.[11] Despite
these progresses, it is necessary to develop other attractive nega-
tive electrode materials for SIBs and PIBs.

Recently, lithium vanadium phosphate Li3V2(PO4)3 (LVP) has
attracted much attention as an electrode material for LIBs due to
its excellent cycling stability, high thermal stability, and low syn-
thetic cost.[12] Moreover, LVP has two different crystal structures:
rhombohedral and monoclinic, with the space groups R-3 and
P21/n, respectively. In the monoclinic phase, all three Li are mo-
bile and are more facile to move in/out of the structure than in
the rhombohedral one.[13] Besides, LVP can be employed as both
positive and negative electrodes in LIBs due to its wide potential
range.[12] However, pure LVP suffers from low intrinsic electronic
conductivity, which may limit the application of this material in
high-power devices.

To improve its electronic conductivity effectively, two strate-
gies, including surface carbon coating and substitution of Li/V,
are adopted.[12,14] Carbon sources are used as reducing agents
to reduce V5+ to V3+ and to relieve aggregation/growing-up of
LVP particles during synthesis. The substitution of Li/V with
Ca2+ and Mg2+ can facilitate the Li+ ion transport in the struc-
ture and improve the structure stability, cycling stability, and rate
capability. For instance, the effect of Ca2+-substituted LVP neg-
ative electrodes in LIBs was investigated by our group,[14a] who
discovered that Li3−2xCaxV2(PO4)3/C compounds deliver specific
capacities of 390, 274, 393, and 493 mAh g−1 at 1 C for x =
0, 0.5, 1, and 1.5, respectively. Despite the high polarization
at 200 C, the electrodes deliver specific capacities higher than
50 mAh g−1, indicating the high potential as promising negative
electrode candidates for the realization of advanced high-power
and energy devices. Our team[15] and other groups[16] reported
Na3V2(PO4)3/C (NVP/C) negative electrodes for SIBs, which de-
livers a reversible capacity of 170 mAh g−1 at 20 mA g−1 in the
potential range of 3.0–0.01 V versus Na+/Na, corresponding to 3
Na+ ions insertion/extraction. NVP/C exhibits long-cycle life with
62% capacity retention after 3000 cycles at 2 A g−1. Zhang and
coworkers[17] reported that NASICON-type K3V2(PO4)3 (KVP) de-
livers a reversible specific capacity of 130 and 91 mAh g−1 as
both, negative and positive electrodes in the range of 2.5–1.0 V

(negative electrode) and 2.0–4.0 V (positive electrode) for PIBs,
respectively. Recently, we also reported a new pseudocapacitive
Mg3V4(PO4)6/carbon negative electrode for Li/Na/K-ion batter-
ies, which exhibits initial discharge/charge capacities of 961/607
mAh g−1 and capacity of over 547 mAh g−1 in the following five
cycles for LIBs, much lower initial discharge/charge capacity of
236/63 and 301/64 mAh g−1 for SIBs and PIBs, respectively.[18]

By considering the above exciting results, we aim to extend
the study of monoclinic LVP and Ca-substituted LVP as nega-
tive electrode materials for SIBs and PIBs and investigate the
electrochemical properties of Li3−2xCaxV2(PO4)3/C (x = 0, 0.5,
1, and 1.5). Meanwhile, the insertion-type LVP-based materials
possess low volume change during cycling and therefore have
a high level of safety and stability. Furthermore, in operando
synchrotron diffraction and in operando X-ray absorption spec-
troscopy (XAS) elucidated the working mechanism of both LVP/C
and Ca1.5V2(PO4)3/C in SIBs.

2. Experimental Section

2.1. Synthesis of Li3‒2xCaxV2(PO4)3/C

A series of materials Li3‒2xCaxV2(PO4)3/C (x = 0, 0.5, 1, and
1.5) were synthesized by ball-milling (Planetary Micro Mill, PUL-
VERISETTE 7, premium line, FRITSCH) and carbon-thermal re-
duction method. The same procedure can be found in our pre-
vious work,[14a] where a different type of ball-milling machine
(Planetary Mono Mill PULVERISETTE 6 classic line, FRITSCH)
was used.

2.2. Structural and Morphological Characterization

The carbon content in Li3−2xCaxV2(PO4)3/C (x = 0, 0.5, 1.0, and
1.5) was studied by thermo-gravimetric analysis (TGA) on STA
449C (Netzsch GmbH) under O2 flow. The crystal structure of
the materials was investigated using synchrotron radiation at the
beamline P02.1 at DESY in Hamburg (𝜆 = 0.20723 Å, 60 keV).[19]

Powder samples were measured in a glass capillary (0.5 mm
in diameter). The diffraction data were analyzed by the Rietveld
method using the Fullprof software package.[20] The morphology
of materials was studied with a Zeiss Supra 55 Scanning Elec-
tron Microscope (SEM). A LabRam Evolution HR from Horiba
equipped with HeNe laser (633 nm, 17 mW) and a CCD detector
(Horiba) was used to collect the Raman scattering of the samples.
Meanwhile, a 600 grating was used to split the measurement sig-
nal with a ×50 objective (NA 0.95) for all the pristine and cycled
samples. The data was collected for 30 s with 1.7 mW of the laser
and five measurements were added to reduce the signal noise.

2.2.1. Specific Surface Area and Porosity

The Brunauer–Emmett–Teller method[21] was used to estimate
the specific surface areas (SSABET) of Li3−2xCaxV2(PO4)3/C ma-
terials. The samples, average weight ≈135 mg, were outgassed
overnight at 95 °C under a vacuum. During the outgassing pro-
cess, ≈9% mass loss was recorded. The argon sorption was car-
ried out with a Quantachrome Autosorb 1-MP (A.Paar, Austria)

Small 2023, 2304102 © 2023 The Authors. Small published by Wiley-VCH GmbH2304102 (2 of 12)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202304102 by K
arlsruher Inst F. T

echnologie, W
iley O

nline L
ibrary on [17/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.small-journal.com

at 87.4K with 23 adsorption- and 6 desorption points. Ar pro-
vides better adsorption for the estimation of SSA because of
its monatomicity and nonlocalization of the adsorbent during
adsorption.[22] The pore size volume distribution, but also the
specific surface area, denoted as SSADFT, were calculated with
models based on DFT/Monte Carlo methods assuming a mixture
of spherical and cylindrical pores on a carbon-based substrate.[23]

2.3. Electrochemical Characterization

The working electrode (active material, C65, and sodium-alginate
binder in a ratio of 8:1:1) was prepared using the same proce-
dure as in the previous paper,[14a] except for the current collector
of Al-foil instead of Cu. The coated electrodes were cut into cir-
cular pieces with 12 mm diameter (1.131 cm2, ≈2 mg cm−2) and
dried in the vacuum oven (Büchi Labortechnik GmbH) at 120 °C
for at least 12 h to remove the moisture. The electrochemical
performance of the negative electrode material was studied in
2-electrode Swagelok cells, where metallic sodium or potassium
was used as a counter electrode with a GF/D Whatman sepa-
rator. The electrolyte for SIBs was 1 M NaClO4 in a mixture of
ethylene carbonate (EC), propylene carbonate (PC) (1:1 by vol-
ume), and 2% (by volume) fluoroethylene carbonate (FEC). The
electrolyte for PIBs was 1 M potassium bis(fluorosulfonyl)imide
(KFSI) in a mixture of EC, diethyl carbonate (DEC) (1:1 by vol-
ume), or 1 M potassium hexafluorophosphate (KPF6) dissolved
in PC. Cyclic voltammetry (CV) and galvanostatic cycling with po-
tential limitation (GCPL) were performed in the potential range
of 3–0.01 V. The CV measurement was performed at different
scan rates from 0.05 to 2 mVs−1. All electrochemical measure-
ments (CV and GCPL) were performed on a VMP3 multichannel
potentiostat (Biologic Science Instrument) with the EC-lab soft-
ware for instrument operation and data evaluation.

2.4. In Operando Synchrotron Diffraction and in Operando X-ray
Absorption Spectroscopy (XAS)

In operando synchrotron diffraction was performed at Material
Science and Powder Diffraction beamline (MSPD) at ALBA,
Spain[24] and at PETRA-III beamline P02.1 at DESY in Ham-
burg, Germany.[19] The electrochemical cells consist of 2025-type
coin cells with glass windows of 5 mm diameter for beam en-
trance. The negative electrode (active materials, ≈2.0 mg, and
≈7 mg cm−2) was prepared by pressing the electrode mixture
on Al mesh within a 5 mm hole in the center. Preliminary in
operando synchrotron diffraction was conducted at ALBA with
radiation wavelength 𝜆 = 0.41273 Å (30 keV), and position sen-
sitive detector MYTHEN, where data were collected with an ef-
fective exposure time of 60 s in steps of 0.006° over the angu-
lar range of 1.8°–42° in 2theta during the first cycles at C/11
for SIBs. In operando synchrotron diffraction was conducted at
DESY/PETRA-III at beamline P02.1 with radiation wavelength 𝜆

= 0.20695 Å (60 keV), where data were collected with an effec-
tive exposure time of 40 s during the first cycles at C/11 (LVP/C)
and C/13 (Ca1.5V2(PO4)3/C) for SIBs. DAWN software is used to
process the 2D powder diffraction.[25] The diffraction data anal-
ysis was carried out by the Rietveld method using the Fullprof

software package.[20] In operando X-ray absorption spectroscopy
(XAS) measurements were carried out at PETRA-III beamline
P64 at DESY in Hamburg during the first cycle at C/11 (LVP/C)
and C/13 (Ca1.5V2(PO4)3/C) for SIBs between 3 V and 0.01 V.
XAS spectra were recorded in quick-XAS (5 min per spectrum)
mode in fluorescence geometry using a PIPS diode. The V K-
edge of LVP/C and Ca1.5V2(PO4)3/C was measured during the
electrochemical cycling and the energy was calibrated using the
absorption edge of V foil, as it is commonly employed in XAS
experiments. All data were collected at room temperature with a
Si (111) double crystal monochromator and all XAS spectra were
processed using DEMETER software package.[26]

3. Results and Discussion

3.1. Structural and Morphological Characterization

The phase purity and crystal structure of the as-prepared sam-
ples were characterized by synchrotron diffraction and shown
in Figure S1, Supporting Information. All synchrotron diffrac-
tion patterns show intense and sharp reflections, indicating a
good crystallinity of Li3−2xCaxV2(PO4)3/C materials. The Rietveld
method was performed to analyze their structure and their lat-
tice parameters, given in Tables S1–S5, Supporting Information,
are in agreement with our previous work.[14a] Briefly, all featured
diffraction reflections observed for the pristine Li3V2(PO4)3/C
can be well indexed to monoclinic Li3V2(PO4)3 with a space
group of P21/n. On the other hand, the fully substituted ma-
terial Ca1.5V2(PO4)3/C has a rhombohedral structure with the
space group R-3c, including an impurity of 5% Ca3(PO4)2.
Li2Ca0.5V2(PO4)3/C and LiCaV2(PO4)3/C are mixtures of mon-
oclinic Li3V2(PO4)3 and rhombohedral Ca1.5V2(PO4)3. Scanning
electron microscopy (SEM) (Figure S2, Supporting Information)
displays that all composites are made of densely packed agglom-
erates and the particle sizes are estimated to be 100–700 nm,
with no big differences from our previous work.[14a] TGA demon-
strates the presence of carbon in the composites with an amount
of 5.2, 4.6, 3.9, and 4.2 wt.%, for Li3−2xCaxV2(PO4)3/C (x = 0,
0.5, 1.0, and 1.5, respectively) (Figure S3, Supporting Informa-
tion). These results have a deviation of ≈2% from our previous
work,[14a] which might be attributed to the different ball-milling
equipment and tube furnace as well as the faster gas flow. Ra-
man scattering (Figure S4, Supporting Information) shows sev-
eral peaks at ≈301.2, 428.2, 974.1, 1062.6, 1339 (D band), and
1590 cm−1 (G band), where the two broad D and G bands agree
with our previous work.[14a] Two peaks at 974.1 and 1062.6 cm−1

are assigned to PO4 valence bond vibrations and the peak at
428.2 cm−1 comes from PO4 deformation vibration, while the
one at 301.2 cm−1 is from external lattice vibration.[27] Interest-
ingly, PO4 valency bond vibration at 974.1 cm−1 continuously
shifts to lower Raman shift (951 cm−1 for Ca1.5V2(PO4)3/C) with
increasing Ca substitution, while the external lattice vibration at
301.2 cm−1 continuously shifts to higher Raman shift (314.9 cm−1

for Ca1.5V2(PO4)3/C). The surface area of LVP/C is 59 m2 g−1,
while the one of Ca1.5VP/C is only 23 m2 g−1, in good agreement
with our previous work.[14a] The two intermediate compositions
Li2Ca0.5V2(PO4)3/C and LiCaV2(PO4)3/C have surface areas of 47
and 26 m2 g−1, respectively, deviation of ≈15 m2 g−1 from previ-
ous work (Figure S5, Supporting Information).
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Figure 1. The charge-discharge curves of Li3V2(PO4)3/C (a), Li2Ca0.5V2(PO4)3/C (b), LiCaV2(PO4)3/C (c), and Ca1.5V2(PO4)3/C (d) at 0.1 C at 25 °C for
Na-based half cells.

3.2. Electrochemical Properties in SIBs

The electrochemical activity of Li3−2xCaxV2(PO4)3/C negative
electrodes in Na-based half cells was studied by galvanostatic cy-
cling in the potential range of 3.0–0.01 V versus Na+/Na at C/10
at 25 °C (Figure 1). Note that 1 C refers to the theoretical capacity
calculated considering 4 Na+ ions insertion for all samples simi-
lar to that reported for LIBs.[14a]

LVP/C material (Figure 1a) displays a slope with three steps
during the 1st discharge (sodiation process). Meanwhile, two
short plateaus at 1.59 and 1.69 V followed by one slope are
observed during the 1st charge (desodiation process). Only a
slope-like curve can be observed during the following discharge
processes while the charge profiles are analogous to each other,
with a voltage plateau at ≈1.7 V from the second cycle. LVP/C ma-
terial offers initial sodiation and desodiation capacities of 272 and
138 mAh g−1 (≈2 Na+ reversibly inserted), respectively (Table
S6, Supporting Information), resulting in an initial irreversible
capacity loss (134 mAh g−1). This largely irreversible capacity loss
could be related to the formation of a solid electrolyte interface
(SEI) layer and the decomposition of the electrolyte, which is
commonly occurring at such low potential and is very similar to
LIBs.[16] In the 2nd cycle, the sodiation and desodiation capacities
are 121 and 107 mAh g−1, respectively, giving a reduced irre-
versible capacity loss (14 mAh g−1). After the 5th cycle, the specific

capacity starts to increase and stabilizes at ≈131 mAh g−1 after
200 cycles with almost 100% coulombic efficiency, as shown in
Figure 2. Compared with LVP/C, Li2Ca0.5V2(PO4)3/C (Figure 1b)
exhibits similar discharge and charge profiles. It shows initial

Figure 2. Cycle performance and coulombic efficiency of
Li3−2xCaxV2(PO4)3/C at 0.1 C for Na-based half cells.
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Figure 3. a) Specific capacities at increasing C-rates of Li3−2xCaxV2(PO4)3/C electrodes and b) capacity retention of Li3−2xCaxV2(PO4)3/C electrodes at
increasing C-rates.

sodiation and desodiation capacities of 194 and 90 mAh g−1,
respectively, with an initial irreversible capacity loss of
104 mAh g−1. In the 2nd cycle, the discharge capacity quickly
drops to 85 mAh g−1 and stabilizes ≈101 mAh g−1 after 200
cycles (Figure 2). Both LiCaV2(PO4)3/C and Ca1.5V2(PO4)3/C
(Figure 1c-d) display two slope-like plateaus during the 1st

discharge and 1st charge, which is different from what was
observed in LVP/C. No clear plateaus can be observed in the
following cycles. LiCaV2(PO4)3/C (Figure 1c) only delivers initial
sodiation and desodiation capacities of 97 and 29 mAh g−1,
respectively, with an irreversible capacity loss of 68 mAh g−1.
After the 5th cycle, the specific capacity increases and stabilizes at
≈51 mAh g−1 after 200 cycles (Figure 2). Ca1.5V2(PO4)3/C (in
Figure 1d) delivers a sodiation capacity of 171 mA h g−1 and a
reversible capacity of 49 mA h g−1 with an initial irreversible
capacity loss of 123 mAh g−1. After the 3rd cycle, its specific
capacity increases and stabilizes at ≈91 mAh g−1 after 200 cycles
(Figure 2).

Among the four samples, Li3V2(PO4)3/C displays the highest
reversible sodiation capacity of 132 mAh g−1 after 200 cycles. Un-
fortunately, these values are still rather low, as compared with
that of NVP (150 mAh g−1)[16,28] and less than half of the capac-
ity of hard carbon (300 mAh g−1),[10b] while the LiCaV2(PO4)3/C
displays the lowest capacity. Although the initial coulombic effi-
ciency is very low for all samples, it tends to stabilize at ≈99% at
the 15th cycle, which could be attributed to an activation process
due to the large size of Na+ during Na+ insertion/deinsertion.

Furthermore, the rate capability of Li3−2xCaxV2(PO4)3/C was
investigated in the C-rate range from 0.2 to 50 C despite their
poor capacities, as shown in Figure 3. Among the four sam-
ples, Li3V2(PO4)3/C provides the highest specific sodiation ca-
pacity at C-rates lower than 1C, while LiCaV2(PO4)3/C shows
the lowest one. With further increasing C-rates, Ca1.5V2(PO4)3/C
and LiCaV2(PO4)3/C show the highest and lowest specific sodia-
tion capacity, respectively, while LVP/C and Li2Ca0.5V2(PO4)3 have
similar capacities, which lie in between. Ca1.5V2(PO4)3/C delivers
specific capacities higher than 15 mAh g−1 at 50 C, while it shows

specific capacities higher than 50 mAh g−1 at 200C in LIBs.[14a]

50 C is a quite high C-rate for SIB materials, and most nega-
tive electrode materials in SIBs do not afford such a high C-rate
except few negative electrode materials like Na2Ti3O7/C (mass
loading of 1.5–2.0 mg cm−2), Anatase TiO2 (mass loading of
3.5 mg cm−2), P-doped carbon nanosheets, and hard carbon
(mass loading of 1.0 mg cm−2, only few works reported hard car-
bon at such high C rate).[29] Note that cathode materials often
show a much better rate of performance than anode for SIBs.[30]

In addition, it could be a good approach to figure out the reasons
behind the differences in the rate performance of different mate-
rials. However, it is much more complicated than that of the NVP
cathode[30b] due to the SEI formation and strong side reaction in
both SIBs and PIBs and will be a follow-up work in the future.

Figure 3b exhibits the capacity retention of the
Li3−2xCaxV2(PO4)3/C. LVP/C displays poor capacity reten-
tion with an increasing current rate. All the substituted samples
demonstrate higher capacity retention than that LVP/C. At
20 C, Ca1.5V2(PO4)3/C has a capacity retention of 46%. Although
LVP/C shows the highest specific sodiation capacity until 1 C,
its capacity retention at higher C-rates rates is only ≈20%. In
summary, Ca1.5V2(PO4)3/C displays superior rate performance
in SIBs compared with the other three materials, whereas it also
shows superior rate performance in LIBs.

The electrochemical behavior of Li3−2xCaxV2(PO4)3/C elec-
trodes was studied by cyclic voltammetry (CV) at a scan rate of
0.05 mV s−1 versus Na+/Na between 3 and 0.01 V as shown in
Figure 4. All four samples display two broad reduction peaks at
≈0.45 and 1.0 V and one broad oxidation peak at ≈1.7–1.8 V.
The two reduction peaks are related to the formation of the solid
electrolyte interphase (SEI) film caused by the decomposition of
the electrolyte and disappear in the subsequent cycles. In the
first scan of the LVP/C electrode, one more reduction peak lo-
cated at 1.26 V and two nearly overlapped oxidation peaks at
1.68 and 1.74 V are observed (also in agreement with dQ/dE
plot Figure S6, Supporting Information). In the following scans,
both two oxidation peaks tend to merge into one broader peak.
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Figure 4. CV curves of Li3V2(PO4)3/C (a), Li2Ca0.5V2(PO4)3/C (b), LiCaV2(PO4)3/C (c), and Ca1.5V2(PO4)3/C (d) at scan rates of 0.05 mV s−1 in the
potential range of 3.0–0.01 V vs. Na+/Na.

The merging and broadening of the peaks might be caused by
the increased polarization. In the subsequent cycles, a pair of re-
dox peaks between 1.2 and 1.8 V corresponds to the reversible
reduction of V3+ to V2+, consistent with previous reports with
Na3V2(PO4)3.[16,31] Li2Ca0.5V2(PO4)3/C and LiCaV2(PO4)3/C show
similar redox peaks compared with Li3V2(PO4)3/C. After the first
cycle, another reduction peak at 0.1 V and an oxidation peak at
≈0.4 V appear, which implies a further reduction and oxidation
processes of vanadium13. The material shows one pair of redox
peaks at 1.52 V/1.72 V and nearly overlapped CV curves in the fol-
lowing scans. Ca1.5V2(PO4)3/C exhibits one pair of redox peaks at
1.5/1.8 V after the second scan. Also at the low working potential
(nearly 0 V), a pair of redox peaks centered at 0.09 V appears start-
ing from the 2nd cycle. Notably, all CV profiles from the 2nd cycle
are nearly overlapping with the 3rd scan, suggesting good electro-
chemical reversibility.

Differential capacity plots (dQ/dE) (Figure S6, Supporting
Information) of Li3−2xCaxV2(PO4)3/C materials calculated from
discharge-charge profiles at 0.1 C demonstrate that these peaks
are sharper, distinct, and consistent with the CV curves. Along
with increasing the Ca content, both CV curves and dQ/dE plots
show a similar trend: during the first discharge cycle, the reduc-
tion peaks change from three to two. The two reduction peaks in
the potential range of 0.9 V – 1.4 V are merged into one broad
peak. All the Ca-substituted samples display an oxidation peak in

the low potential region ≈0.5 V, which becomes more and more
evident as the calcium content increases.

Cyclic voltammetry was further performed at different scan
rates (from 0.05 to 2 mV s−1) to analyze the reaction kinetics
(Figure S7, Supporting Information). With the increase in scan
rate, LVP/C shows a dramatically increasing and broadening
ladder-shaped oxidation peak, while the other three samples
exhibit shifts to lower/higher potentials for reduction/oxidation
peaks. Additionally, Ca1.5V2(PO4)3/C also displays an increase in
current of the redox peak 0.1/0.5 V. Along with increasing the Ca
content, the capacity contribution due to the oxidation reaction
below 1.5 V increases (Figure S7c-d, Supporting Information).
Compared with that of LVP/C in the low potential range, CV of
Ca1.5V2(PO4)3/C has less deformation at high current, indicating
its lower resistance and meaning that Ca1.5V2(PO4)3/C can be
applied to high-power devices. It is well known that activated
carbon has excellent retention, but it cannot be used at such low
potentials because of the very high surface area, which can trig-
ger massive electrolyte decomposition and blockage of the pores.
Note that most hard carbon electrode materials are not supported
to run at such a high C rate up to 50 C.[29] For instance, P-doped
carbon nanosheets deliver a capacity of 108 mAh g−1 even at
20 A g−1 (unfortunately, no mass loading was provided by the
authors)[29d] and hard carbon (mass loading of 1.0 mg cm−2) of-
fers a capacity of 214 mAh g−1 at 10 A g−1 in ether electrolytes.[29e]

Small 2023, 2304102 © 2023 The Authors. Small published by Wiley-VCH GmbH2304102 (6 of 12)
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These results further demonstrate that Ca1.5V2(PO4)3/C can be
applied to high-power devices such as hybrid supercapacitors.

It is well known that two extreme types of behavior
can exist in electrochemical energy-storage devices when
charged/discharged under constant current. The first one is re-
lated to battery type and most often results in a flat discharge
plateau. The second one is attributed to capacitive type and ex-
hibits a triangular-shaped plot during cycling. Intermediate be-
havior can be found when a faradaic electrode exhibits a sloped
discharge curve due to the presence of surface-like processes.[32]

In order to further analyze the electrochemical behavior, the spe-
cific voltammetric charge q was analyzed by the Trasatti Differen-
tiation Method. It can be defined as[33]:

q = qi + qo (1)

where qi and qo are the charges related to the “inner surface” and
“outer surface”, respectively.

The specific voltammetric charge q is estimated from each
cyclic voltammogram at different scan rates based on the follow-
ing equations:

q = S∕2 vm (2)

S =
U1

∫
U2

IdU (3)

where v, m, and S are scan rate (V s−1), mass (g) of active material,
and graphical integrator directly on the recorded CV curves (A
g−1 versus V).

Based on the Cottrell Equation:

q (v) ∝ v−1∕2 (4)

q is linearly related to v. When v gradually increases, it may show
an ohmic drop due to intrinsic resistance.

The q values calculated by Equations (2) and (3) can be plotted
versus an appropriate function of the scan rate v, with the aim
to extrapolate the values of q to v = 0 and ∞, respectively. When
v approaches + ∞, i.e., just allows surface (electrode/electrolyte
interfaces) processes to happen (Figure S8, Supporting Informa-
tion):

q (v) = Const.
√

v
+ qo (5)

where qo is the contribution of the surface-controlled process.
When the scan rate v approaches 0, i.e., giving sufficient time

for ions to diffuse and react (Figure S9, Supporting Information):

q (v) = Const.
√

v + 1
q t

(6)

where qt is the maximum total specific voltammetric capacity.
The specific diffusion-controlled qi can be obtained from the dif-
ference between qt and qo. Table 1 summarizes qt, qi, qo, and
the ratio of pseudocapacitive contribution. For Li3V2(PO4)3/C,
40% of total specific capacity comes from pseudocapacitive ca-
pacity, indicating that a diffusion-controlled process dominates
the electrochemical reaction of Li3V2(PO4)3/C. With the increase

Table 1. Summary of maximum total voltammetric capacity (qt), diffusion-
controlled capacity (qi), and pseudocapacitive capacity (qo) from the plots
of q versus v−1/2 and q versus v1/2 for SIBs..

Sample qt (C g−1) qo (C g−1) qi (C g−1) q0/ qt (%)

Li3V2(PO4)3/C 538 213 325 40

Li2Ca0.5V2(PO4)3/C 353 150 203 43

LiCaV2(PO4)3/C 190 108 82 57

Ca1.5V2(PO4)3/C 258 228 30 88

of Ca substitution, the contribution of the surface-controlled
process gradually increases to 43%, 57%, and 88%, indicating
that a pseudocapacitive process dominates the charge storage of
Ca1.5V2(PO4)3/C. Note that the power-law relationship[34] of i =
avb is not suitable to calculate the b value and to evaluate the
diffusion-controlled and pseudo-capacitance contributions since
log(i) versus log(v) plots of oxidation/reduction peaks do not fit a
linear relationship.

3.3. Electrochemical Properties in PIBs

[Li3−2xCaxV2(PO4)3/C || 1 M KFSI in (EC/DEC) || K] and
[Li3−2xCaxV2(PO4)3/C || 1 M KPF6 in (EC/PC) || K] cells
were assembled to investigate the electrochemical perfor-
mance of a Li3−2xCaxV2(PO4)3/C negative electrode in PIBs
(Figures S10–S11, Supporting Information). The potassiation
and depotassiation capacities of materials in both K-based elec-
trolytes are listed in Table S7–S8, Supporting Information.

All charge-discharge profiles show a slope-like shape. LVP/C
delivers an initial potassiation and depotassiation capacity of 252
and 116 mAh g−1, resulting in an initial irreversible capacity loss
of 136 mAh g−1. Note that the reversible capacity of LVP is com-
parable with some of the reported negative electrode materials
for PIBs, such as KTi2(PO4)3, K2Ti8O17, K2Ti4O9, and KVP,[35]

whereas, unluckily, its reversible capacity is much lower than
the most common graphite negative electrode with a capacity of
≈300 mAh g−1 in PIBs.[7] In contrast, Li2Ca0.5V2(PO4)3/C dis-
plays an initial potassiation and depotassiation capacity of 185
and 69 mAh g−1, respectively, with an initial irreversible capacity
loss of 116 mAh g−1. In the second cycle, the discharge capacity
quickly drops to 66 mAh g−1 and stabilizes at ≈45 mAh g−1 in the
following cycles.

LiCaV2(PO4)3/C shows the lowest potassiation/depotassiation
capacities of 76/25 mAh g−1 with an initial irreversible capac-
ity loss of 51 mAh g−1. After the 5th cycle, the specific capac-
ity stabilizes at ≈22 mAh g−1. Unfortunately, the low capacity of
LiCaV2(PO4)3/C is far too low for a possible application of this
material in PIBs. Ca1.5V2(PO4)3/C delivers a discharge capacity
of 149 mA h g−1 and a reversible capacity of 50 mA h g−1 with
an initial irreversible capacity loss of 99 mAh g−1. After several
cycles, the specific capacity stabilizes at ≈55 mAh g−1. Those val-
ues are much lower than those obtained in SIBs for the same
material, respectively, implying better kinetics in SIBs due to the
relatively smaller radius of Na+ compared with K+.

Figure S11, Supporting Information, displays the galvanostatic
charge-discharge cycling of Li3−2xCaxV2(PO4)3/C electrode with
electrolyte KPF6 over the potential range of 3.0–0.01 V versus
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Figure 5. The cycle performance and coulombic efficiency of Li3−2xCaxV2(PO4)3/C at 0.2 C at 25 °C in: a) KFSI-based electrolyte and b) KPF6-based
electrolyte.

K+/K at 0.2 C. In comparison to the PIBs with KFSI (Figure S10,
Supporting Information), no significant change in the charge-
discharge curves is observed. Among the four materials, LVP/C
possesses the highest reversible capacity, while LiCaV2(PO4)3/C
has the lowest one. Interestingly, all Li3−2xCaxV2(PO4)3/C
materials in KPF6-based electrolyte have higher capacity
(70–100 mAh g−1) than that in the KFSI-based one. Mean-
while, higher capacities of 15–30 mAh g−1 are obtained in the
subsequent cycles. The reason for this phenomenon may be
due to the decomposition of KPF6-based electrolyte[36] (probably
some extra capacity is reversible) while the KFSI-based one is
more stable at low voltage.[37] In the subsequent cycles, the SEI
layer formed in the KFSI-based electrolyte is stable; therefore,
the capacity difference is reduced. Note that problems may arise
when Na/K metal is used in half-cell experiments because of
the highly reactive Na/K metal and side reaction of electrode/K
metal,[38] where the decomposition products may affect the
active material.

Figure 5 shows the cycling performance and coulombic ef-
ficiency of Li3−2xCaxV2(PO4)3/C at 0.2 C in KFSI- and KPF6-
based electrolytes. All samples cycled in the KFSI-based elec-
trolyte show a more stable cycling performance than those in
KPF6-based electrolytes. The coulombic efficiency of all sam-
ples in KFSI-based electrolytes is near 100% after several cycles,
while the coulombic efficiency in the KPF6-based electrolyte is
≈96%. Furthermore, the KPF6-based electrolyte shows instability
because the capacities drop abruptly after 50 cycles. Electrolytes
are playing a critical role in the electrochemical performance
of materials. For example, Wang et al.[37b] reported the impacts
of the electrolyte salt and solvent chemistry on the stability of
both K metal and amorphous red phosphorus (RP) electrodes
in PIBs. It shows that organic components dominate the SEI
layer when using 0.8 M KPF6/EC+DEC, while more inorganic
salts are generated when utilizing 1 M KFSI/EC+DEC. Com-
pared to organic species, inorganic salts possess better mechan-
ical strength to accommodate large volume changes. Moreover,
1 M KFSI/EC+DEC can effectively suppress K dendrite growth

and inhibit electrolyte decomposition to boost the cycling and
rate performance of K metal batteries.[37b] In KPF6/PC, the capac-
ities sharply decrease after ≈50 cycles, which might be attributed
to the strong side reaction caused by K metal and electrolyte con-
sumption.

Rate capability tests were performed using the KFSI-based
electrolyte. Figure S12a, Supporting Information, provides the
specific capacities delivered at increasing C-rates, ranging from
0.2 to 50 C. Among the four samples, Li3V2(PO4)3/C material
delivers the highest specific potassiation capacity up to 5 C,
while the LiCaV2(PO4)3/C shows the lowest one. Moreover,
Li3V2(PO4)3/C material still delivers a reversible capacity of ≈50
mAh g−1 at 2 C. For C-rates higher than 5 C, the discharge ca-
pacities of all samples reach a minimum and are close to each
other. Ca1.5V2(PO4)3/C shows the best capacity retention at in-
creasing C-rates (Figure S12b, Supporting Information). All the
substituted samples demonstrate higher capacity retention than
that of LVP/C, being promising materials for high-power devices.
At 10 C, Ca1.5V2(PO4)3/C still has a capacity retention of 47%. Al-
though LVP/C shows the highest specific potassiation capacity up
to 5 C, the capacity retention at higher C-rates is not ideal, with
only ≈28% of retention.

Figure 6 shows the CV profiles of the four
Li3−2xCaxV2(PO4)3/C electrodes in KFSI-based electrolyte
recorded at a scan rate of 0.05 mV s−1. For all samples, an irre-
versible peak at ≈0.5 V is observed in CV curves, corresponding
to the formation of SEI. Li3V2(PO4)3/C shows three broad peaks
at ≈0.46, 1.88, and 2.86 V in the first oxidation process. In the
subsequent scans, no clear redox pair of peaks can be observed.
Ca1.5V2(PO4)3/C shows two reversible peaks at 0.50 and 1.95 V
in the initial oxidation process.

Cyclic voltammetry was further performed at different scan
rates (from 0.05 to 2 mV s−1) to analyze the reaction kinet-
ics (Figure S13, Supporting Information). With the increase
of the scan rate, LVP/C shows a broad oxidation peak, while
Li2Ca0.5V2(PO4)3/C and LiCaV2(PO4)3/C exhibit a broad peak at
≈1.2 V. The CV curves of Ca1.5V2(PO4)3/C still show broad peaks,

Small 2023, 2304102 © 2023 The Authors. Small published by Wiley-VCH GmbH2304102 (8 of 12)
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Figure 6. The CV profiles of Li3V2(PO4)3/C (a), Li2Ca0.5V2(PO4)3/C (b), LiCaV2(PO4)3/C (c), and Ca1.5V2(PO4)3/C (d) electrodes in KFSI-based elec-
trolyte at scan rates of 0.05 mV s−1 in a potential range of 3.0 to 0.01 V vs. K+/K.

but the reduction peak at ≈1 V is more defined with respect to the
other materials. In contrast, KVP exhibits four pairs of distinct
peaks in the 2.5–1.0 V range when used as an negative electrode
in PIBs.[35d] Furthermore, the capacity contribution in the low-
potential region increases along with the increasing scan rate.
Among all samples, Ca1.5V2(PO4)3/C presents the highest cur-
rent responses at high scan rates, suggesting that it can be ap-
plied to high-power hybrid capacitors.

The Trasatti Differentiation Method was applied to further
analyze the electrochemical behavior, the specific voltammetric
charge q. In the partition procedure, the total specific voltam-
metric charge qt is given from the extrapolation of voltammetric
charge q to v = 0 from the plot of q−1 versus v1/2 (Figure S15, Sup-
porting Information). The diffusion-controlled charge qi is esti-
mated from the extrapolation of q to v = ∞, from the plot of q ver-
sus v−1/2 (Figure S14, Supporting Information). Accordingly, the
surface-related contribution charge qo can be obtained from the
difference between qt and qi, (Table S9, Supporting Information).

For Li3V2(PO4)3/C, only 6.5% of the total specific capac-
ity comes from the surface-related contribution process, indi-
cating the predominance of a diffusion-controlled process in
Li3V2(PO4)3/C. With the increase of Ca substitution, the surface-
related contribution increases to 18%, 20%, and 52%, respec-
tively. It is noteworthy that the contribution of the pseudocapaci-

tive mechanism in PIBs is lower with respect to what is calculated
for the same materials in LIBs and SIBs. Only the contribution
of the pseudocapacitive process in Ca1.5V2(PO4)3/C material is
more than 50%, while for the other three samples, it is less than
20%. Note that Na/K-ions are first inserted into the structure of
Li3‒2xCaxV2(PO4)3/C materials during the initial discharge pro-
cess and then are de-inserted from the structure, which is dif-
ferent from both Na3V2(PO4)3 and Na3VCr(PO4)3 cathodes that
were first de-sodiation (charged) in the hybrid Mg-Na systems.[39]

Another point is that the de-insertion of Li/Ca from the pristine
Li3‒2xCaxV2(PO4)3/C structure requires a high potential as that of
cathodes. However, we cannot completely rule out the dual-cation
(de)insertion in the current stages, which requires more effort to
figure out and thus will be a follow-up work in the future.

4. Reaction Mechanism

In operando synchrotron diffraction was carried out to clarify
the reaction mechanism of Li3‒2xCaxV2(PO4)3/C during the dis-
charge/charge process in SIBs due to their higher capacities com-
pared with what is obtained in PIBs. Figure 7 shows the two ex-
treme cases of LVP and Ca1.5V2(PO4)3. At the beginning of the 1st

sodiation process, most reflections of LVP keep their positions
unchanged with a minor intensity decrease, and those reflections

Small 2023, 2304102 © 2023 The Authors. Small published by Wiley-VCH GmbH2304102 (9 of 12)
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Figure 7. a) In operando synchrotron diffraction patterns of LVP/C and b) Ca1.5V2(PO4)3/C for the first cycle in Na-based electrolyte.

at 2.76° and 4.48° slightly shift to higher angles, indicating a solid
solution process upon sodiation (Region I). with further Na+ in-
sertion (Region II), some reflections at 3.66°, 4.26°, and 4.79°

gradually disappear while some new broad reflections at 2.78°,
3.12°, 3.27° appear and grow up, implying a two-phase transition
process in this region. In region III, the reflections keep their po-
sitions unchanged with intensity decrease, which is caused by the
formation of SEI on the electrode. Upon desodiation, the diffrac-
tion shows a reversible behavior. All reflections first keep their
positions unchanged, followed by a very short two-phase reac-
tion (Region III+II) and finally, a solid solution reaction (Region
I). Note that when the electrode is charged to 3.0 V, these reflec-
tions almost return back to the original positions of pristine LVP
with lower intensities, suggesting a partially irreversible struc-
ture change during the first cycle.

In contrast, all reflections of Ca1.5V2(PO4)3/C material, such
as at 2.77o 3.22o, 3.75o, 4.16o, 4.29o, and 4.60o, gradually move
toward lower 2𝜃 angles with their intensities decreasing during
the 1st sodiation process (Figure 7b), implying the solid solution
process upon Na+ insertion. At the same time, the diffraction evo-
lution during the desodiation process suggests a reversible reac-
tion. In brief, the reflections gradually move back to higher 2𝜃
angles, but do not return back to their original positions, indicat-
ing that Ca1.5V2(PO4)3/C undergoes partial irreversibility during
the first cycle. Interestingly, this is similar to the solid solution
reaction of Mg3V4(PO4)6/carbon in both SIBs and PIBs, while
Mg3V4(PO4)6/carbon goes through an indirect conversion reac-
tion with the formation of Mg0, V0, and Li3PO4 in LIBs.

In order to probe the local electronic structure and environ-
ment of the active materials, in operando XAS was carried out
on pure LVP/C and fully substituted Ca1.5V2(PO4)3/C in SIBs.
Figure 8 displays the normalized V K-edge X-ray absorption near-
edge structure (XANES) spectra collected during the 1st cycle in
SIBs. From OCV to 0.87 V, the edge position of the V K-edge
for LVP gradually moves to lower energy. The pre-peak (A in
Figure 8a) also moves toward lower energy with a decrease in in-
tensity, implying the reduction of V during sodiation. The weak
pre-edge peak on the XANES spectra of pristine LVP is due to the
transitions between the 1s and bound p-hybridized d-states.[40]

The edge resonance (B in Figure 8a, Supporting Information)
that is related to the energy absorption by core electrons does
not obviously change in both intensity and shape. With further

decreasing the potential from 0.87 V to 0.01 V, the edge position
only shows slight shifts to lower energy, which is attributed to the
SEI formation. During the desodiation process, the edge position
of V moves to higher energy and cannot return back to its origi-
nal position (Figure 8b), implying the oxidation of V and partial
irreversibility.

From OCV to 0.89 V, the edge position of the V K-edge for
Ca1.5V2(PO4)3/C also slowly shifts to lower energy. The pre-peak
(A in Figure 8c) also moves toward lower energy with a decrease
in intensity, implying the reduction of V during sodiation. The
edge resonance (B in Figure 8c) exhibits no obvious changes in
both intensity and shape, too. With further decreasing the poten-
tial from 0.89 V to 0.01 V, the edge position shifts to lower energy
and the intensity of the pre-peak shows a slight decrease, suggest-
ing that the capacity at a low potential is not ascribed to the Na+

insertion into the host material Ca1.5V2(PO4)3. Similarly, the edge
position of V moves to higher energy and cannot return back to
its original position (Figure 8d) during the desodiation process,
suggesting the oxidation of V and partial irreversibility.

5. Conclusion

In this work, we extended the study of monoclinic LVP and
Ca-substituted LVP as negative electrode materials for SIBs
and PIBs and investigated the electrochemical properties of
Li3‒2xCaxV2(PO4)3/C (x = 0, 0.5, 1, and 1.5). Cyclic voltammetry
demonstrates that one pair of broad peaks between 1.2 and
1.8 V can be observed for all samples in SIBs, while no clear
peaks can be observed in PIBs. All samples in SIBs and PIBs
proceed with a mixed contribution of diffusion-controlled and
pseudocapacitive-type processes. Furthermore, the contribu-
tion of the pseudocapacitive process increases along with the
increase of Ca content, where Ca1.5V2(PO4)3/C is based on the
pseudocapacitive mechanism in both SIBs and PIBs. LVP/C
shows the highest reversible capacity in SIBs and PIBs, while
Ca1.5V2(PO4)3/C displays the best rate performance, with a
capacity retention of 46% at 20 C in SIBs and a capacity retention
of 47% at 10 C in PIBs. This study demonstrates that the specific
capacity of SIBs and PIBs does not increase with the Ca-content
as observed in LIBs, but the stability and performance at high
C-rates can be improved by replacing Li+ with Ca2+. This implies
that different cations insertion can strongly influence the redox
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Figure 8. a,b) In operando V K-edge XANES spectra of LVP and c,d) Ca1.5V2(PO4)3 during the 1st cycle in Na-based electrolyte.

reaction and structure evolution of the host materials, which are
related to the larger ion size of Na+ and K+ and their kinetics
properties. Furthermore, in operando synchrotron diffraction
and in operando X-ray absorption spectroscopy (XAS) elucidate
the working mechanism of both LVP/C and Ca1.5V2(PO4)3/C
in SIBs. The results demonstrate that LVP/C experiences a
two-phase transition with partially irreversible structure change
in SIBs while Ca1.5V2(PO4)3/C only undergoes solid solution
reaction with partially irreversible structure change in SIBs.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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