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Abstract: In our recent papers, it was shown that the thermal nanocrystallization of glassy analogs of
selected cathode materials led to a substantial increase in electrical conductivity. The advantage of
this technique is the lack of carbon additive during synthesis. In this paper, the electrochemical perfor-
mance of nanocrystalline LiFePO4 (LFP) and LiFe0.88V0.08PO4 (LFVP) cathode materials was studied
and compared with commercially purchased high-performance LiFePO4 (C-LFP). The structure of
the nanocrystalline materials was confirmed using X-ray diffractometry. The laboratory cells were
tested at a wide variety of loads ranging from 0.1 to 3 C-rate. Their performance is discussed with
reference to their microstructure and electrical conductivity. LFP exhibited a modest electrochemical
performance, while the gravimetric capacity of LFVP reached ca. 100 mAh/g. This value is lower
than the theoretical capacity, probably due to the residual glassy matrix in which the nanocrystallites
are embedded, and thus does not play a significant role in the electrochemistry of the material. The
relative capacity fade at high loads was, however, comparable to that of the commercially purchased
high-performance LFP. Further optimization of the crystallites-to-matrix ratio could possibly result
in further improvement of the electrochemical performance of nanocrystallized LFVP glasses.

Keywords: cathode materials; Li-ion batteries; thermal nanocrystallization; glassy analogs; gravimet-
ric capacity

1. Introduction

The role of Li-ion batteries in today’s world and their prospects for the near future
cannot be overestimated [1]. They have become the main power source for personal
electronic devices (mobile phones, laptops, digital cameras, etc.) and electric cars. They are
also used in electric energy storage grids integrated with renewable energy systems (e.g.,
wind and solar) [2,3]. The spectacular successes of Li-ion technologies led to the Nobel Prize
in Chemistry being awarded in 2019 to their pioneers (J.B. Goodenough, M.S. Whittingham,
and A. Yoshino). The progress in this area has been possible due to worldwide research
efforts that have led, among others, to a considerable improvement of the cathode materials
in these batteries.

Initially, the intercalation cathodes in commercial Li-ion batteries were based on lay-
ered LiCoO2, characterized by a reasonable gravimetric capacity (theoretical 272 mAh/g,
practical 140 mAh/g), high average potential (4.2 V vs. Li0/Li+), and good cyclability [4].
However, LiCoO2 has several serious shortcomings, e.g., relatively high price, limited
resources of cobalt and lithium ores, and toxicity of cobalt. Therefore, the scale of its use
has gradually decreased, at the expense of materials based on layered LiNi1/3Mn1/3Co1/3O2
(known also as NMC) (272 mAh/g, 200 mAh/g, 4.0 V), spinels LiMn2O4 (LMO) (148 mAh/g;
120 mAh/g; 4.1 V), and phospho-olivines LiFePO4 (LFP) (170 mAh/g; 160 mAh/g;
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3.45 V) [4]. While the two former systems (i.e., NMC and LMO) still present the same
issues, however in a lesser scale, as LiCoO2 (e.g., limited resources, high prices, toxicity,
and safety concerns), the latter (LFP) is cheaper, more abundant, stable, and safer for the
environment [4–6]. For these reasons, the phospho-olivine LiFePO4, discovered in 1997
for battery applications by the group of Prof. J.B. Goodenough [7], remains an attractive
cathode material for present and future Li-ion batteries [8,9].

One of the main issues which has somewhat slowed the practical use of LFP cath-
odes in batteries is the poor electronic conductivity of LiFePO4 (ca 10−9 S cm−1 at room
temperature), which strongly affects the kinetics and reversibility of the lithiation pro-
cesses [10–12]. This shortcoming has usually been minimized by preparing nanostructured
materials in which LiFePO4 grains are intimately coated with thin carbon layers [13]. These
layers ensure high electronic conductivity, and at the same time do not impede the inter-
calation/deintercalation of Li+ to and from LiFePO4 grains [14,15]. Though successful in
applications, this approach requires an introduction of a foreign phase (carbon coating)
during the synthesis of LiFePO4. Fortunately, there is another simple way to substantially
enhance the electronic conductivity of materials containing LiFePO4 without adding car-
bon. This method consists of thermal nanocrystallization of glasses of the Li2O-FeO-P2O5
or Li2O-FeO-V2O5-P2O5 systems with chemical compositions close to LiFePO4. Our group
has studied the effects of the nanocrystallization of several oxide glassy systems, particu-
larly V2O5-P2O5 [16,17]. In this system, it was found that the appropriate heating of the
initial glassy materials led to the formation of a nanostructured material with many small
crystallites of V2O5 embedded in the residual glassy matrix. The structural changes in
these materials were accompanied by substantial changes in their electrical properties. The
electrical conductivity increased by a factor of 1000, and the activation energy decreased
from 0.34 eV for the initial glasses to 0.13 eV for the final nanomaterials [18]. Similar effects
were also observed by our group in the Li2O-FeO-V2O5-P2O5 system [19,20]. Nanocrys-
tallization in this system led to the formation of nanoscopic crystalline grains of LiFePO4
embedded in a glassy matrix. In several cases, the increase in the electrical conductivity
at room temperature was higher by a factor of 106 (from 10−9 S cm−1 for the initial glass
to 7.3·10−3 S cm−1 for the final nanomaterial) [20]. These substantial changes in electric
properties were attributed to the formation of ‘easy-conducting’ interfacial regions next to
the crystalline grains [20].

Previously, we focused on optimizing the phase purity and electrical conductivity of
these materials. In the present work, we report the results of electrochemical studies on
nanocrystallized glasses of the Li2O-FeO-P2O5 or Li2O-FeO-V2O5-P2O5 systems.

2. Materials and Methods

In this study, the electrochemical performance of three olivine-like materials was
studied and compared:

1. Commercially purchased high-performance LiFePO4 (MTI), labelled C-LFP;
2. Nanocrystallized LiFePO4 glass, labelled LFP;
3. Nanocrystallized LiFe0.8V0.08PO4 glass, labelled LFVP.

The preparation procedure for the LFP and LFVP materials was as follows. Start-
ing reagents Li2CO3, (Aldrich, 99.9%), FeC2O4·2H2O (Aldrich, 99.9%), and—in the case
of LFVP—V2O5 (ABCR, 99.5%), were homogenized in a mortar and put into porcelain
crucibles. Subsequently, the crucibles were put into a larger outer crucible partially filled
with activated charcoal and preheated in an inductive furnace (Argenta AFI-02) to 500 ◦C.
After a minute, the temperature was rapidly increased to 1300 ◦C. The batches were kept at
that temperature for 15 min and the melts were eventually quenched. For LFVP compo-
sition, a standard melt-quenching procedure with two parallel stainless-steel plates was
used [21]. Such a cooling rate (roughly 1000 ◦C/min) was too low to obtain a glassy LFP;
therefore, a more efficient twin-rollers technique was used [22]. The amorphousness of the
as-synthesized materials was verified with X-ray diffractometry.
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The crystallization temperature of the glasses was determined by differential thermal
analysis (DTA) using a TA SDT Q600 device. Hence, the temperature of the further heat-
treatment—550 ◦C—was determined. The glasses were put in a tube furnace (Czylok) with
argon flow. They were heated at a rate of 1 ◦C/min, kept isothermally for 60 min, and
cooled down at a rate of 2 ◦C/min. The structure and grain size of the crystallized materials
was investigated with a Malvern Panalytical Empyrean diffractometer in Bragg-Brentano
geometry, using a CuKα line and a nickel filter. The patterns were collected in 2θ 10–80◦

range with a step of 0.035◦. Match! software combined with FullProf program was used
for Rietveld refinement. A Merlin scanning electron microscope (Zeiss) was used for SEM
imaging of the active cathode material microstructure. The sample images were obtained
by two in-lens and secondary electron detectors in order to obtain the best contrast.

In order to prepare cathode layers, the materials were first pretreated in a ball mill
(Fritsch Pulverisette 7; 600 rpm for an hour) and then ground with carbon black (Vulcan
XC-72R) in an agate mortar. Subsequently, a 5 wt.% solution of PVDF in NMP (N-Methyl-
2-pyrrolidone) was poured into the mixture and mixed together with a magnetic stirrer
(500 rpm for 3 h). The initial masses of the active material, carbon black, and PVDF met the
weight ratio of 80:10:10.

The slurry was applied on an aluminum foil with a doctor blade. The thickness was
set to 200 µm, and the speed of the device was set to 20 mm/s. The excess solvent was
evaporated at 50 ◦C; then, the cathode layer was kept at 120 ◦C for 12 h in a vacuum
oven. Nine millimeter electrodes were cut using an El-cut device (El-cell), weighed, and
well-dried in a vacuum oven at 120 ◦C. As prepared, electrodes were moved directly to
the glove-box.

The electrochemical performance of the studied powders was evaluated in three
electrode cells (Swagelok-type) with lithium metal as a counter and reference electrode,
and a Celgard2325® membrane as the separator. A total of 1 M LiPF6 in a 50:50 wt.%
mixture of ethyl carbonate (EC) and dimethyl carbonate (DMC) was used as the electrolyte.
All the cells were prepared in an Ar-filled glove-box (M-Braun) with oxygen and moisture
levels below 1 ppm.

The galvanostatic measurements were divided into two current ranges: high and
low. In the first range, the following current rates were applied: 5× 0.1C, 5× 0.2C,
5× 0.5C, 5× 1C, and 30× 0.2C. In the second range: 5× 1C, 5× 2C, 5× 3C, and 5× 1C. The
lower and upper cut-off voltages in both ranges were set to 3 and 4 V, respectively. For
charge/discharge cycling, a current density was used based on the cathode (LFP) mass
in respect to 170 mAh/g theoretical capacity. All measurements were prepared using
multi-channel battery testers: Atlas Solich 0965 or Biologic BCS-805.

The freshly prepared cells were examined by cyclic voltammetry (CV) using Biologic
BCS-805 equipment. The CV measurements were performed in the potential range of
2.8–4.2 V (vs. Li+/Li0). The following scan rates were used in the consecutive cycles:
0.2 mV/s, 0.5 mV/s, 0.7 mV/s, 1 mV/s, 1.5 mV/s, and 0.2 mV/s—to compare with the first
cycle. The linear relationship between the current intensity and the square root of the scan
rate was fitted using the Randles–Sevcik equation, which describes a diffusion-controlled
mechanism of electrochemical reactions:

Ip = 0.4463
(

n3F3

RT
vD

)1/2

AC

in which A is the active electrode’s surface area (cm2), v is scan rate (V s−1), n is number of
electrons involved during the electrochemical process, F is Faraday’s constant (C mol−1),
R is gas constant (J (mol K)−1), T is absolute temperature (K), C is molar concentration
of lithium ions in LiFePO4 crystal (mol cm−3), and D is chemical diffusion coefficient of
lithium ions inside the LiFePO4 matrix (cm2 s−1).
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3. Results
3.1. X-ray Diffractometry

XRD patterns of as-synthesized LFP and LFVP glasses are shown in Figure 1a. These
diffractograms are typical for amorphous materials. Only minute peaks can be noticed and
their positions are in agreement with diffraction lines of the triphylite phase. The patterns
of the materials after their thermal nanocrystallization are shown in Figure 1b. Only minor
differences can be noticed between undoped and vanadium-doped materials. The positions
of the diffraction lines are in agreement with a reference pattern of LiFePO4 triphylite (e.g.,
ICDD card 01-078-7908). The pattern of the LFVP nanomaterial could be fitted even better
with a reference pattern of LiFe0.9V0.1PO4 (ICDD card no. 04-013-5158). This confirms that
vanadium was incorporated into the triphylite structure, and no segregation or impurity
phases of vanadium were observed with XRD.
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Figure 1. XRD patterns of (a) as-synthesized LFP and LFVP glasses; (b) nanocrystallized LFV and LFVP glasses. Positions
of the Bragg reflexes (in Figure (b) and marked with asterisks in Figure (a)) are in agreement with a LiFePO4 triphylite
reference pattern (ICDD card no. 01-078-7908).

An additional Rietveld refinement analysis was performed, revealing that LFP crys-
tallites had typical LiFePO4 unit cell parameter values: a = 10.3351 Å, b = 6.0103 Å,
c = 4.7048 Å, and V = 292.25 Å3. In the case of V-doped samples, the unit cell parame-
ters showed a, b, c, and V values equal to 10.3209 Å, 5.9996 Å, 4.6948 Å, and 290.73 Å3,
respectively. This noticeable shrinkage of the cell in all three directions represents the
vanadium ion doping effect. Due to the reaction atmosphere, a reduction of V5+ to V3+

ions is expected [23]. The incorporation of V3+ ions with their ionic radius of 0.64 Å at
Fe2+ octahedral sites (ionic radius = 0.78 Å) [24] most likely caused the reduction of the
unit cell parameters of the triphylite structure as observed in the experimental data [25]. A
change of the 4c site valency (II→ III) might also disturb the local environment (increase
of Li vacancies at 4a sites) and cause the ionic and electronic conductivity changes within
the triphylite crystal. One can see that the diffraction lines are broader than in typical
polycrystalline materials. The average sizes of the crystalline grains were estimated using
the Scherrer equation: 48 and 69 nm for LFP and LFVP nanomaterials, respectively.

3.2. Scanning Electron Microscopy

SEM images showing the microstructure of the active cathode materials used in the
slurry preparations are shown in Figure 2. The microstructure of C-LFP consisted of grains
smaller than 20 µm; however, they exhibited a complex nature. At higher magnification
(Figure 2A, bottom line), nanometric crystallites composing larger grains were observ-
able. The LFP samples consisted of grains smaller than 10 µm. At higher magnification
(Figure 2B), complexes of crystallites smaller than 250 nm were visible. The microstructure
of LFVP resembled the microstructure of C-LFP; complexes of sub-100 nm crystallites with
round shapes in good contact with each other were typical for its microstructure.
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The structure of the LFVP nanocrystallites was previously studied using high-resolution
TEM [26]. In that work, it was shown that vanadium ions are mostly present in highly
disordered shells of the LiFePO4 crystallite cores. It was evidenced that these shells provide
favorable conditions for electron hopping between aliovalent iron and vanadium ions. On
the contrary, samples with much larger grains exhibited modest electrical conductivity in
comparison with LFVP samples with ca. 10 nm crystallites.

3.3. Electrochemical Performance

For reference, a laboratory cell made of commercially purchased LFP (labelled C-LFP)
was measured using CV and galvanostatic measurements. The shape of the CV curves is
similar to the literature reports for LFP (Figure 3). An oxidation peak with a maximum
above 3.5 V and a reduction peak with an extremum below 3.35 V were observed. A
typical shift with increasing scanning rate was observed as well. This increase in oxidation-
reduction peak separation is mainly caused by electrode polarization. The correlation
between current intensity and the square root of the scan rate followed a linear trend. This
suggested a diffusion-controlled mechanism of electrochemical reactions. In such a case,
the Randles–Sevcik equation can be applied. The chemical diffusion coefficients of the
lithium ions inside LiFePO4 during oxidation and reduction processes were both equal
to 3 · 10−10 cm2 s−1. This parameter depended on both Li+ ion and electron diffusion in
the host matrix; thus, it suggests that Li+ transport through the lithium-iron phosphate
framework during the oxidation reaction is mainly equal to the reduction process. The
maximum gravimetric capacity for current 0.1 C was ca. 137 mAh/g (Figure 4a). For a
higher current rate, the capacity decreased down to 74 mAh/g for a high current rate of
3 C (Figure 4b).

The CV curves for LFP exhibited considerably lower peak currents upon reduction and
oxidation (Figure 5). The positions of the peaks remained comparable with C-LFP, although
with closer and sharper oxidation and reduction peaks, suggesting better electrochemical
reversibility of the active crystallites. However, the chemical diffusion coefficients of the
oxidation and reduction processes were one order of magnitude smaller than C-LFP, and
equal to 3·10−11 cm2 s−1 and 2·10−11 cm2 s−1, respectively. The Li+ transport through
the LiFePO4 framework during the oxidation reaction is slightly faster than during the
reduction process. Additionally, D values can explain why the gravimetric capacity was
modest, hardly exceeding 25 mAh/g for low current rates (Figure 6a) and falling down to
ca. 12 mAh/g for 3 C (Figure 6b).
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Figure 6. Charge/discharge capacities of nanocrystalline LFP cathode material under low (a) and high (b) current rates.

The electrochemical performance of LFVP was much better than LFP. The peak cur-
rents of CV curves (Figure 7) were higher than in the case of LFP, but still lower than in
the case of C-LFP. The CV peaks were, however, considerably broader than LFP (though
similar to commercial material). The chemical diffusion coefficients calculated through the
oxidation and reduction processes were 9·10−11 cm2 s−1 and 8·10−11 cm2 s−1, respectively.
This shows that V-doping has a positive effect on the diffusion-controlled mechanism when
compared to the pure LFP sample (as expected from XRD analysis) prepared by the same
method, although diffusion is slightly slower than in C-LFP. Similar to LFP, the oxidation
process is marginally faster than the reduction process. One can see that D parameter
values were interrelated to the electrochemical performance of the LFVP material. The
gravimetric capacity at 0.1 C reached ca. 100 mAh/g (Figure 8a). At high loads (3 C), the
capacity decreased to 45 mAh/g (Figure 8b). When compared to C-LFP, the lower D values,
and thus limited electrochemical performance, might be related to the difference in the Li+

and/or electronic transport through the host matrix within these two samples prepared by
different methods.
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4. Discussion

The gravimetric capacities of the reference C-LFP and nanocrystalline LFP and LFVP,
reported in the previous section, are listed in Table 1. One can see that the electrochem-
ical performance of nanocrystalline LFP was quite modest. This is probably due to the
insufficient electrical conductivity of the material. Our studies have shown that the ther-
mal nanocrystallization of the LFP glasses did not result in a significant increase in the
conductivity. The values were ca. 10–8 S/cm at room temperature [27]; therefore, an active
material without additional sophisticated treatment to enhance its conductivity exhibited
only moderate electrochemical performance. Furthermore, its microstructure exhibited less
contact between nanocrystallites (Figure 2B), which is probably the reason—along with
lack of a sufficient number of hopping centers—for poor electrical conductivity.

Table 1. Electrochemical gravimetric capacity (in mAh/g) of the cathode materials under study for
different loads.

ID Capacity @ 0.1C Capacity @ 1C Capacity @ 3C

C-LFP 137.4 108.3 74.4
LFP 26.6 17.3 12.7

LFVP 97.1 60.0 44.9

The nanocrystalline LFVP exhibited much better performance than nanocrystalline
LFP, but still lower than commercial LFP. The addition of vanadium has a significant influ-
ence on the effect of the thermal nanocrystallization on electrical conductivity. Nanocrys-
talline materials with a composition of LiFe0.88V0.08PO4 can exhibit electrical conductivity
as high as 7·10–3 S/cm [19] Therefore, their electrochemical performance can be acceptable
without additional carbon-based enhancement of the electrical conductivity.

The capacity retention after 50 cycles was comparable for all three tested cathodes
and was equal to 99.6%, 99.1%, and 99.9% for C-LFP, LFP and LFVP, respectively. It is
worth noting that the capacity retention for nanocrystalline LFVP was even higher than for
commercial LFP.

An interesting observation can be made when one compares the relative (i.e., vs.
the first cycle) capacity fade of the commercial LFP and nanocrystalline LFVP (Figure 9).
The relative fade of the nanocrystalline cathode material studied in this work was only
slightly lower than the commercial high-performance optimized LFP material. This means
that thermal nanocrystallization could be an alternative way to enhance the electrical
conductivity of cathode materials without the addition of carbon; thus, it can improve the
diffusion-controlled mechanism of the electrochemical reaction. The absolute value of the
capacity is, however, significantly lower than in optimized commercial materials. This
is probably because the residual glassy matrix, in which the nanocrystallites are embed-
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ded, does not play a significant role in the electrochemistry of the materials. Additional
improvement of electrochemical performance can be made by the further optimization of
annealing time and temperature to find the best ratios between glassy and nanocrystalline
phases. The importance of LiFePO4 annealing optimization was previously proven in
terms of the sol-gel method [28]. It was found that increased crystallization and improved
structural quality of LiFePO4 with increasing annealing temperature resulted in improved
electrochemical properties. The most desirable microstructure would probably consist of
a large number of small nanocrystallites with disordered shells in good electrical contact
with each other. Thus, the amount of residual amorphous phase should be minute.

Energies 2021, 14, x FOR PEER REVIEW 9 of 11 
 

 

The nanocrystalline LFVP exhibited much better performance than nanocrystalline 

LFP, but still lower than commercial LFP. The addition of vanadium has a significant in-

fluence on the effect of the thermal nanocrystallization on electrical conductivity. Nano-

crystalline materials with a composition of LiFe0.88V0.08PO4 can exhibit electrical conduc-

tivity as high as 7·10–3 S/cm [19] Therefore, their electrochemical performance can be ac-

ceptable without additional carbon-based enhancement of the electrical conductivity. 

The capacity retention after 50 cycles was comparable for all three tested cathodes 

and was equal to 99.6%, 99.1%, and 99.9% for C-LFP, LFP and LFVP, respectively. It is 

worth noting that the capacity retention for nanocrystalline LFVP was even higher than 

for commercial LFP. 

An interesting observation can be made when one compares the relative (i.e., vs. the 

first cycle) capacity fade of the commercial LFP and nanocrystalline LFVP (Figure 9). The 

relative fade of the nanocrystalline cathode material studied in this work was only slightly 

lower than the commercial high-performance optimized LFP material. This means that 

thermal nanocrystallization could be an alternative way to enhance the electrical conduc-

tivity of cathode materials without the addition of carbon; thus, it can improve the diffu-

sion-controlled mechanism of the electrochemical reaction. The absolute value of the ca-

pacity is, however, significantly lower than in optimized commercial materials. This is 

probably because the residual glassy matrix, in which the nanocrystallites are embedded, 

does not play a significant role in the electrochemistry of the materials. Additional im-

provement of electrochemical performance can be made by the further optimization of 

annealing time and temperature to find the best ratios between glassy and nanocrystalline 

phases. The importance of LiFePO4 annealing optimization was previously proven in 

terms of the sol-gel method [28]. It was found that increased crystallization and improved 

structural quality of LiFePO4 with increasing annealing temperature resulted in improved 

electrochemical properties. The most desirable microstructure would probably consist of 

a large number of small nanocrystallites with disordered shells in good electrical contact 

with each other. Thus, the amount of residual amorphous phase should be minute. 

 

Figure 9. Comparison of the relative discharge capacity fade of commercial C-LFP and nanocrystal-

line LFVP. 

  

Figure 9. Comparison of the relative discharge capacity fade of commercial C-LFP and nanocrystalline LFVP.

5. Conclusions

In this article, we have shown that nanocrystallized olivine-like glasses may exhibit
considerable electrochemical performance when applied as cathode materials for lithium-
ion batteries. In particular, the addition of vanadium had a positive impact on both electrical
conductivity and gravimetric capacity. While the absolute values of the capacity are lower
than in commercial materials and still need improvement, the relative capacity fade at
high loads was comparable to the commercially purchased high-performance LiFePO4
cathode material. It was shown that, in order to provide better electrochemical performance
in glass-ceramics, the following properties are desirable: small nanocrystalline grains in
good contact with each other, and the presence of a high concentration of hopping centers
on the crystallites shells resulting in high electrical conductivity. The conditions were
satisfied in the case of LFVP samples, but not in the case of the LFP material. It resulted in
modest electrochemical performance of the latter. Further optimization of the crystallites-to-
matrix ratio could possibly result in further improvement of electrochemical performance of
nanocrystallized LFVP glasses and could lead to a facile and scalable method of preparation
for highly conductive high-performance olivine-like cathode materials for Li-ion batteries.
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