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Lithium-ion batteries (LIBs) are widely used all over the world. The LIBs belong to a renewable energy source
and energy storage devices. The increase in energy demand causes that new materials of higher energy and
higher power densities are still under investigation. Herein, we compare electrochemical properties of bismuth

vanadate (BiVO,4) embedded and not embedded into carbonaceous matrix as an anode material along with
structural changes. Material incorporated into carbon phase (BiVO4@C) exhibited much better electrochemical
stability but with lower specific capacity (128 mAh/g) in comparison with pure BiVO4 (217 mAh/g). XRD
measurements showed the change in crystallographic structure due to lithium ion intercalation/extraction
process. Hence, it seemed obvious that the presence of carbon affected the interfacial structural and electro-
chemical properties of bismuth vanadate based electrodes.

1. Introduction

Since first application of lithium-ion battery (LiBs) by SONY in 1991
there is a continuous increase in demand for such systems for energy
storage and energy conversion. It is due to fact the we are surrounded
by devices which can not work without battery system. In the beginning
LiBs were used in small portable devices but recently they are found in
electric vehicles. It is because lithium-ion batteries are environmental
friendly and can offer high energy, long lifespan and low cost in com-
parison with nickel-cadmium (NiCd) and nickel-metal hydride (NiMH)
batteries or supercapacitor systems [1,2]. However, recent progress of
high-performance anode in large-scale applications forced graphite
negative electrode in LiBs to be replaced. The theoretical capacity of
graphite electrodes of 372mAh/g is not attractive for such applica-
tions. Therefore many investigations regarding finding suitable nega-
tive electrode materials have been already undertaken. Such materials
should exhibit higher specific capacity and improved rate capability.
There are many kinds of electrode material which are expected to re-
place graphite e.g. polymer derived ceramics (PDCs) [3,4], transition
metal oxides [5-7], non-graphitized hard carbons [8-10] or Li alloys
[11,12]. Among them Li alloys are considered as one of the most pro-
mising materials. However, the Li alloy system suffers from volume
changes, poor cycling performances due to pulverization leading to
active material contact loss during the alloying and dealloying process
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[13]. To overcome these problems such electrode materials are mod-
ified with carbonaceous material. It is due to the fact that the carbon
phase acts as a stress-acommodating phase [14-16].

Recently, bismuth vanadate (BiVO,) was consider as an attractive
anode material for lithium-ion batteries [17,18] or lithium ion capa-
citor [19] although this compound is known to be utilized in photo-
catalysis [20,21] or photoelectrocatalysis [22-24]. However, layered
structure of BiVO, and the presence of bismuth and vanadium ions of
different valencies makes this metal vanadate potential host for lithium
ions insertion/extraction process as it is observed for reversible elec-
trochemical conversion reaction of lithium with transition-metal com-
pounds [25,26]:

M,X, + bnLi* + bne” s aM + bLi X (@))

where M = transition metal e.g. Mn, Fe, Co, Ni, Cu etc., X = anion (O, S,
Se, F, N, P etc.).

The irreversible conversion reaction of BiVO, with Li* ions leads to
formation of metallic Bi and LizVOy4:

BiVO, + 3Li* + 3e” s Bi + LizVO, ()]
and further an alloy is formed:
Bi + 3Li* + 3e” s LisBi 3

This kind of reactions is the main reason for excellent battery
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performance in any conversion reduction systems [27]. The theoretical
capacity of a BiVO, based electrode material is 496 mAh/g and is
higher than for the graphite electrode (372 mA h/g).

Moreover, BiVO, is known as an environmentally friendly yellow
pigment that is widely used in a wide range of products such as cera-
mics and paints [28]. The very low toxicity of Bi and low manufacturing
costs of BiVO, are advantageous in using bismuth vanadate as an
electrode material.

In the present study we have investigated influence of carbonaceous
matrix on electrochemical properties of negative electrode consisted of
BiVO,. Encapsulation of bismuth vanadate into carbon phase was ex-
pected to improve electric contact between particles and to enhance
cyclability and rate capability as it was already observed for other in-
organic-based negative electrode materials [29,30].

Materials were characterized with the solid-state physics techniques
and finally, BiVO4-based electrode was tested in half-cell configuration.

2. Experimental

Bismuth vanadate was prepared using the high temperature solid-
state chemical reaction using equimolar amounts of Bi(NO3)3-5H,0 and
NH4VOs;. Grinded in mortar and pestle precursors were dried at 100 °C,
pressed into a pellet (10 mm diameter) and annealed at 600 °C for 4 h.
In order to prepare BiVO, incorporated in carbonaceous matrix
(BiVO,4@C), two separate solutions of BiVO, precursors (Bi(NO3)3-5H,0
and NH4VO3) were prepared in 2 M HNOs. Poly(ethylene oxide) (PEO)
(M = 300,000, Aldrich) was added to the bismuth nitrate solution as a
source of carbon. The subsequent viscous solution was mixed with
NH,4VO; containing solution and stirred overnight. The molar ratio
between Bi, V and C was equal to 1:1:1. Then, resulting slurry was dried
at 120 °C followed by the annealing in Ar atmosphere at 600 °C for 4 h.

The Raman spectra were recorded using a confocal micro-Raman
spectrometer (InVia, Renishaw) with sample excitation, by means of an
argon ion laser emitting at 514 nm.

The phase composition of the samples was checked by an X-ray
diffraction system in the range of 26 = 20 — 70°, using an X-ray dif-
fractometer (Xpert PRO-MPD, Philips) with copper K, radiation (A
=1.5404 A). The diffraction patterns were processed using Fityk soft-
ware [31] via fitting to the Lorentzian function.

The morphology of the samples was investigated by the Schottky
field emission scanning electron microscope (FEI Quanta FEG 250) with
an ET secondary electron detector. The beam accelerating voltage was
kept at 20 kV. For the purpose of elemental analysis, Energy Dispersive
X-ray Spectroscopy was performed with the EDAX Genesis APEX 2i with
the ApolloX SDD spectrometer, in particular areas of each sample.

An electrode film was prepared form a slurry containing BiVO,4 or
BiVO4@C, carbon black (CB) (Super P, Timcal, Switzerland) and pVDF
(Polyvinylidene fluoride, Solvay) at weight ratio 7:2:1 dissolved in NMP
(N-methyl-2-pyrrolidinone, AlfaAesar) on a copper current collector
(Schlenk Metallfolien GmbH & Co KG, Germany). After tape casting
material was dried, cut from the tape and pressed (60 s with a load of
100 MPa) followed drying under dynamic vacuum in an oven (Glass
Oven B-585 Biichi, Germany) for 24 h at 90 °C. The mass of the elec-
trode was ~ 5mg. Electrode material were tested in two-electrode
Swagelok® cell with lithium foil (99.9%, 0.75 mm thickness, AlfaAesar)
as counter and reference electrode. The SelectiLyte™ LP30 (1 M LiPF¢ in
1:1 wt/wt mixture of ethylene carbonate and diethyl carbonate) from
Merck were used as electrolyte and glass fibre (Schleicher & Schiill,
Germany) as the separator.

The battery tests of the samples were performed using the ATLAS
0961 MBI (Poland) multichannel battery testing system with different
current densities from 0.01 V to 3 V. Cyclic voltammetry measurements
(CV) were carried out on a PGSTAT302N galvanostat/ potentiostat
over the potential range from 0.005V to 3V vs. Li/Li* with a scanning
rate of 0.1 mV/s.

The electrical conductivity of BiVO, and BiVO,@C samples was
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Fig. 1. Raman spectra for BiVO, ( ) and BiVO,@C ( ) electrode ma-
terials. Inset: Curve fit for the first order Raman spectra of BiVO,@C.

performed by the two-terminal method. Pressed pellets of pure BiVO,
and BiVO,@C were immersed between stainless steel current collectors
and a constant current was applied (Autolab PGSTAT10). Each pellet
was prepared using SPECAC handpress (150 MPa load). The pellet
diameter was 10 mm and the thickness was in the range between 0.5
and 0.7 mm.

3. Results and discussion

The Raman spectra of pure BiVO, powder and BiVO,@C powder are
presented in Fig. 1. The common feature of both materials is the pre-
sence of maxima in the range 100 — 1000 cm ™. The characteristic
peaks for pure BiVO, are seen at 130cm ™', 211cm ™}, 326cm™?,
368cm ™!, 713cm ™! and 828 cm ™. The first two Raman bands origin
from lattice modes [32,33]. The Raman bands at 326cm~! and
368 cm ™! are attributed to the asymmetric and symmetric stretching
mode of VO, tetrahedron [34] while stretching modes of two vibra-
tional modes of V—O are detected at 713cm ™! and 828 cm ™! [35].
However, Raman modes of pure BiVO4 powder and BiVO,@C do not
overlap. For BiVO,@C Raman bands at around 130 cm ™!, 199 cm™ and
811cm ™! as well as broad humps at 330cm ™! and 613cm ™! were
seen. It is known that position of vibrational mode of V—O is possible to
be shifted due to different factors e.g. the calcination temperature [34]
and this shift is related to the bond distance between vanadium and
oxygen [35]. Thus, we assumed that the presence of cabonaceous ma-
trix affected the crystallographic structure of BiVO, and influenced on
the V—O bond length.

The main difference in Raman spectrum between both materials is
seen in the range 1000-2000 cm ~!. This region is known to be char-
acteristic for carbonaceous materials e.g. graphite and disordered car-
bons. In Fig. 1, one may see two peaks, the D peak around 1350 cm ™!
and the G peak around 1580-1600 cm™ [36]. Both maxima are attrib-
uted to the presence of carbon atoms of sp? hybridization. The D peak
origins from the breathing motion of sp>-ring, while the G maximum is
attributed to an in-plane bond stretching vibrations of sp? carbon atoms
[371.

In the literature one may find that one should apply fitting proce-
dure in the interpretation Raman spectra of disordered carbonaceous
materials [38,39]. In the inset in Fig. 1 curve fit for first-order Raman
spectra is shown (for more details see Table S1). The D and D2 bands
are attributed to the presence of disordered graphitic lattice while the
D3 band confirms the presence of amorphous carbon phase. The G band
is characteristic for ideal graphitic lattice. Direct relation between D
and G peaks intensities allows to estimate cluster size of the graphitic
microcrystals, known as L, parameter (in-plane correlation length)


http://mostwiedzy.pl

A\ MOST

A.P. Nowak, et al.

Table 1
Raman peak positions and assignment of major vibrational bands of BiVO, and
BiVO,@C electrode materials.

Raman Shift [cm™!] Band

130 Lattice modes in BiVO,

211 Lattice modes in BiVO,

326 Asymmetric stretching mode of VO,
368 Symmetric stretching mode of VO4
713 Stretching vibrations of V-O

828 Stretching vibrations of V-O

1350 Breathing motion of sp>ring (C-C)
~ 1590 Stretching vibrations of (C-C)

Carbon cluster size L, = 6.3 nm.

[40]:
o _c@
I(G) I, ()

were C = 44 A (for the Raman laser excitation energy A =514.5 nm).

This formula can be applied assuming that there were no direct
interactions between carbon and any metal form BiVO,4. The calculated
L, parameter is equal to 6.3 nm which is higher in comparison with the
graphite powder (4.2nm) and is lower in comparison with highly or-
iented pyrolytic graphite (HOPG) (> 17nm) [41]. The low L, value
suggests that carbon is less ordered in the studied case.

The summarized data data for Raman Spectroscopy is given in
Table 1.

The XRD pattern of BiVO4 and BiVO4@C before and after galva-
nostatic cycles are shown in Fig. 2. One may see that XRD pattern of
both materials are identical and suggest the formation of monoclinic
crystals, with space group 1112/b [42], z = 4, and cell parameters a
=7.247A, b =5.096 A, ¢ =11.702A and y = 134.18°. This structure
shows eight-fold oxygen coordination of Bi atom forming distorted Bi-O
dodecahedron (BiOg) with twelve faces. The oxygen atoms take part
also in four-fold coordination around V atoms and form regular VO,
tetrahedron. Such structure forms layer-like system which might be
suitable for lithium ion insertion/extraction process that is observed in
layered cathode materials i.e. LiCoOs, LiNi; ,sMn; 30,3 [43]. In Fig. 2b
one may see that after galvanostatic cycles BiVO, and BiVO4@C active
materials exhibited different crystallographic structure in comparison
with material before electrochemical cycles. On the one hand, one may
see that lithium insertion and extraction process might cause decom-
position of bismuth (III) vanadate with formation of bismuth and va-
nadium metal oxides of different stoichiometry (see, Fig. 2b). On the
other hand it is confirmed that LiF and Li,CO3; were identified. Lithium
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1112/
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Fig. 2. XRD pattern of BiVO4 and BiVO,@C electrodes before (a) and after (b)
galvanostatic cycles.
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Fig. 3. Changes in dimension of volume-average crystallite size before and after
electrochemical charging/discharging processes of BiVO,@C electrode mate-
rial.

compounds are known to form solid electrolyte interphase (SEI) which
is formed due to electrolyte decomposition during cycling [44]. Posi-
tion of maxima attributed to SEI film compounds might overlap with
the position of BiVO,. We did not observed formation of metallic Bi nor
LizVOs,.

The volume-average crystallite size (D,p), calculated from Scherrer
equation [45], is 16 nm and 5nm for material before and after elec-
trochemical testing, respectively. The change in particle size evidenced
that lithium insertion into BiVO,4 structure caused changes in its crys-
tallographic lattice.

Fig. 3 shows changes in diameter of D,;, in the 20 region from 15° to
45°.

It is very likely that shifts in peak maxima position as well as dif-
ferences in the D,, were due to lithium ion insertion and extraction
process. We suppose that several factors might contributed to the ob-
served phenomenon e.g. grain surface relaxation, non-uniform lattice
distortions, inhomogeneity of the material.

SEM images of BiVO, and BiVO,@C electrode materials are shown
in Fig. 4.

Pure BiVO, material exhibited a cuboid structure of the particle of
the size in nano scale ranging from 80 nm to over 700 nm (Fig. 4a). For
BiVO,@C material one may see that bismuth vanadate particles are
embedded into carbonaceous matrix (See Fig. 1S). Their size is below
150nm suggesting that BiVO, underwent morphological changes
during modification with PEO followed thermal treatment. According
to the SEM micrographs presented in Fig. S2, material prepared via
annealing in a presence of PEO is not perfectly homogeneous. Rarely,
the round-shaped particles with varied diameters uncovered with car-
bonaceous phase were detected. EDX analysis shows that the Bi:V ratio
is disturbed due to the excess of Bi. The annealing process of BiVO,/
PEO mixture performed in Ar atmosphere at 600 °C lead to the forma-
tion of carbon phase and simultaneously may lead to the partial re-
duction of Bi®* to Bi® [46]. However, no reflexes from metallic bismuth
were recorded in XRD pattern.

Moreover, carbonaceous matrix seemed to be porous and of amor-
phous origin. One may notice that average size of BiVO, of both ma-
terials were of one order of magnitude higher in comparison with the
results obtained from Scherrer equation. This may evidenced that bis-
muth vanadate crystallites form an agglomerated structures seen on
SEM. It is very likely that the carbon phase partially prevented adverse
agglomeration as the size of particles of BiVO,@C was lower in com-
parison with particle size of bare BiVOj,.

The cyclic voltammetry curves of BiVO, and BiVO,@C electrodes
are presented in Fig. 5a and b, respectively. In the first reduction scan
one may see three cathodic maxima at ~1.75V,~ 1.0V and ~ 0.56 V for
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Fig. 4. The SEM image of a) BiVO, and b) BiVO,4@C electrode materials.

BiVOy, and “1.75V, " 1.31 Vand ~ 0.5V for BiVO4@C, respectively. It is
very likely that the maximum at ~ 1.75 V for both materials is attributed
to metallic bismuth formation as it was observed for bismuth oxide
[47]. One may see a noticeable difference in peak intensity of the
cathodic current maxima between both electrode materials at 1.75V.
This difference is due to presence or lack of carbonaceous matrix for
BiVO,4 and BiVO4@C, respectively. It is very likely that carbon phase
acts as a layer which in some way prevents BiVO, decomposition with
formation of metallic bismuth. We suppose that in studied case the
carbonaceous matrix does not form sufficient pathway for reaction
between lithium and bismuth (III) vanadate. Thus, one may see that
current density is lower for BiVO,@C in comparison with current
density recorded for BiVO4. The mechanism of reaction with lithium
might be as follow:
BiVO, + xLit + xe~ & gBi + LicBi_xVO, )
The cathodic peak maxima at ~ 1.0V for BiVO, and at ~ 1.31V
BiVO4@C is very likely to lead to Li3VO, formation according to re-
action:

Li,Biy_xVO, + B-x)Lit +GB-x)e 51— g)Bi
+ LisVO,for 0 < x < 3 (6)

The difference in a peak position might be originating from the fact
that in case of BiVO,@C the inorganic component is embedded in
carbonaceous matrix. It may shift reduction reaction maximum towards
higher potentials as additional resistance originating from the carbon
phase occurred, according to Ohm’s law. The origin of the third re-
duction maximum, at ~ 0.56 V for BiVO, and at ~ 0.5 V for BiVO,4@C, is
complex. It might be attributed to both V°>* reduction to V** on the
one hand [48], and to Li3Bi formation, on the other hand [*°]. In the
subsequent cycles each of these maxima are split into two cathodic

a) BiVO,
08

scan 1
scan 2
scan 3

v=100 pV/s

00 05 10 15 20 25 30 35
E [V]vs. Li/Li"

maxima the first at = 0.52V and the second at ~ 0.72V. The former
origins from the reduction of V** to V37, and the latter is attributed to
Li3Bi alloy formation [25,49].

During anodic process one may see sharp anodic maximum at ~
1.0V. It seems that the discharging leads to BiVO, formation during
conversion and dealloying according to reaction:

LisBi + Li;VO,4 & BiVO, + 6Li* + 6e” %)

However, the reaction mentioned above is not 100% efficient as an
another anodic maximum is seen at ~ 1.2V for BiVO, electrode mate-
rial. This activity might be attributed to some oxidation process of V"
to V°© [[[25]]]. This process is not recorded for BiVO,@C. It suggests
that the presence of carbonaceous matrix affects some redox couple
activities, very likely of pseudocapacitive character. The anodic
maxima at ~ 2.6V for BiVO, and 2.7V for BiVO,@C, correspond to
oxidation of metallic Bi [[[25]]].

In Fig. 6 galvanostatic charge/discharge curves of BiVO, and
BiVO,@C electrodes for the first three cycles in half cell configuration
performed in the potential range from 0.05 V to 2.5V at current density
j=40mA/g.

One may see that curve plateau observed in the first charge/dis-
charge overlaps with cathodic/anodic current maxima seen in cv plot
(see Fig. 5). It is shown that the presence of carbonaceous matrix affects
electrochemical properties of BiVO4,@C electrode material. However,
this was not a positive effect as the specific capacity of BiVO,@C
electrode material was lower in comparison with BiVO,4 electrode ma-
terial. In both cases one may see significant capacity loss during first
lithium insertion process. This capacity loss might be related with solid
electrolyte interphase (SEI) formation [[25]] as well as with irreversible
reaction of BiO, with lithium oxide formation:

BiOyx + xLi™ + xe” s Bi + Li,O (8)
b) BiVO,@C
08
scan 1
scan 2
0.6+ scan 3
0.4
%8 g2
3 02
i
0.0 - N;”?—A‘—:;
-0.44 v=100 pV/s
0.0 0.5 1.0 L5 20 25 3.0 35

E [V]vs. L/LI"

Fig. 5. The cyclic voltammetry curves of the a) BiVO, and b) BiVO4@C in LP30 electrolyte.
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Fig. 6. The galvanostatic charge/discharge curves of a) BiVO4 and b) BiVO,@C in LP30.

According to Gomez-Romero et al. the overall reaction between Li*
and BiVO, is as follow:

BiVO, + 6Li* + 6e” 5 LisBi + LisVO, ©)

and gives the theoretical capacity of 662 mAh/g [21].

However, taking into account the molar mass of BiVO, (323.92g/
mol), Faraday’s 1st law of electrochemistry (1 g equivalent weight of a
material will deliver 96,485 coulombs (or 26,801 mAh)) and taking
into account 6 electrons one may calculate theoretical capacity:

268016 _ 496 [mAh/g]

Q= nw (10

And even though the theoretical capacity is not 662 mAh/g but
496 mA h/g it is still over 100 mA h/g higher than for graphite anode
(Qum, = 372mAh/g).

In the studied case first charge/discharge capacities are 1223 mA h/
g and 690 mAh/g for BiVO,, and 641 mAh/g and 373mAh/g for
BiVO4@C. Such high values origins from SEI formation during first
process of lithium ions incorporation into a negative electrode materials
[50]. These values are diminishing with subsequence cycles and after
fifth cycle gave specific discharge capacities of 594 mAh/g and
293 mAh/g for BiVO, and BiVO,@C, respectively. The capacity re-
tention after 5 cycles at j = 40 mA/g was equal to 86% for BiVO, and
78% for BiVO,4@C. The relationship between cycle number and current
rate is given in Fig. 7.

One may see that for BiVO, electrode material there is continuous
decrease of capacity value with cycle number. It is very likely due to
fact that no stable phase of BiVO, were formed, yet. It may be also
caused by the continuous SEI formation and growth leading to capacity
fading. In the present study the final discharge capacity was equal to
217 mA h/g for current density of 40 mA/g. Contrary, the BiVO,@C
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Fig. 7. Relationship between specific capacity and the number of cycles.

negative electrode exhibited almost straight horizontal line suggesting,
that after first several charging/discharging cycles electrode material
formed stable phase. The presence of carbon matrix might influenced
the SEI formation followed the formation of the stable phase of BiVOj,.
The SEI is known to prevent further reduction of the electrolyte and to
ensure electrochemical stability of an electrode. Synergistic effect due
to the SEI formation and the presence of carbonaceous matrix improved
the stability of the BiVO,@C electrode material during charging/dis-
charging. However, this stability had negative effect on the capacity of
such electrode. The discharge capacity of the last discharge capacity
was only 128 mA h/g. We assumed that electrode material consisted of
BiVO, embedded into carbonaceous matrix (BiVO,@C) would be more
stable during subsequent cycles with retained capacity originating from
BiVO, with improved electrical conductivity. The calculated electrical
conductivities for pure BiVO4 and BiVO,@C were 1-107'° S/cm and
2102 S/cm, respectively. In the literature one may found that the
electric conductivity of pure BiVO, is ~ 1-10° S/cm for 625K [51] and
according to Arrhenius equation it decreases with temperature increase.
However, it turned out that BiVO,@C electrode material exhibited
worse electrochemical performances in comparison with BiVO, without
carbonaceous matrix. It suggests that the type of carbon phase plays
important role in electrochemical behaviour of electrode material with
carbonaceous matrix expected to act as material improving electric
contact between electrode active material particles and enhancing their
cyclability and rate capability. Recently, Majchrzycki et al. showed that
for non-reduced graphene oxide the capacity of such electrode material
was lower in comparison with photothermally reduced GO [52]. It
confirms that the type of carbon phase affects the electrochemical
performance of an electrode material. It is very likely that in the studied
case the source of carbon was not suitable chosen to improve electrode
performance of the whole electrode material.

4. Conclusion

Two kind of electrode material consisted of BiVO, were prepared,
characterized and compared for their usage in lithium-ion battery ap-
plication. It was evidenced that both pure BiVO, and BiVO, embedded
into carbonaceous matrix (BiVO4@C) exhibited identical crystal-
lographic structure, however SEM images showed that morphology of
the material was affected. The structure underwent structural changes
due to lithium ion insertion/extraction seen as a change of the volume-
average crystallite size of the electrode material. Electrochemical tests
evidenced that BIVOy is suitable for lithium ion intercalation/extraction
process. The BiVO4@C electrode material exhibited improved cy-
clability but suffered from low capacity in comparison with pure BiVO,.
The capacities of 217 mA h/g for BiVO4 and 128 mA h/g for BiVO,@C
are not an alternative for replacement of graphite electrode at the
moment. Nevertheless, improvement of capacity of BiVO,@C seems to
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be a crucial issue to be able to utilize such material for lithium-ion
batteries.
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