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ABSTRACT

The large-scale application of Li-ion batteries requires high-performance cath-
ode materials. Herein, a high-activity LizV,(PO,)3;/C composite cathode has
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5 July 2021 been fabricated through a solid-state reaction employing dual carbon sources of
poly(acrylic acid) and soluble starch. The effects of single carbon source and
© The Author(s), under  dual carbon sources on the physical and electrochemical properties of LizVy(-

POy4)3/C are analyzed. The porous structure induced by poly(acrylic acid) and
highly conductive carbon resulted from soluble starch enable the composite to
achieve large discharge capacities and stable cyclability at high C-rates. At
3.0-4.3 Vand 10 C, a large discharge capacity of 121 mAh g™ (nearly 91% of the
theoretical capacity) can be obtained, along with high capacity retention of 88%
over 1000 cycles. Furthermore, at 3.0-4.8 V, the composite also possesses larger
high-rate capacities and better cyclability than other composites prepared using
single carbon source. The dual carbon sources bring a synergistic effect to the
enhancement of electrochemical performances of the Li;V,(POy4);/C composite.
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paths for Li-ion migration, allowing fast Li-ion
insertion/extraction [2-5]. Moreover, the theoretical

1 Introduction

The rapid development of energy storage devices and
automotive applications is in urgent need of
advanced Li-ion batteries (LIBs). Cathode materials
confront with more challenges than the commercial
graphite anode, such as enhancing the high-rate
reversible capacity and cycle lifespan [1]. In com-
parison to olivine LiFePO, and LiMnPO, cathodes
with one-dimensional Li-ion diffusion paths, mono-
clinic LizV,(PO4); demonstrates three-dimensional
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capacity of LizVy(POy)s is 197 mAh g~', which is
larger than that for LiFePO, (170 mAh g_l) and
LiMnPO, (171 mAh g~ ') [6]. However, transition
metal ions are divided by the phosphate groups in
the crystal structure, which leads to a low electronic
conductivity (ca. 1077 S cm™!) and thus results in
slow electrochemical kinetics [7].

A common and effective strategy to enhance the
electrochemical activity of LizVo(POy)s; is the
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formation of carbon coated composite, thus improv-
ing the electroconductivity of the electrode [8]. Vari-
ous organics and polymers, such as citric acid, starch,
glucose, beta-cyclodextrin, polyacrylonitrile, poly-
amide, and polyvinylpyrrolidone, have been
employed as carbon sources to form the amorphous
conductive carbon layer [9-19]. These studies also
indicate that the molecular structure of carbon
resource remarkably influences the particle shape
and electrical conductivity of LizV,(POy4)3/C, thereby
affects its electrochemical behavior. For example, Rui
et al. [20] employed citric acid, starch, glucose, and
polyvinylidene fluoride (PVDEF) to fabricate the Lis.
V,(POy4)3/C composites. The composite using PVDF
exhibits the best rate performance due to a continu-
ous carbon network among the LizV,(PO,); particles.
Li et al. [21] reported that the LizV,(PO4)3/C cathodes
obtained from polymer carbon precursors, including
phenolic resin and PVDF, provide much larger
reversible capacities than that obtained from an
organic carbon precursor of glucose because of their
smaller particle sizes and higher conductivities of the
composites. Furthermore, another strategy is to
rationally design nanostructured and porous struc-
tured LizV,(POy4)3/C composites, which can offer
shortened solid-phase diffusion pathways for Li*
ions and thus improve the high-rate capability
[22-30]. Therefore, it is a feasible strategy to fabricate
the high-activity LizV,(PO,);/C with suitable shape
and microstructure by using composite carbon sour-
ces based on their respective natures and advantages.
So far, only a few literatures have studied the
preparation of LizV,(PO,);/C employing dual carbon
precursors [13, 31-34]. As reported, Ding et al. [31]
used polyvinylpyrrolidone and citric acid to prepare
the LizV2(PO,);/C cathode for aqueous LIBs, and the
cathode displayed a 94.9% capacity retention over
1000 cycles. As for other cathodes, Sun et al. [2]
prepared the LiFePO,/C composite using xylitol-
polyvinyl alcohol as complex carbon sources, and the
composite shows a large discharge capacity of 133
mAh g=' at 5C and superior cyclability (100%
capacity retention after 500 cycles). Micro-agglomer-
ated porous LiFeysMngsPO,/C prepared using
sucrose and polyvinyl alcohol as composite carbon
sources displayed good rate capability (120.1 mAh
g ! at 5 C) and outstanding cyclability (98% capacity
retention after 200 cycles at 5 C). The results indi-
cated that a composite carbon source was favorable
for the uniform carbon coating, interconnected pore
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structure, and small particle size [35]. However, the
combination of double carbon sources and their
respective roles need to be further studied.

Herein, we adopt a solid-state reaction process to
fabricate the LizV,(PO,);/C composite. Both a poly-
meric precursor of poly(acrylic acid) (M, = ~ 2000)
and an organic precursor of soluble starch are
employed as the dual carbon sources. For compar-
ison, the similar composites are also fabricated using
a single carbon precursor of poly(acrylic acid) or
soluble starch, respectively. The influences of carbon
source on the morphology, particle size, microstruc-
ture, electrical conductivity, and electrochemical
property of LizV,(PO4)3/C have been investigated.

2 Experimental section
2.1 Synthesis of LizV,(PO,);/C

All the chemicals were analytical grade and pur-
chased from Aladdin Chemical Reagent Co., Ltd.
(Shanghai, China). 0.5598 g Li,CO;, 1.1816 g NH,.
VOs;, 1.7340 g NHH,PO,, 0.54 g poly(acrylic acid),
and 0.17 g soluble starch were dispersed into abso-
lute alcohol and ball milled in a zirconia vessel at
350 rpm for 8 h. The obtained mixture was dried at
70 °C and subsequently ground in an agate mortar.
The powdered precursor was heated at 350 °C for 5 h
and then annealed at 800 °C for 8 h in argon flow.
After cooling naturally, the product was obtained
and denoted as LVP/C-PAA /SS. For the synthesis of
other products with single carbon source, poly(-
acrylic acid) (0.89 g) was used to synthesize LVP/C—
PAA, and soluble starch (0.43 g) was used to prepare
LVP/C-SS in a similar manner.

2.2 Physical characterization

The phase analysis was conducted on an X-ray
diffractometer (XRD, Rigaku ultima IV). The sample
morphology, particle porosity, and conductive car-
bon distribution were studied using a scanning
electron microscope (SEM, Phenom Pro) and trans-
mission electron microscope (TEM, Tecnai G2 F30).
The carbon structure and content in the composites
were evaluated with a Raman microscope (Thermo
DRX) and elemental analyzer (Vario Micro Cube),
respectively. Nitrogen adsorption—desorption mea-
surement was pursued using a V-Sorb 2800TP
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instrument. The particle size distributions of the
samples were determined by a Zetasizer Nano
analyzer.

2.3 Electrochemical assessment

CR2016 coin cells were assembled with the metallic
lithium anode, polypropylene separator, 1 M LiPF, in
dimethyl carbonate/ethylene carbonate (1:1, v/v)
electrolyte, and LizV,(PO4)3/C cathode. The as-pre-
pared composite, acetylene black, and polyvinylidene
difluoride in a mass ratio of 75:15:10 were well mixed
in N-methyl-2-pyrrolidinone solvent and plastered
on an Al foil. After drying, the electrode sheets were
cut out with diameters of 12 mm with the LizV,(POy);
loading of ca. 1.2-1.5 mg cm ™2 and kept at 110 °C for
10 h in vacuum. All the cells were tested on a
LANHE CT2001 battery cycler at 3.0-4.3 V and
3.0-4.8 V with different C-rates. A CHI650D electro-
chemical workstation was employed to test electro-
chemical impedance spectra (EIS, frequency range:
10°-0.01 Hz) and cyclic voltammograms (CV, scan-
ning speed range: 0.1-0.5 mV s7h.

3 Results and discussion

Crystal structures of the LizV,(PO4)3/C composites
acquired from various carbon sources were analyzed
by XRD, as depicted in Fig. 1. In an overall situation,
the reflection peaks of all composites are similar and
well match with monoclinic LizV,(POy4); (JCPDS card
no.72-7074; space group: P2;/n) [6, 7]. No impurity
phase and crystalline carbon were detected, indicat-
ing the production of a single-phase material and
amorphous carbon. Moreover, carbon sources have
no evident effects on the crystallinity and crystal
structure of LizV,(POy)3.

The morphologies of the as-prepared composites
examined with SEM are shown in Fig. 2a—c. All the
composites exhibit granular shape with different
particle sizes. The corresponding particle size distri-
butions are demonstrated in Fig. 2d. The LVP/C-SS
composite comprises well-dispersed granules with a
size of ca. 60-200 nm. However, the LVP/C-PAA
composite is composed of both granules and large
agglomerates with a main size ranging from 90 to
350 nm. The LVP/C-PAA/SS composite has similar
particles morphology to LVP/C-PAA with a main
size of ca. 80-250 nm. Thus, the starch carbon source

19903

LVP/C-PAA/SS
LVP/C-SS
LVP/C-PAA

‘ ’ PDF#72-7074
i |‘ L | | nl |I| wal il ! wil Al

Intensity (a.u.)

1 " 1 " 1 " 1 " 1 " 1 L 1 L 1

15 20 25 30 35 40 45 50 55 60
2 Theta (degree)

Fig. 1 XRD patterns of the LizV,(PO,)3/C composites

is favorable to form uniform small particles with
good dispersity, while poly(acrylic acid) is prone to
form partially agglomerated particles due to its
polymer chains. As expected, the particle size of
LVP/C-PAA/SS is remarkably influenced by a syn-
ergistic effect of dual carbon sources.

The microstructures of the three composites were
further examined with TEM, as presented in Fig. 3a—
c. As observed, amorphous carbon created from the
thermolysis of carbon precursors covers the surface
of the LizV,(POy); particles and also disperses among
the sample particles, thus providing an electronic
transmission network on the particles surface and
between adjacent LizV,(PO,); particles. The carbon
contents are 4.81, 4.94, and 4.78 wt % for the LVP/C-
PAA, LVP/C-SS, and LVP/C-PAA/SS composites,
respectively. Remarkably, the LVP/C-PAA and
LVP/C-PAA/SS granules represent apparent meso-
porous structure, while solid structure of the LVP/C-
SS granules can be observed. Furthermore, LVP/C-
PAA has more mesopores than LVP/C-PAA/SS,
implying that the pores result from the pyrolysis of
poly(acrylic acid) polymer. Such a porous
microstructure is beneficial for the infiltration of
electrolyte into the active materials as well as
enlargement of the electrode reaction interface,
thereby improving the electrode kinetics. The elec-
tronic conductivity of carbon in the LizV,(PO4)3/C
composite remarkably affects its electrochemical
performance [20, 21]. Therefore, the carbon structure
was characterized by Raman spectra, as illustrated in
Fig. 3d. One broad peak appearing at ca. 1357 cm™ " is
related to the disorder-induced D band. Another
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Fig. 2 SEM images of LVP/
C-PAA (a), LVP/C-SS (b),
and LVP/C-PAA/SS (c);
Particle size distributions

(d) of LizV,(P0O,)5/C

1

peak emerged at ca. 1590 cm™ " is responsible for the
graphite-like G band [18, 33]. Generally speaking, a
lower intensity ratio of the two bands (Ip/Ig) implies
a higher electronic conductivity of the carbon. The
calculated Ip/Ig value is 0.97 for LVP/C-PAA, 0.89
for LVP/C-SS, and 0.92 for LVP/C-PAA/SS. This
suggests that the carbon produced from soluble
starch has better electronic conductivity than that
generated from poly(acrylic acid).

Figure 4 displays the nitrogen adsorption—-desorp-
tion isotherms of LizV,(PO,);/C. All the samples
exhibit a type IV isotherm and a clear adsorption tail
(P/Py > 0.9), implying the existence of macropores in
all the composites [35]. Moreover, LVP/C-PAA and
LVP/C-PAA/SS present larger hysteresis loops at
the relative pressure of 0.4-0.9 compared to LVP/C-
SS, suggesting that LVP/C-PAA and LVP/C-PAA/
SS possess richer mesopores than LVP /C-SS [36, 37].
The pore size distribution plots based on Barrett—
Joyner-Halenda (BJH) method (insets of Fig. 4a—c)
also demonstrate the mesoporous characteristic of
LVP/C-PAA and LVP/C-PAA/SS. The Brunauer—
Emmett-Teller (BET) specific surface areas of the
LVP/C-PAA, LVP/CSS, and LVP/C-PAA/SS
composites are 27.8, 30.4, and 24.2 m® g”!, respec-
tively. Predictably, the specific surface area of Lis.
V2(POy)3/C is closely related to its particle size and
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pore size distribution. These data match with the
SEM and TEM results.

The electrochemical behaviors of the three com-
posites were firstly tested between 3.0 and 4.3 V.
Figure 5a—c presents the voltage curves at charging/
discharging rates of 0.2-20 C. At 0.2 C-rate, all the
samples represent three couples of voltage plateaus
at around 3.59/3.58, 3.67/3.66, and 4.08/4.05V,
associating with the extraction/reinsertion of two Li*
ions in three steps [38]. The charge plateau voltage
gradually elevates with the increase of C-rate, while
the discharge plateau voltage decreases for all the
composites due to the strengthened electrochemical
polarization. Note that LVP/C-PAA exhibits smaller
voltage hysteresis than LVP/C-SS because of its
porous structure characteristics. For example, the
voltage difference between charge and discharge
plateaus during the removal/reinsertion of the sec-
ond lithium at 20 C for LVP/C-PAA, LVP/C-SS, and
LVP/C-PAA/SS is 0.21, 0.29, and 0.26 V, respec-
tively. The rate capabilities of the three composites
are compared in Fig. 5d. At 0.2 C-rate, the discharge
capacities of LVP/C-PAA, LVP/C-SS, and LVP/C-
PAA/SS are 126, 130, and 128 mAh g~ ', respectively.
The largest capacity of LVP/C-SS is induced by the
small particle size and high electronic conduction.
Nevertheless, the capacity of LVP/C-SS decays
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Fig. 3 TEM images of LVP/C-PAA (a), LVP/C-SS (b), and LVP/C-PAA/SS (c); Raman spectra (d) of Li;V,(PO,)s/C

rapidly with increasing C-rate. In contrast, LVP/C—
PAA and LVP/C-PAA/SS exhibit superior capacity
keeping ability. As the C-rate varies from 0.5 C to
10 C, the discharge capacity of LVP/C-SS is reduced
by 23 mAh g, against 2 mAh g~ for LVP/C-PAA
and 5 mAh g' for LVP/C-PAA/SS. The porous
structure of LVP/C-PAA and LVP/C-PAA/SS pro-
vides short pathways for ionic solid-phase transport,
which can accelerate electrode kinetics and thereby
enhance the rate capability. Under a considerable rate
of 20 C, the reversible capacity reaches 113 mAh g~*
for LVP/C-PAA and 116 mAh g~ ' for LVP/C-PAA/
SS, whereas it only reaches 95 mAh g~ ' for LVP/C-
SS. As observed, LVP/C-PAA/SS delivers larger
capacities than the other two composites in the C-rate
range of 2-20 C, suggesting that the porous structure
and conductive carbon nature in the composite
mainly affect the high-rate behavior of LizV,(POy);.

Figure 5e and f shows the cycling performances of
the three composites. As presented in Fig. 5e, the
initial discharge capacities of LVP/C-PAA, LVP/C-
SS, and LVP/C-PAA/SS at 1 C are 118, 122, and 123
mAh g, respectively. The capacities maintain 106,
89, and 116 mAh g ' after 500 cycles with capacity
retentions of 90, 73, and 94%, respectively. The long-
term cyclability of the composites at 10 C is illus-
trated in Fig. 5f. The LVP/C-PAA/SS delivers the
largest initial discharge capacity of 121 mAh g~ and
exerts impressive capacity retention of 88% up to
1000 cycles. However, the capacity retentions of 76
and 57% are obtained for LVP/C-PAA and LVP/C-
SS, respectively. The data in Fig. 5 indicate that large
high-rate capacities and stable cyclability of the
electrode can be achieved by the synergistic role of
dual carbon sources. The comparison of the electro-
chemical performances between LVP/C-PAA/SS
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Fig.4 N, adsorption—desorption isotherms and pore size distributions (inset) of the Li;V,(PO,);/C composites

and other reported LizV,(PO4)3/C composites is
summarized in Table 1.

The electrochemical behaviors of the samples in a
wide voltage region of 3.0-4.8 V were also evaluated.
When the charge voltage exceeds about 4.5V, the
third lithium is released from Liz;V,(POy); [37]. All
the electrodes display the similar voltage curves at
1 C (Fig. 6a). The discharge capacities of 138, 149, and
146 mAh g*1 are achieved for LVP/C-PAA, LVP/C-
SS, and LVP/C-PAA/SS, respectively. As shown in
Fig. 6b, LVP/C-SS demonstrates the lowest dis-
charge capacity at 10 C, reflecting its weak electro-
chemical activity at high C-rate. The variations of
discharge capacity with current rate for the three
composites are described in Fig. 6¢c. Although LVP/
C-SS offers the largest discharge capacity of 170 mAh
g ! at 0.2 C, it shows the fastest capacity decay rate
with increasing C-rate. The reversible capacity can
only remain at 102 mAh g™ " at 20 C, a marked 39.6%
capacity decay as compared to that at 0.2 C, against
21% for LVP/C-PAA and 20% for LVP/C-PAA/SS.
The cyclability of the three composites at 10 C is

@ Springer

presented in Fig. 6d. After 500 cycles, the capacity
retention is 82% for LVP/C-PAA/SS and 80% for
LVP/C-PAA, much better than that for LVP/C-SS
(62%). As a result, LVP/C-PAA/SS possesses the
best high-rate property among the three composites
during 3.04.8 V cycling.

The kinetic behaviors of various electrodes were
analyzed by CV tests. As shown in Fig. 7al—c1, three
pairs of oxidation/reduction peaks (labeled as a/a’,
b/b’, and c/c’) in all the CV curves correspond to a
three-step delithiation/lithiation process. The peak
current (I,) and the square root of scan rate (v'/?)
evidences a good linear relationship (Fig. 7a2—c2),
demonstrating a diffusion-controlled electrode pro-
cess. Thereby, the apparent Li-ion diffusion coeffi-
cient (D, cm? s™) of the electrodes can be evaluated
by Randles—Sevcik equation I, =2.69 x
105 n3/2ADy ;.. /?Co'/2 [16, 28], where A, n, and C are
the electrode surface area (1.13 cm?), charge transfer
number (n =1), and Li-ion concentration in the
cathode (3.7 x 10~% mol cm™?) [39], respectively. The
calculated values of Li-ion diffusion coefficient based
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Fig. 5 Charge—discharge curves (a—c), rate capabilities (d), and cyclabilities (e, f) of the Liz;V,(PO,4);/C composites at 3.0-4.3 V

on the c/c” peaks for the three electrodes are listed in
Table 2. Apparently, LVP/C-SS exerts the slowest Li-
ion diffusion due to the particles of solid structure. In
contrast, LVP/C-PAA shows the fastest Li-ion dif-
fusion because of its porous structured particles.
Such results agree well with the rate capability
(Fig. 5d). The LVP/C-PAA/SS has a medium Li-ion
diffusion coefficient among the three electrodes;
despite this, it shows largest discharge capacities at

high C-rates (2-20 C). Thereby, the outstanding
electrochemical performance of LVP/C-PAA/SS is
not only related to its porous structure but also cor-
related to the carbon conductivity.

EIS tests were performed for the three electrodes
after five full cycles. The obtained Nyquist plots are
illustrated in Fig. 8. A semicircle at high frequencies
relates to the charge transfer resistance at the elec-
trode/electrolyte interface. A sloping line at low
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Table 1 Comparison of the
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electrochemical performances Samples Rate capability (mAh g™ ") Capacity retention References
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Li3V,(PO4)5/C 109 at 20 C 95.8% after 500 cycles at 1 C [22]
Li;V,(PO4)5/C 85.7at1C 89.4% after 500 cycles at 1 C [28]
Li;V,(PO,4),/C 109.5 at 10 C 78.4% after 1000 cycles at 2 C [30]
Li3V,(PO4)5/C 82.8 at 20 C 94.8% after 200 cycles at 2 C [39]
(a)48 (b)438
+Q 44 ‘: 4.4
=] a
2 40 2 40
> >
()
ué? 3.6 g 3.6
9 LVP/C-PAA S —— LVP/C-PAA
——LVP/C-SS 32| —— LVP/C-SS
32F  __ VPIC-PAASS : —— LVP/C-PAA/SS
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140
Capacity (mAh g™) Capacity (mAh g)
(©)180} o0.2c (dhao
= 0.5C - ,
"o 160 -82288000 1c o120 U,Q%‘gf‘r%'fhm"”""”’
2 oo o A8RR B ep =
= o e VATAT.Y 10C 00 < o
E o ooeeodfihiasseannn, 28, | E
2120k BBBBSDDDDDDDDDD >
S 00000 S
o o
8 100 o LVP/C-PAA e 8 O LVP/C-PAA
2 0 O LVP/C-SS 2 40 & DiFicss
o - § o . 5 |
§ A LVP/C-PAA/SS 5 5 [NFICERAASS
3 oof 2 200 ]
5 D 1 1 1 1 1
0 10 30 0 100 200 300 400 500

20
Cycle number

Cycle number

Fig. 6 Charge—discharge curves (a, b), rate capabilities (c), and cyclabilities (d) of the Li3V,(PO,4);/C composites at 3.0-4.8 V

frequencies implies the diffusion resistance of Li*
ions inside the electrode materials. The inset in Fig. 8
is an equivalent circuit model. Here, the signs of Re,
CPE, Rct, and Zw represent the ohmic resistance,
double-layer capacitance, charge transfer resistance,
and Warburg diffusion impedance, respectively. The
resistance values are summarized in Table 3. As
observed, LVP/C-SS shows the smallest Rct, which is
largely due to the highly conductive carbon in the
sample. The largest slope of the beeline for LVP/C-
PAA reveals the fastest Li-ion diffusion [40, 41],
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resulting from the beneficial porous structure of the
composite particles. By contrast, LVP/C-PAA/SS
provides moderate charge transfer and Li-diffusion
resistances among the three electrodes. The EIS
results are well accorded with the data of CV and rate
tests.
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Fig. 7 CV curves (a;—¢;) and the relationship of I, vs. v!2 (ag—¢p) of LizV,(POy)s/C

Table 2 Values of Li-ion diffusion coefficient (DLiJr/cm2 sh

Peaks c Iod
LVP/C-PAA 5.00 x 107° 3.01 x 107°
LVP/C-SS 2,62 x 107° 2.07 x 107°

LVP/C-PAA/SS 3.24 x 107° 222 x 107°

4 Conclusions

In summary, well-crystallized LizV,(PO4)3/C com-
posites are facilely fabricated employing diverse
carbon sources. The carbon source affects the particle
size, microstructure, and electrical conduction of the
composite, and further influences its electrochemical
performance. The LVP/C-5S composite has a small
particle size and high electrical conduction, resulting
in high discharge capacities at low C-rates. However,

@ Springer
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Fig. 8 Nyquist plots and equivalent circuit (inset) of Liz V,(POy)s/
C after five cycles

Table 3 EIS equivalent circuit fitting parameters of LizV,(POy)s/
C composites

Samples R./Q R./Q
LVP/C-PAA 5.07 130.7
LVP/C-SS 6.01 74.5
LVP/C-PAA/SS 3.56 121.8

the reversible capacity rapidly decreases with
increasing C-rate due to the slow Li-ion diffusion
within the LizV,(PO,); particles. Although the LVP/
C-PAA composite has a large particle size and
slightly low electronic conductivity, it exhibits out-
standing rate performance and cyclability due to its
porous structure. The dual carbon sources of poly(-
acrylic acid) and soluble starch exert a synergistic
effect to promote the transmission of ions and elec-
trons. Therefore, the LVP/C-PAA/SS composite
displays remarkably improved electrochemical per-
formances at high C-rates, namely, large discharge
capacities and long cycle lives. The dual carbon
sources strategy is in turn also possible to be
employed for the preparation of other high-perfor-
mance cathode materials.
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