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Abstract: The Liz , Mg, V,(PO,);/C (x=0, 0.01, 0.03 and 0.05) composites were prepared by a sol—gel method and characterized by
X-ray diffraction (XRD), scanning electron microscopy (SEM) and electrochemical measurements. The XRD results reveal that a
small amount of Mg®" doping into Li sites does not significantly change the monoclinic structure of Li;V,(POy)s, but Mg-doped
Li;Vy(PO,); has larger cell volume than the pristine Li;V,(PO,);. All Mg-doped composites display better electrochemical
performance than the pristine one, and Li, 94Mgg 03V2(PO,)3/C composite exhibits the highest capacity and the best cycle performance
among all above-mentioned composites. The analysis of Li" diffusion coefficients in Li;V,(PO4)3/C and Li; 0sMgg03V2(PO,)s/C
indicates that rapid Li" diffusion results from the doping of Mg*" and the rapid Li" diffusion is responsible for the better

electrochemical performance of Mg-doped Li;V,(PO,);/C composite cathode materials.
Key words: lithium-ion batteries; lithium vanadium phosphate; diffusion coefficient; sol—gel method

1 Introduction

The lithium-ion battery has been recognized as one
of the most promising energy systems because of its high
efficiency of energy conversion, high energy density and
long cycle life, and its electrochemical performance is
mainly dependent on cathode and anode materials.
Recently, monoclinic Li;V,(PO,4); cathode material has
received extensive attention due to its high theoretical
capacity, high operating voltage and excellent
thermostability [1-3]. However, the low electronic
conductivity (2x10*S/em) [2] of LisV,(PO4); degrades
its electrochemical performance and limits its large-scale
applications, especially in electric vehicles (EVs) and
hybrid electric vehicles (HEVs). Numerous reports have
confirmed that the addition of conductive carbon
materials to Li3V,(PO,); can greatly enhance the
electronic conductivity of the composite and hence to
improve the electrochemical performance of Li;V,(POy)3
[3—6]. However, the addition of conductive carbon

materials cannot improve the intrinsic electronic
conductivity of the electroactive materials and plays
adverse roles in the enhancement of the density of the
electrode materials due to the low density of the
conductive carbon materials, which is unfavorable for
the improvement of energy density. Compared with the
addition of conductive carbon, the improvement of
intrinsic conductivity of the electroactive materials is a
more effective way to improve the electrochemical
performance and energy density. It was reported that the
intrinsic electronic conductivity of LiFePO,, which was
much lower than that of Li;V,(PO,);, was increased by 8
orders magnitude by partial substitution of Li" with
high-valent cations such as Zr*' [7], Nb*" [7], Mg [7]
and Cr’" [8], and those doped LiFePO, samples exhibited
excellent electrochemical performance. However, to our
knowledge, the doping of high valent cations except
Ca®'[9] in Li sites of Li;V,(POy); has not been explored.
Based on the consideration that the cations in lattice
are ecasily replaced by other cations with similar
radii and Mg®" has a radius of 0.066 nm, similar to that
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of Li" (=0.068 nm), the monoclinic Mg-doped
Li; », Mg, V,(POy4); samples may be readily synthesized
and the samples potentially exhibit better electro-
chemical performance than the pristine Li;V,(POy);. In
this  work, Liz»,Mg,V,(POy,),/C
prepared by a sol-gel method and the effects of Mg®*
content on the physical and electrochemical properties of
Liz 5, Mg, V,(PO4);/C (x=0, 0.01, 0.03 and 0.05)
composites were investigated.

composites were

2 Experimental

All the Liz 5, Mg, V,(PO,);/C (x=0, 0.01, 0.03 and
0.05) composites were prepared by a sol-gel method,
which is similar to the previous reports [10,11]. The
typical procedure of preparation of Li;—,, Mg, V,(PO,);/C
is as follows: a certain amount of V,0Os powder was
dissolved in 10% (volume fraction) hydrogen peroxide
solution to form a clear brown solution, then citric acid
with equivalent mole to V,0s and stoichiometric
amounts of NHH,PO,, CH;COOLi-2H,0 and
Mg(NO;),-6H,0 were added to the above brown solution
with vigorous stirring. The mixture solution was aged
with continuous stirring at 80 °C for 10 h in thermostatic
bath to obtain a dark green gel. The obtained gel was
dried in a vacuum oven at 120 °C, pelletized and
calcined at 300 °C for 4 h in a tubular furnace with the
following argon gas to get a fluffy black product. The
resulted product was reground and pelletized again, and
sintered at 800 °C for 8 h in argon atmosphere at a ramp
rate of 2 °C/min, and then cooled to room temperature to
yield a black Li;—,,Mg,V,(PO,);/C composite.

The crystal structure of the resulted composites was
analyzed by a Rigaku 2500 X-ray diffractometer (XRD)
with Cu K, radiation (1=0.15418 nm). The carbon
content of the samples was determined by a carbon—
sulfur analyzer (Mlti EA2000). The surface morphology
of the samples was observed by a JSM—5600LV
scanning electron microscope (SEM).

The electrochemical tests of Liz»,Mg,V,(POy4);/C
composites were carried out using 2032 coin cells. The
cathodes were prepared by pasting the mixture of 80%
Li;», Mg, V,(POy4);/C composite, 10% acetylene black
and 10% polyvinylidene fluoride (PVDF) (mass fraction)
onto an aluminum foil current collector. The coin cell
was assembled in an argon-filled glove box using Li foil
as the anode, 1 mol/L LiPF4 in a mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC) (1:1,
volume ratio) as the electrolyte, and Celgard 2400 as the
separator. The coin cells were galvanostatically cycled at
different current densities (1C=133 mA/g) in the voltage
range of 3.0-4.3 V at 25 °C using a NEWARE battery
testing system. The specific capacity and current density

were calculated based on the mass of the active materials.
The measurements of electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV) were
conducted on an IM6ex electrochemistry workstation
(Zahner Elektrick, German).

3 Results and discussion

All the final products are black and contain about
3.6% carbon (mass fraction), which was determined by a
carbon—sulfur analyzer. The XRD patterns of the final
products are presented in Fig. 1. All diffraction peaks of
the samples can be indexed by a well-defined monoclinic
phase, which is consistent with monoclinic Li;V,(POy);
(PDF: 01-074-3236). The absence of diffraction peaks
of impurity suggests that the final products are
composites of a monoclinic phase and amorphous carbon,
implying that a small amount of Mg*" dopant does not
significantly affect the monoclinic structure of
Li;V,(PO,);. The composites are denoted as LizV,(POy)s/
C, LiygsMgo01V2(PO4)3/C, Liz9sMggo3V2(PO4)3/C  and
LiyoMgoosVo(POy4)3/C, respectively, and the cell
parameters of the corresponding compounds are listed in
Table 1.
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Fig. 1 XRD patterns of Li; ,,Mg,V,(PO,);/C composites

Table 1 Lattice parameters of Liz_, Mg, V,(PO4); compounds
Cell

Compound amm b/mm c¢/mnm P/(°) volume/
nm’

LizV,(POy4); 0.8588 1.2040 0.8599 90.2 0.8891
Lip 9sMgo01V2(POyg); 0.8602 1.2064 0.8595 90.1 0.8919
Lip 94Mgo03V2(POy4); 0.8623 1.2107 0.8612 90.1 0.8991
Lip 9oMgo05V2(POy4); 0.8617 1.2098 0.8613 90.1 0.8979

The results reveal that the cell parameters slightly
increase with the addition of Mg. The cell volumes of
Mg-doped Li;V,(PO,); compounds are somewhat larger
than that of the pristine one and similar to the variation
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trends of that of Na-doped, K-doped and Ca-doped
Li;V,(PO4); samples [9,12—-14], and the partial
substitution of monovalent Li" (»=0.068 nm) by bivalent
Mg®* (=0.066 nm) with approximate radius is
responsible for the variation. The larger cell volume
could provide larger channel for Li" transport and
facilitate rapid diffusion of Li" in the active materials,
which is beneficial to improving the electrochemical
performance of Li; Mg, V,(PO,);/C  composites.
Furthermore, the partial replacement of monovalent Li"
by bivalent Mg*" produces vacancies in Li sites [7,15],
which may be favorable to facilitating the transport of
electrons and Li', possibly resulting in much better

electrochemical performance of the -electroactive
material.
The SEM images of Liz» Mg, V,(PO,);/C

composites are shown in Fig. 2. It can be clearly seen
that the composites display similar morphologies,
indicating that the introduction of small amounts of Mg**
into Li sites does not affect the morphologies of
Li;V,(PO4)3/C composites.

To evaluate the effects of partial substitution of Li"
by Mg®" on the electrochemical mechanism of
Li;V,(PO,)s, the cyclic voltammetry tests at a scan rate
of 0.05 mV/s in the potential range of 3.0—4.3 V were
carried out on the Mg-doped and pristine composites,

and the cyclic voltammograms (CVs) are presented in
Fig. 3. All the Li;,, Mg, V,(PO,);/C composites exhibit
similar shape of the CV curves including three anodic
peaks (denoted as ay, a, and a3) and three cathodic peaks
(labeled as ¢y, ¢, and c¢3), suggesting that the dopant of
Mg®" in Li sites does not alter the mechanism of the
insertion/extraction of Li" into/from Li;V,(PO,); during
the discharge—charge processes. However, compared
with the pristine LizV,(PO,);/C sample, the Mg-doped
samples display lower anodic peak potentials and higher
cathodic peak potentials, which implies that the doped
samples exhibit smaller polarization than the pristine one
during the charge—discharge processes. The detailed peak
potentials of the samples are listed in Table 2. The
potential differences between the anodic peaks and the
corresponding cathodic peaks of doped LizV,(POy);
samples are lower than those of pristine Li;V,(POy);, and
the potential difference of Lis osMgpg3V2(PO4)3/C is the
smallest among all the samples, suggesting that
Li2_94Mg0.03V2(PO4)3/C may have the best
electrochemical performance.

Figure 4 shows the impedance behavior of
Li;5,Mg,V,(PO,);/C composites which are initially
charged to 4.3 V, and all the composites display typical
Nyquist characteristics. It can be seen that all the Nyquist
plots are comprised of an intercept in the high frequency

Fig. 2 SEM images of Li; , Mg, V,(PO,);/C: (a) x=0; (b) x=0.01; (c) x=0.03; (d) x=0.05
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Fig. 3 Cyclic voltammograms of Li;» Mg, V,(PO,);/C
composites at scan rate of 0.05 mV/s in potential range of
3.0-43Vat25°C

capacitance of the electrolyte/SEI (solid electrolyte
interface) double-layer. The inclined line depicts the
Warburg impedance (Zw), which relates with the
diffusion of Li" in Li; »,Mg,V,(POy); active particles.
The constant phase element (CPE) stands for the
double-layer capacitance.

The equivalent circuit shown in the inset of Fig. 4
was used to fit the plots, and the fitted results are listed in
Table 3. The charge transfer resistance (R.) of all
Mg-doped Li;V,(PO,);/C composites is lower than that
of pristine Li;V,(PO,);/C. The smaller R is favorable
for rapid electrochemical reaction and may result in
better electrochemical performance, and the smallest
R for  LipgsMgpo3V2(POy)s/C indicates that
Liy 94Mgj 03 V2(PO,)3;/C has the best electrochemical
performance among the four composites.

Table 3 Fitting results for Nyquist plots of

Table 2 Potentials for CV peaks of Li;_, Mg, V,(PO,);/C Li; , Mg, V5(PO4);/C composites
composites X RJ/Q R./Q
Potential/V 0 3.4 570.8

Sample

a @ @ ¢ 6 o 0.01 2.8 331.6
Li;Vo(POy)y/C  3.669 3.741 4.167 3.952 3.584 3.487 0.03 23 310.6
0.05 3.2 467.7

Lip 9sMg.01 V2(POy4)3/C 3.664 3.727 4.154 3.991 3.612 3.553
Lip 04Mg 03 V2(PO4)3/C 3.640 3.712 4.130 4.003 3.623 3.535
Lip 9oMg.05V2(PO4)3/C 3.635 3.718 4.139 3.977 3.603 3.524
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Fig. 4 Nyquist plots of Liz;», Mg, V,(PO4)3/C composites
initially charged to 4.3 V (Equivalent circuit used for curve
fitting is shown in inset)

region, a depressed semicircle in the high-middle
frequency region, and an inclined line in the low
frequency region. The intercept impedance on the Z' real
axis represents ohmic resistance (R;), which is the total
resistance of the electrolyte, electrodes and contacts of
the cell. The semicircle indicates the charge transfer
process on the electrode interface, demonstrating the
lithium transfer rate parameters as well as the

Figure 5 shows the initial charge—discharge profiles
and the cycle performance of Liz»Mg,V,(POy);/C
composites (x=0, 0.01, 0.03 and 0.05) at 0.1C (13.3
mA/g) in the voltage range of 3.0—4.3 V at 25 °C. Figure
5(a) demonstrates that all the Li;_» Mg, V,(PO,);/C
composites exhibit three charge voltage plateaus and
three discharge ones, which implies that there exist three
two-phase reactions in the electrochemical intercalation/
extraction of lithium in all the composites during the
charge—discharge processes, which is in accordance with
the results of CVs in Fig. 3.

Compared with the pristine LizV,(PO,);/C
composite, the doped Li;V(PO4)3/C composites display
lower charge voltage plateaus and higher discharge ones,
suggesting that the Mg”" doping in Li sites favors
decreasing the polarization during the charge and
discharge processes. Among the above-mentioned doped
samples, Lij 94sMgp 03 V2(PO,);/C shows the lowest charge
voltage plateaus and the highest discharge ones with the
highest charge and discharge capacities. By comparison
with the initial discharge capacity of 125 mA-h/g for
pristine LizV,(PO,):/C, the doped composites exhibit
higher initial discharge capacity. As shown in Fig. 5(b),
the initial discharge capacities for Liy ggMg o1 V2(PO4)5/C,
Liy 04Mgp.03V2(PO,)3/C and  Lip90Mgo.osV2(PO4)s/C  are
129, 131 and 127 mA-h/g, respectively. After 30 cycles,
the corresponding discharge capacities are 122, 125 and
119 mA-h/g, with the capacity retention rates of 94.6%,
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Fig. 5 [Initial charge/discharge profiles (a) and cycle
performance (b) of Liz Mg, V,(PO4);/C composites at 0.1C in
voltage range of 3.0—4.3 V at 25 °C

95.4% and 93.7%, respectively, which are somewhat
higher than that of 93.5% for the pristine Li;V,(PO,),/C.
The capacity of the Mg-doped Li; 04Mgg 03 V2(PO4)5/C is
much higher than that of Ca-doped LisgsCagg,Vo-
(PO4);/C (93 mA-h/g) [9] and K-doped Li,gsKg15V,-
(PO4);/C (95 mA-'h/g) [14], and the cyclability of
Liy 04Mg03V2(PO,);/C is also higher than those of
Ca-doped and K-doped Li;Vy(PO4)/C samples,
indicating that Mg®" may be more suitable than Ca®" and
K" to substitute Li" of Li;V,(POy,); to improve the
electrochemical performance of Li;V,(PO,);.

Figure 6 depicts the initial charge—discharge
profiles and the cycle performance of Liz Mg, V,-
(PO,4);/C composites (x=0, 0.01, 0.03 and 0.05) at 1C
(133 mA/g) in the voltage range of 3.0—4.3 V at 25 °C.
As observed in Fig. 6(a), the initial discharge capacities
of Li3V5(PO4)3/C, Liz 0sMg .01 V2(PO4)3/C, Lis 04Mgg 03V >-
(PO,4);/C and Liy 9oMgpg5V2(POy4)3/C are 117, 124, 127
and 121 mA-h/g, respectively, which are smaller than
those of the corresponding composites at 0.1C, resulting
from higher polarization at higher current density.

Among all the composites, LipgsMgp03V2(PO,);/C
delivers the highest discharge capacity and the smallest
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Fig. 6 [Initial charge/discharge profiles (a) and cycle
performance (b) of Li;— Mg, V,(PO,);/C composites at 1C in
voltage range of 3.0—4.3 V at 25 °C

voltage difference between charge and discharge voltage
plateaus, suggesting that Liy94Mgg03V2(PO,)5/C has the
lowest electrochemical polarization and results in better
reversibility during the charge—discharge processes. The
discharge capacity of LiyosMggo3V2(PO4)3/C at 1C is
much higher than those of LiygsCagoyV2(PO,);/C
(80 mA-h/g) [9], LiygNag ;V,(POy)3/C (120.57 mA-h/g at
0.5C) [13] and Li3(VooMgo1)2(PO4)3/C (121 mA-h/g at
OSC) [16], suggesting that Li2'94Mgo_03V2(PO4)3/C
exhibits higher capacity and better rate capability than
Liy 06Cag02V2(PO4)5/C, and Mg2+ doping in Li sites is
more favorable than doping in V sites to improve the
electrochemical performance, which might be caused by
different amount of vacancies in Li sites for
Liz 04Mgo3V2(PO4)s/C  and  Liz(VooMgy 1)2(POy)s/C
composites. Figure 6(b) illustrates that the four
composites still keep good cycle performance at higher
current density of 1C, which may be attributed to the
excellent structural stability of the pristine and Mg-doped
monoclinic Li;V,(POy);, further revealing that the
doping of Mg*" in Li sites does not affect the stable
monoclinic structure of Li3Vy(POy)s. LisosMggo3Va-
(PO,)5/C displays the highest discharge capacity and the
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best cyclability among the four composites, and exhibits
capacity retention of 96.8% and still remains a capacity
of 123 mA-h/g at 1C after 30 cycles, while the capacity
retention rates of Li;Vy(POy)3/C, LiyosMg 01 V2(PO4)5/C
and Lij 9oMgp 05 V2(PO4)5/C are 95.9%, 95.6% and 93.2%,
respectively. The above results indicate that the doping
of Mg®" in Li sites favors improving the capacity and
cycle performance of Li;V,(POy);.

In order to investigate the effect of Mg*" doping on
the diffusion of Li' in the electroactive
Li; » Mg, V,(PO,); particles, the comparison of Li’
diffusion coefficient, Dy;, in Li3Vy(PO,4);/C and
Lis04Mgg03V2(PO,);/C was carried out. The diffusion
coefficient of Li~ was determined by a CV method and
Dy; was calculated according to the classical Randles—
Sevcik equation [17-20]:

1, =2.69x10°n*"2AD{*C{v'"? 0

where 1, n, A, C{; and v are the peak current (mA), the
charge-transfer number, the electrode area (cm?), the
bulk concentration of Li" in the electrode (mol/cm®), and
the potential scan rate (mV/s), respectively.

Figures 7(a) and (b) show the CVs of Li;V,(PO,),/C
and Li; 94Mgg 03 V2(PO,);3/C at different scan rates. It is
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Fig. 7 Cyclic voltammograms of Li3;V,(PO,);/C (a) and
Liy 94Mgp 03 V2(PO4)3/C (b) composites at different scan rates in
potential range of 3.0-4.3 V

obvious that the height and area of redox peaks increase
with increasing the potential scan rates. The peak area
divided by the scan rate should be equal to the total
charge and discharge capacity of the same electrode
based on the assumption of no polarization. Additionally,
the anodic peaks shift to higher potentials and the
corresponding cathodic peaks shift to lower potentials
when the potential scan rate increases, implying that
polarization becomes stronger due to the increase of scan
rates. Although the polarization increases with increasing
the potential scan rates, the shapes of CVs of
Li5.04Mgp03V2(PO,)3/C keep almost unchanged even at
high scan rate of 0.5 mV/s, while two anodic peaks (¢,
and a;) and two cathodic peaks (c; and c¢3) of
Li3V,(POy4)3/C emerge into one anodic peak and one
cathodic  peak,  respectively, indicating  that
Lis 04Mgo 03 V2(PO,4)5/C displays smaller polarization and
better reversibility than Li;V,(POy);/C.

As shown in Figs. 8(a) and (b), the peak current (/,)
has a linear relationship with the square root of scan rate
"), revealing that it is reasonable to calculate the
diffusion coefficient of Li", D;;, by Eq. (1). Based on the
slope of I, versus v'? and Eq. (1), the diffusion
coefficients of Li" for Li3V,(PO4);/C resulting from a,,
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as, ¢; and ¢; are 3.7x10", 3.4x107", 4.9x10"" and
4.4x107" cm?/s, respectively, while the corresponding
diffusion coefficients of Li" for LisosMgg.o3V2(POy)s/C
are 6.6x10°", 5.2x107"", 9.0x10™"" and 1.0x107'° cm?%s,
respectively. It is obvious that the Li" diffusion
coefficients of Liy4Mgg03V2(PO,);/C are at least 1.5
times of the corresponding Dp; of LizV,(PO,),/C,
suggesting that Li, 94Mgg 03 V2(PO,)5/C is more favorable
to rapid diffusion of Li" and the rapid diffusion of Li"
may result in better electrochemical performance of the
electroactive materials. The difference of Liz;V,(PO4);/C
and Li,0sMgg3V2(PO4)s/C in Li" diffusion coefficients
results from Mg”" doping into Li sites. The Mg®" doping
plays key roles in improving Li" diffusion coefficients.
On one hand, the substitution of monovalent Li" by
bivalent Mg®" produces vacancies in Li sites, which is
beneficial to facilitating the transport of electrons and Li",
resulting in the improved rapid Li" diffusion. On the
other hand, Mg** doping enlarges the cell volume of the
pristine Li3;V,(POy); and provides larger channel for Li"
transport in the electroactive materials, leading to the
improved rapid Li" diffusion.

4 Conclusions

1) Liz—»Mg,V,2(PO,);/C (x=0, 0.01, 0.03 and 0.05)
composites were prepared by a sol—gel method and the
composites are comprised of a single monoclinic phase
of pristine Li;V,(PO4); or Mg-doped Li;V,(PO,); and
amorphous carbon.

2) The cell volume of Mg-doped LizV,(POy); is
somewhat larger than that of pristine Li;V,(PO,);.

3) The electrochemical performances of all
Mg-doped Li;V,(PO,);/C are better than those of pristine
LizV(PO4)3/C. Lip0sMgg03V2(PO4)5/C exhibits the best
electrochemical performance among the four composites,
and the capacities of LiygsMgg 3 V2(PO4)3/C at 0.1C and
1C are 131 and 127 mA-h/g, respectively, which are
higher than those of 125 mA-h/g (at 0.1C) and 117
mA-h/g (at 1C) for Li3V,(PO,);/C. Furthermore,
Li;y 04Mgy 03 V2(PO,)5/C displays better cycle performance
at both 0.1C and 1C than LizV,(PO,);/C.

4) The comparative investigation on Li" diffusion
coefficients of L13V2(PO4)3/C and Li2<94Mg0'03V2(PO4)3/C
indicates that the partial substitution of monovalent Li"
by a suitable amount of bivalent Mg®" is favorable to
improving the diffusion rate of Li" and results in high
capacity and better cycle performance.

5) The results suggest that the partial substitution of
Li" by high valence of ions with similar radius may be an
effective way to improve the -electrochemical
performance of other cathode and anode electrode
materials for lithium-ion batteries.
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