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Al-doped V013 were synthesized via a facile hydrothermal method using vanadium pentoxide, oxalic
acid dehydrate, aluminum nitrate nonahydrate and deionized water as the starting materials. XRD,
FESEM, EDS and XPS were employed to characterize the phase, morphology, composition and
valence of the as-synthesized samples. After doping AlI**, the discharge specific capacity and cycle
performance of the samples could be significantly improved. When the mole ratio of Al/V was 0.041,
the sample exhibited the best electrochemical performance. The initial discharge specific capacity was
496 mAheg* and the capacity retention was 45.8% after cycling for 100 times. The enhanced
electrochemical performance originated from that the sample was adhered together by stacking region
in a regular arrangement and presented larger clearance between layers which could accommodate
much more lithium-ion(Li*) during the charge and discharge processes. Meanwhile, the increased
specific capacity was attributed to the enhancement of the electrical conductivity after AI** doping.
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1. INTRODUCTION

The specific capacity and cycle performance of lithium ion battery were depended on electrode
materials capacity. Traditional cathode materials (such as LiCoO,, LiNiO,, LiMnO, and LiFePOy,)
showed a low theoretical specific capacity, the specific capacity of these battery devices were about
150 mAh/g. Among various potential cathode candidates for lithium-ion battery, vanadium oxides had
been extensively researched due to the multiple vanadium oxidation states, high specific capacity,
widely availability and low cost. Multiple vanadium oxidation states (+2, +3, +4, +5) lead to single-
valence and mix-valence vanadium oxides (for example VO, VO13, V307 and V,0s). These
compounds had partially filled d-orbitals indicating a particular electrochemical performance [1].
Compared to the other vanadium oxides, VO3 was one of the most promising candidate lithium-ion
battery cathode materials because of the high theoretical specific capacity (420mAh/g) and electronic
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conductivity [2-3]. VsO13 was composed of alternating single and double vanadium oxide layers. V**
occupied the single and double layer sites of the V atoms and V°>* only occupied the double layer sites
of V atoms [4]. Crystal structure of V¢O;3 composed of VOg octahedra, corner sharing single and
double layers parallel to [010] plane [5]. The single and double layers alternate in the V¢O13 structure
could provide much more sites for lithium intercalation [6, 7]. Theoretically, VO13 could
electrochemically accommodate eight Li* per formula unit, which could provide more Li* during the
process of lithium insertion and extraction [8]. Therefore, VO3 showed a high theoretical specific
capacity and energy of 417 mAh/g and 900 Wh/kg, which were much higher than those of
conventional LiMn,04 (148 mAh/g) [9, 10], LiCoO, (274 mAh/g) [11] and LiFePO,4 (170 mAh/qg) [12].
In addition, VsO13 had a high-rate charge and discharge due to its metallic character at room
temperature.

The resistance of VO3 was closely related to its crystal lattice structures, which could
significantly change in the lithium insertion and extraction process. After lithium inserting into VO3
structure, the formed LixVsO13 would lead to the volume expansion and unstable structure [6, 7, 13].
So, the electronic conductivity of V¢O13 fell so quickly after lithium ion intercalation that the less
utilization coefficient in high content lithium. Moreover, the large volume expansion/contraction and
poor stability of crystal structures during lithium ion intercalation and deinteracalation process may
both interrupt the electronic and ionic contact pathways in the electrodes, leading to a rapid capacity
fading [14]. Therefore, the way to improve the electrochemical performance of V¢O13 was not only
reducing the internal resistance on the interface of electrolyte/V¢O13, but also boosting the stability of
crystal structure in the process of charge and discharge. S. N. Hua and M. Y. Saidi showed that V¢O13
coated with carbon was beneficial to obtain a high initial capacity (370 mAh/g), while the
circulation property of battery was not obviously improve [15, 16]. The previous work had indicated
that doping transition element could significantly enhance the electrochemical performance of V¢Ois.
The synthesized Cr36Vs0135 revealed good electrochemical performance with 370 mAh/g initial
discharge capacity and capacity loss less than 15% after 35 cycles [17, 18]. Mn,Vs«O13 (x=0.01, 0.02,
0.03, 0.04) was synthesized via a hydrothermal method by Jinyun He, and they found that the sample
doping with 2% Mn exhibited the best electrochemical performance (initial discharge capacity was
350.1 mAh/g and the capacity was restored to 282.7 mAh/g after 50 cycles) [19]. In our previous work,
V013 nanosheets were synthesized via hydrothermal method with V,0s and ethanol as reactant.
However, the electrochemical performance cannot yet satisfactory, the initial discharge capacity was
330 mAh/g and the capacity retentions was 87% after 20 cycles [20].

On the one hand, aluminum was widely applied in semiconductor industry due to its low-cost,
good conductive and environmental element in the earth crust. On the other hand, the radius of AI**
(0.535 A) was closed to that of V** (0.58 A) and VV°* (0.54 A). On the base of this, in our opinion, AI**
was an appropriate dopant applied in V¢O13 cathode material for lithium-ion battery.

Herein, flower-like structure Al-doped V013 were successfully synthesized via a hydrothermal
reaction combined with the calcination process. The phase, morphology, composition and surface state
of the samples were characterized through different testing methods. The series experiment of different
doping contents what to study the influence of Al-doping on the morphologies, compositions and
electrochemical performance of VgOi3. On the basis of the obtained experiment results, the
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possible influence mechanism of AI**

analyzed.

doping on the electrochemical performance was also discussed

2. EXPERIMENTAL

All chemical reagents were analytical grade and used without any further purification. 1.25¢g
oxalic acid dihydrate (C,H,042H,0) and 0.4g vanadium pentoxide (V,0s) were dissolved in 20 mL of
deionized water with stirring at 80 °C until a blue colored solution formed. The possible
reaction was followed.

V,0s5 + 3H,C,04 — 2[(VO)(C204)] (blue) + CO, + 3H,0

After cooled down to room temperature naturally, the mixture solution was filtered. A certain
(Table 1) amount of aluminum nitrate nonahydrate (Al(NOs3)3*9H,0) was dissolved in 15mL of
deionized water and formed a transparent solution. Then this solution was added into as-obtained
vanadyl oxalate(VOC,0,4¢5H,0) solution. And then 3 mL hydrogen peroxide 30% (H,0,) was added
to above-mentioned mixed solution followed obtained a red transparent solution. The red mixed
solution was transferred into a 100 mL stainless steel autoclave with continuous stirring until the
bubbles disappeared. The autoclave was sealed and maintained at 160 °C for 24h. When the autoclave
cooled down to room temperature naturally, the supernatant liquid was removed, the raw products
were collected by centrifugation washed with deionized water, and dried in the freeze drier for 24 h.
Finally, the obtained raw precursor was sintered at 350 °C for 1 h in argon in order to prepare Al-
dOpEd VeO1a.

Table 1. Sample designations with doping different amount of Aluminum nitrate nonahydrate

(A'(N03)3‘9H20)
Sample designation Al(NO3)3-9H,0/g
A0 0.00
Al 0.02
A2 0.04
A3 0.06
A4 0.08

2.1. Characterization

The morphology were observed by Field emission scanning electron microscopy (FESEM, S-
4800 Hitachi ). The phase were obtained by X-ray diffraction (XRD, X'Pert PRO MRD Panalytical). X-
ray photoelectron spectroscopy (XPS, ESCALAB 250Xi Thermo Electron Corporation) analysis
performed. Energy dispersive spectrometer (EDS, INCA IE 350 Oxford Instruments) was used to
analyze component. The cycling performance were tested by NEWARE CT-3008 5V10mA-164
Battery Testing System (BTS). The properties and process of electrode reaction were measured by CHI
860D electrochemical workstation.
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3. RESULTS AND DISCUSSION

Fig.1(a) illustrated the typical XRD patterns of Al-doped V¢O13. For pure phase V¢Oi3, there
were main characteristic peaks at 20 = 15.122, 17.803, 25.349, 26.842, 30.131, 33.487, 45.619, 49.496,
59.795 and 69.500, corresponding to (200), (002), (110), (003), (-401), (310), (-601), (-603), (-711)
and (025) planes (JCPDS card No. 71-2235), respectively [21]. No other impurities were found. The
diffraction peaks of Al-doped VO13 were also in good agreement with the standard diffraction peaks
of pure phase VO13. Form the high angle diffraction pattern, the pattern peaks shifted to high angle
after doping with AI** (figure 1(b)). It was because the ionic radium of AI** (0.535 A) was smaller than
that of V** (0.58 A) and V°* (0.54 A). The shift of the diffraction peaks indicated that AI** had
incorporated into the lattice of V¢Oqs.
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Figure 1. (a) The XRD patterns of A0, Al, A2, A3 and A4; (b) enlarged peaks at 26 degree ranging
from 24°to 26°.

Figure 2 showed the SEM images of Al-doped VO13 samples. The Al-doped V0,3 revealed
flower-like morphology which was assembled from lots of nanosheets (the thickness of less than 20
nm). The Al-doped VO3 samples of A0, Al and A2 were slight agglomerated and adhered together
by stacking region in an irregular arrangement with every unit, but A3 and A4 were adhered together
by stacking region in a regular arrangement. Compared to the samples with low Al doping content (Al
and A2), the samples with high Al content (A3 and A4) had larger special surface area. These
morphologies were beneficial to lithium transport in the charge and discharge process, leading to better
electrochemical performance [22]. Besides, when the mole ratio of Al/V was 0.041, the sample (A3)
presented larger clearance between layers. It could allow sufficient penetration of the electrolyte and
effectively improve electrochemical performance of the lithium battery.

The compositions of as-obtained samples were tested by EDS. As showed in Table 2, as the
content of aluminum increased, the Al/V (mass ratios and mole ratios) also increased. The EDS results
indicated that aluminum had been doped in the structure of VO3 successfully.
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Table 2. The mass ratio and mole ratio of aluminum to vanadium in different quantities Al-doped

V6013.

AI(NO3)3-9H,0

Al:V (mass ratio)

Al:V (mole ratio)

Al
A2
A3
A4

0.006665:1
0.015071:1
0.021706:1
0.037212:1

0.012589:1
0.028467:1
0.041000:1
0.070289:1

Figure 2. The typical SEM images of AO(a, b), Al(c, d), A2(e, ), A3(g, h) and A4(l, j) samples.
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Fig. 3 (a) showed typical XPS spectra and their Gaussian-resolved components of O 1s, V 2p,
N 1s and C 1s of Al-doped VO13. Qualitative analysis of XPS spectra (Fig. 3a) demonstrated the
presence of O, V, N and C. However, due to relatively low contents in the Al-doped VO3, the
corresponding peaks of Al was not obvious. The C elements may come from the reaction between
VOC,0,4 and H,0,. The peak positions of +4 and +5 valences state of V 2p3/2 core levels were slightly
changed after Al doping (Fig. 3(b)-(f)). The peaks position of V>* and V** were 515.10 and 516.28 eV
(A0), 515.14 and 516.46 eV (Al), 515.50 and 516.86 eV (A2), 514.94 and 516.29 eV (A3), 515.47 and
516.29 eV (A4), respectively [22, 23]. The increment of binding energy suggested that Al could lead to
a strong interaction between the vanadium and oxygen [24]. The ratio of V°>" and VV** were 48.97% and
51.03% (A0), 29.47% and 70.53% (A1), 45.06% and 54.94% (A2), 39.20% and 60.80% (A3), 38.29%
and 61.71% (A4), respectively. It was found that the V** hold the majority proportion and the ratio
between V°*and V** was close to that of the V013 (1:2). However, after Al doped, the proportion of
V** raised. It might be because the ionic radium of AI** (0.535 A) was more close to V>* (0.54 A) than
V** (0.58 A), finally result in AI** replacing the site of V°*.

Fig. 4 showed narrow-scan spectra in the Al 2p region and the resolved components for the Al-
doped V013 deposited at Al, A2, A3 and A4, respectively. The peak at 73.0 eV indicated that the
oxidation state of Al was +3 [25-27].

The cyclic voltammetry curves of after three cycles for the Al-doped V¢O13 were characterized
at a scan rate of 0.1 mVes * and a voltage scope of 1.5-3.5 V (Fig. 5). Four oxidation peaks occurred at
around 2.35, 2.68, 2.84 and 3.31 V (versus Li*/Li) in A0, indicating Li ions intercalate into the non-
equivalent sites in V¢Oq3 Similarly, the reduction peaks located at around 2.04, 2.44, and 2.71 V
(versus Li*/Li) were corresponded to the deintercalation of Li from the monoclinic VO3 [6, 8, 28, 29].
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Figure 3. (a) XPS spectra and their Gaussian-resolved components of O 1s, V 2p, N 1s, C 1s and Si
2p. Narrow-scan spectra in the V 2p3/2 region and the resolved components of A0(b), Al(c),
A2(d), A3(e), A4(f).
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Figure 4. Narrow-scan spectra in the Al 2p region and the resolved components of Al(a), A2(b),
A3(c), A4(d).
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Figure 5. The cyclic voltammetry curves of the third cycle for A0(a), Al(b), A2(c), A3(d) and A4(e).

The structure of cyclic voltammetry curves was changed with increasing Al content in the
system, the oxidation peaks centered at 2.45, 2.87 and 3.40 V (Al); 2.43, 2.78, 2.93 and 3.33 V (A2);
2.40, 2.73, 2.88 and 3.33 V (A3); 2.56, 2.99 and 3.45 V (A4). And the reduction peaks centered at
1.98, 2.31 and 2.65 V (Al); 1.98, 2.38 and 2.67 V (A2); 2.03, 2.44 and 2.73 V (A3); 1.88, 2.27 and
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2.63 V (A4), respectively. It was found that with the increasing of doping content of Al, the oxidation
peak first shift to lower voltage and then shift to higher (A3 was the smallest). Instead, the reduction
peak first shift to higher voltage then shift to lower (A3 was the largest). The cyclic voltammetry
curves of A3 were shown the largest polarization.

The cycling performance of Al-doped V¢O13 was further investigated in Figure 6(a). The
reversible discharge capacity can be obtained at a rate of 42 mA+g *in 1.5-4.0 V. The initial discharge
capacity of Al-doped VO:3 were 241 mAheg ™ (A0), 289 mAheg* (A1), 330 mAheg * (A2), 496
mAheg ! (A3) and 355 mAheg * (A4), respectively. The capacity could be enhanced after doping Al
into V013 crystal lattice, it was because that good electrical conductivity Al element doping into
V6013 samples [26]. With the Al doping content increasing, the initial discharge capacity of the Al-
doped V013 increased at first and then descended. When the mole ratio of Al/V was 0.041, the initial
discharge capacity was the highest. The discharge capacity of A3 was also high than 450 mAh«g™ after
30 cycles. The capacity retentions of Al-doped VO3 were 32.0% (AQ), 47.1% (A1), 27.0% (A2),
45.8% (A3) and 17.5% (A4) after 100 cycles, respectively. It was noted that the the capacity declined
sharply when the mole ratio of Al/V was 0.070 (A4). It was because high content of Al could destroy
V6013 crystal structure followed caused low capacity retention [21, 30]. The result showed that the
electrochemical performance of Al-doped VO3 was much better than the other cathode materials [15-
20], as showed in Table 3.

Table 3. The electrochemical performance of Al-doped VO3 and the other cathode materials.

cathode material initial discharge capacity ( capacity retention (%)/cycle
mAheg %) number
V013 330 87/20
V013 coated 370 -
with carbon
Cro36Vs0O13s 370 85/35
MnyVe-xO13 350 81/50
Al-doped VO3 496 91/30

Fig. 6 (b)-(f) showed the first, fiftieth and hundredth charge—discharge curves of the samples
A0, Al, A2, A3 and A4 at current densities of 42 mA«g*, respectively. All the charge-discharge
curves had three obvious discharging platforms, indicating that the cathode material carried on a phase
transition process after lithium ion intercalation. The three discharging platforms located at near 2.0 V,
2.3V and 2.7 V. This suggested that the Al element doping could effectively obtain stable V-O species
and suppress the electrolyte degradation [31].
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Figure 6. (a) Cycling performance of A0, Al, A2, A3 and A4 electrodes at 0.1 C; The first, fiftieth and
hundredth charge-discharge curves of A0(b), Al(c), A2(d), A3(e) and A4(f) at current densities
of 42 mA«g* in the voltage range of 1.5-4.0 V.

4. CONCLUSION

Al-doped VO3 were synthesized via a facile hydrothermal method. The Al-doped VO3
revealed flower-like morphology which was adhered together by stacking region with every unit. AQ,
Al and A2 were slight agglomerated and adhered together by stacking region in an irregular
arrangement, but A3 and A4 were adhered together by stacking region in a regular arrangement. The
electrochemical tests showed that the discharge specific capacity and cycle performance of the samples
could be significantly improved after doping AI**. When the mole ratio of Al/V was 0.041, the sample
exhibited the best electrochemical performance. The initial discharge specific capacity was 496
mAheg™ and the capacity retention was 45.8% after cycling for 100 times. The enhanced
electrochemical performance originated from larger clearance between layers that allow sufficient
penetration of the electrolyte. These morphologies were beneficial to lithium transport in the charge
and discharge process. Meanwhile, the increased specific capacity was attributed to the enhancement
of the electrical conductivity after AI** doping.
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