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LiFeg 5sMng 5P04/C cathode materials are synthesized by a sol—gel method and the precursor calcinations.
The phase structures and morphologies are characterized by X-ray diffraction (XRD), transmission
electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM). Galvano-
static charging/discharging cycles of as-prepared LiFep5sMng5P04/C are performed in the saturated LiNO3
aqueous solution. The initial discharge capacities of (LiFeysMng5P04/C)//LiV30g aqueous rechargeable
lithium battery are 123.09 mAh g~! and 107.00 mAh g~! at 0.05 C and 0.1 C, respectively. And it delivers
a capacity of 66.77 mAh g~! at 50 C which is greater than that of 20 C and 30 C, exhibiting good cycling
performance at 50 C. This is the first report of a successful utilization of LiFeg5Mng5P04/C as cathode
material for ARLB and the lithium-ion diffusion coefficients of the LiFep5Mng5P04/C are calculated from
the cyclic voltammetry data.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Lithium-ion batteries have been widely used in the electronic
consumable devices, electric vehicles and large-scale energy
storage. While they are generally assembled with organic electro-
lyte, they still cannot meet high power instruments due to safety
issue arising from the volatile and flammable organic electrolytes.
Therefore, it is of importance to explore new energy storage to
improve their safety.

Aqueous rechargeable lithium battery (ARLB) was first put
forward by Dahn et al. [1] which consists of LiMn;04 cathode and
VO, anode in 5 M LiNO3 aqueous electrolyte. In comparison to the
traditional lithium-ion battery with organic electrolytes, ARLB has
several potential advantages such as greater safety and lower cost.
Moreover, the ionic conductivity of aqueous electrolyte is much
greater than that of the organic electrolyte, which could enable the
ARLB to be applied at higher cycling rate with lower electrolyte
resistance. Consequently, some cathode materials were used for the
ARLB, including LiMn,04 [2—5], LiCoO, [6—38], LiNiO; [9,10], MnO,
[11—14], and LiTi»(PO4)3 [15,16]. In recent years, much attention has
focused on lithium orthophosphates used as the cathode of ARLB
due to their high energy density and chemical stability. For LiFePOy,
Mi et al. [17] investigated the deintercalation/intercalation
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behaviors and calculated the corresponding lithium-ion diffusion
coefficient of LiFePO4. Xia’s group [18] reported (-)
LiTip(PO4)3|Li;SO4|LiFePO4(+) ARLB exhibited better capacity
retention by eliminating oxygen in the aqueous electrolyte and
investigated the mechanism of lithium-ion intercalation in the
aqueous electrolyte [19]. The latest literature [20] about modified
LiMnPO4 prepared with TiS, additive showed that the first
discharge capacity in LiOH electrolyte is 90 mAh g~ and its cycling
performance was poor at 0.5 mA cm 2. Thus, it is crucial to improve
the electrochemical performance of LiMnPO4 in the aqueous
electrolyte.

As well known, LiMnPOy is an insulator with ca. 2 eV energy
band gap [21] and the Jahn—Teller effect will cause the interface
mismatch of lithiated phase and delithiated phase, which lead to its
low electronic conductivity (<107°Sem~1) [22]. In order to
improve its poor electrochemical performance originating from the
low electronic conductivity, different approaches have been made
by synthesizing nano-sized particles [23—25] and coating carbon
[26,27] or doping metal cation to form multi-transition metal
olivine compounds [28—32]. Of course, there have been many
literatures on the performance of multi-transition metal
compounds [28,33—36] in the organic electrolyte, but the electro-
chemical performances of these compounds used for the ARLB have
attracted only little attention. Xia’s group [37] reported LiCoq3-
Ni1;3sMny;302 combined with activate carbon showed good cycle
ability and high rate capability. Zheng [7] pointed out that
LiNij;3Co13Mny302 had a better rate capability and only 9.1%
capacity loss after 1000 cycles at 80 C in 2 M LiNOs solution.
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Minakshi [38] studied the crystal structure and phase transition of
Li(Cop5Nig5)PO4 in an aqueous solution.

In this paper, LiFegsMngsP04/C compounds were prepared by
a sol—gel method and sintering process. The ARLB was assembled
with LiFep5Mng 5P04/C and LiV30g in saturated LiNOs3 solution. The
galvanostatic charging/discharging experiments were used to
evaluate the electrochemical behaviors of LiFepsMng5P04/C and
the lithium-ion diffusion coefficients of LiFegsMngsP04/C were
studied with CV data.

2. Experimental

LiFep5Mng 5P04/C was synthesized by a sol—gel and calcinations
process. CH3COOLi-2H;0, FeCl, -4H,0, MnCl;-4H,0, P,05 and critic
acid with a molar ratio of 1:0.5:0.5:1:1 were dissolved in 40 mL
ethanol solution. The mixture solution was rigorous stirred for 12 h
in nitrogen gas, and then heated at 353 K to get xerogel. Finally, the
xerogel was fired at 773 K for 5 h in the purified argon gas flowing
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to prevent the oxidation of FeZ* to obtain LiFeg5sMng 5sP04/C. LiV30g
was synthesized as describe as previous publication [5].

The three-electrode cell was constructed with the LiFegs.
Mng 5P04/C cathode (15 mm in length, 5 mm in width, 0.2 mm in
thickness, and active material weighing 12 mg) as the working
electrode, LiV30g anode (with identical dimensions to the cathode)
as counter electrode, and saturate calomel electrode (0.242 vs. SHE/
V) as reference electrode. The working electrode was prepared as
following: mixing active materials (LiFegs5MngsPO4/C), acetylene
black and polyvinylidene fluoride(PVDF) in a weight ratio of
80:10:10 using N-methyl-2-pyrrolidone as solvent, the black slurry
was uniform mixed with ultrasonic process for 2 min, then coated
on nickel mesh followed by drying at 373 K for 10 h under vacuum.
The counter electrode was prepared by the same method as the
working electrode described above. The relative ratio of cathode
and anode amounts is 1:1.2. The neutral electrolyte was prepared
by dissolving appropriate amount of LiOH-H;O in the saturated
LiNOs solution, and the experimental deoxygenated electrolyte was
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Fig. 1. (a1) XRD pattern comparison between the LiFeysMngsPO4/C and ICDD No. 13-0336. (a2) The Rietveld refinement result of LiFegsMngsPO4/C. (b—d) TEM images and (e)

HRTEM images of LiFegsMng sPO4/C.
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prepared by bubbling high-purity nitrogen for 3 h before
measurement.

The sample was characterized by XRD analysis using Bruker D8-
Adavanced diffractometer with Cu Ke radiation, scanning ranges
from 15° to 80°. The lattice parameters of the as-synthesized
sample are refined by Rietveld analysis using the Topas software.
The actual electrode surface area was measured with BET method
by using ASAP 2020. The element analysis of the precipitation in the
aqueous electrolyte was studied by a JEOL JSM-7000F instrument
and an energy dispersive X-ray (EDS) spectrometer. The micro-
morphologies of the as-prepared materials were observed using
JEOL JEM-2100 transmission electron microscope operating at an
accelerating voltage of 200 KkV. The electrochemical properties
were performed using Arbin BT2000 instrument controlled by
Arbin MITS PRO. Cyclic voltammetric experiments were recorded at
the scanning rate of 01 mVs~!, 1mVs™!, 2mVvs~] 25mvs},
4mVs~! and 10mVs~! within the potential range of —0.4V to
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1.2V vs. SCE using AMETEK VMC-4. All the measurements were
conducted at room temperature.

3. Result and discussion

The XRD pattern of LiFeg5Mng5PO4/C is shown in Fig. 1al. The
crystal structure of the sample is consistent with standard ordered
olivine structure of ICDD No. 13-0336. In the standard XRD pattern
of LiFeg 5Mng 5P04, the peak intensity ratios of (111) and (121), (121)
and (131) are 0.89, 0.90, respectively. Nevertheless, the peak
intensity ratios of the synthesized LiFep5Mng5P04/C are 1.01 and
0.97. These changes in peak intensity ratios are mainly due to a little
distortion of the crystal lattice of LiMnPO,4 caused by Fe atoms.
Compared with pure LiMnPO, (ICSD No. 97763: a=10.431A,
b=6.095 A, c=4.734 A), using the Rietveld refinement method,
the calculated lattice parameters are a = 10.387 A, b =6.052 A and
c=4.720 A, and Rwp=1.25, R, =0.99. The refinement result of
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Fig. 2. Electrochemical performance of (LiFeqsMngsP04/C)//LiV30g for ARLB. (a1) The initial charge—discharge curves at 0.1 C. (a2) The EDS of the precipitation in the electrolyte.
(a3) The galvanostatic charge—discharge curves of LiFep sMngsPO4/C at 0.1 C in LiNO3 electrolyte with or without dissolved oxygen. (b) Cycling behaviors of (LiFegsMng5PO4/C)//
LiV50g at different rates of 0.05 C, 0.1 C,1 C, 2 C and 5 C. (c) Cycling behaviors of (LiFeg sMng sP04/C)//LiV30g at different rates of 10 C, 20 C, 30 C and 50 C.
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Fig. 3. The cyclic voltammograms of LiFeo sMngsP0,/C in saturated LiNO3 aqueous electrolyte at different scanning rates. (a) 0.1 mVs~, (b)1mVs~, (c)2mVs~, (d) 25 mVs~', (e)
4mvVs~, (f) 10mVs~, (g) comparison of the initial cycle of LiFegsMngsPO4/C at 0.1 mVs~, 1mVs~!, 2mVs, 25mVs~!, 4mVs~' and 10mVs~"
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LiFep5sMngs5P04/C is presented in Fig. 1a2, which suggests that Fe
atoms cause the decrease of the lattice parameters.

The TEM and HRTEM images of as-prepared materials were
shown in Fig. 1b—f. In Fig. 1b, the particles are dispersed uniformly
and their sizes range from 50 nm to 200 nm. In Fig. 1c, the
dispersed particles are connected with the numerous and contin-
uous carbon substance marked with white arrows. The critic acid
was decomposed to carbon during the sintering process, and it
appeared not only in the layer form but also in the granular form
separated for the olivine particles. In Fig. 1d, the carbon layer is
about 4.2 nm thickness. The carbon coating amount is 9.7 wt% in
LiFeg5MngsP0O4/C. The insert image of Fig. 1d is the electron
diffusion pattern of the marked “Sp1”, exhibiting that the particle is
composed of many smaller crystallite. Fig. 1e illustrates the HRTEM
images of LiFepsMngsP04/C. The spacing of lattice fringes are
0.51 nm, 0.30 nm and 0.43 nm, corresponding to (020) and (121)
plane of LiFep5Mngs5P04/C. These results indicate that LiFegs.
Mngs5P04/C is well crystallized, meanwhile, it has some crystal
defects observed from the region marked with “Sp2”.

The 1st charge—discharge curve of LiFep 5sMng 5P04/C at 0.1 C is
shown in Fig. 2al. The 1st discharge capacity is 107.00 mAh g,
which s higher than that reported in Ref. [35]. In Fig. 2a1, two pairs of
voltage plateaus are observed, related to the charge/discharge
reactions of Fe?*[Fe3* (charge: 0.3349 V; discharge: 0.3182 V) and
Mn?*/Mn>* (charge: 0.9156 V; discharge: 0.8600 V) with polariza-
tion potential of 0.0167 V and 0.0556 V, respectively. The reduced
polarization potential 0.0556 V of Mn redox couple is much lower
than that of the reported in the recent paper [20]. However, the
coulombic efficiency of this ARLB is relatively low, which may be
attributed to Jahn—Teller effect, manganese dissolution or the dis-
solved oxygen in the aqueous electrolyte. As shown in Fig. 2a2, the
corresponding EDS spectra of the precipitation in the aqueous
electrolyte after the first cycle, exhibit characteristics peaks of
manganese, and the formation of precipitation we proposed is
shown as following reaction: 2Mn2+(dissolution) +2H20 + 0y +4e™ =
2Mn(OH);, | . In Fig. 2a3, the comparisons of 1st charge—discharge
curves for LiFegsMngsPO4/C in dissolved oxygen LiNO3 aqueous
electrolyte and in LiNO3 aqueous electrolyte without dissolved
oxygen indicate that the coulombic efficiency and discharge capacity
could be improved by eliminating oxygen in the aqueous electrolyte.

The electrochemical cycle behaviors of (LiFegsMngsP04/C)//
LiV30s ARLB at different C-rate are shown in Fig. 2b. The initial
discharge capacity of ARLB at 0.05 C, 01 C,1 C, 2 C, 5 C are
123.09 mAhg~!, 107.00 mAhg~!, 94.75 mAhg~!, 94.07 mAhg ',
78.39 mAh g, respectively. However, the fast capacity fade is
observed and the retained discharge capacities are only
10.65 mAhg~!, 1042 mAhg~! 40.73mAhg-! 3821 mAhg
44.25 mAh g~ ! after 100 cycles. Fig. 2c illustrates the cycle perfor-
mance of (LiFeg5Mng5P04/C)//LiV30g ARLB at different higher C-
rate. As shown in Fig. 2c, the 1st discharge capacity of
68.37mAhg !, 37.36 mAhg !, 3462 mAhg ' and 66.77 mAhg!
could still be obtained at the rate of 10 C, 20 C, 30 C and 50 C,
respectively. The discharge capacity is still above 50 mAh g~ after
100 cycles at 50 C, and it is the first report of (LiFeg5MngsPO4/C)//
LiV30g ARLB at 50 C. It is noted that the discharge capacity at 50 Cis
higher than that at 20 C and 30 C in our experiment; and this
unusual phenomena in the ARLB is also reported in [5,39], which is
quite different from the traditional lithium-ion battery. The reason
should be studied intensively.

The cyclic voltammogram curves of LiFegsMngsPO4/C elec-
trodes in saturated LiNOj3 electrolyte at different scanning rate are
shown in Fig. 3a—f. Two pairs of redox peaks, which are associated
with the lithium-ion deintercalation/intercalation in the process of
the oxidation/reduction of Fe*/Fe3* and Mn?*/Mn>*, appear in the
CV curves at scanning rate of 0.1 mVs~!, 1.0mVs~, 2mVs~,

2.5mV s~ Nevertheless, at the scanning rate of 40mVs~! and
10 mV s~ !, the Mn anodic peak of the CV curve for LiFep5Mng5PO4/
C is not found due to the potential moves positively exceeding the
measurement range (from —0.4 V to 1.2 V). At the scanning rate of
01mVs~!,1.0mVs~!, 2mVs~!, the peak potentials do not change
and the peak currents decline largely with the increase of the cycle
number. On the contrary, for the 2.5mV sl 4mvs! and
10 mV s~ !, though the oxidation peaks shift slightly lower potential
in the second cycle and there are some irreversible capacity loss,
the CV curves appear well-defined peaks and good overlap in the
following cycles. The above results illustrate that LiFeg 5Mng 5P04/C
has good cycle ability in the ARLB at high scanning rate. Moreover,
the additional peaks indicate by the dark arrows, which locate
between 0.2 V and 0.8 V, are found in the CV profiles. We presume
that the additional peak may be associated with the intrinsic
structure, the proton insertion [7] or the reaction of impurities
existing in the aqueous electrolyte.

In order to compare CV curves of LiFeg sMng 5PO4/C at different
scanning rate, we displayed them in Fig. 3g. Table 1 listed the peak
potential difference (Ep o — Ep ) at various scanning rates calculated
from Fig. 3g for LiFeg5MngsP04/C. According to the CV curves, we
could evaluate the reaction reversibility, and that is the peak
potential difference (Epq — Ep,c). The results indicate that the peak
currents and the peak potential difference between the anodic and
cathodic peaks of Fe and Mn increase with the scanning rate
increasing. The ARLB may yield quasi-reversible waves at
01mVs~! and 1mVs~! however, irreversible behaviors are
observed at 2mVs !, 25mVs !, 4mVs~! and 10 mVs~!, which
may be assumed that the electrochemical lithium-ion dein-
tercalation/intercalation process changes from being kinetically
quasi-reversible to irreversible when scanning rate increases from
being low to high.

Fig. 4 shows the linear relationship between the peak currents
and the square root of the scanning rate for the anodic and cathodic
process. It appears that the lithium-ion deintercalation/intercala-
tion process is diffusion-controlled for LiFep5MngsPO4/C used in
the ARLB, which is in accordance with Ref. [40]. And then, the
diffusion coefficients of lithium ion for LiFegsMngsPOy4/C can be
roughly calculated according to the Eq.(1) [41]

. F3

ip = 0.4463 (ﬁ)
where i, is peak current, F is Faraday’s constant, R is the gas
constant, T is the absolute temperature, n is electrons per molecule
lithium ion, »'2 is scanning rate of cyclic voltammetry, C} is
concentration of lithium ion, A is the actual surface area of elec-
trode and its value calculated by BET method is 1747 cm 2, D is the
diffusion efficient of lithium ion. The corresponding diffusion
coefficients are list in Table 2. In Table 2, the magnitude order of
lithium-ion diffusion coefficient from Dre(anodic)/(cathodic) 1S
10~ cm? S, which is lower than that reported in Ref. [17]; while
Dn(anodic)/(cathodic) iS about 10~4—10"1 cm? S, which is higher
than that reported in Ref. [42]. In terms of the lithium-ion

1/2
n3/2AD1/2Cly1/2 (1)

Table 1
Peak potential difference (Epq — Ep ) at various scan rates calculated from Fig. 3g for
LiFeo_sMn0_5P04/C.

Scan rate/mVs~" (Epa — Ep) for Fe/mV (Epa — Ep,c) for Mn/mV
0.1 79 154

1 200 273

2 271 323

25 326 402

4 443 -

10 557 -
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Fig. 4. The relationship between the peak currents and the square root of the scanning
rate of LiFegsMngsP04/C.

Table 2
Lithium-ion diffusion coefficient calculated from Fig. 4 for LiFeg 5sMng sPO4/C.

Material DFe(anodic)/ DMn(anodic)/ DFe(cathodic)/ DMn(cathodic)/
cm?s~! cm?s~! cm?s~! cm?s~!
LiFeosMngsPOs  7.13x 107  1.81x10° % 524x10 846x10°1°

coefficient of LiFegsMngsP04/C used for the ARLB, further studies
are still required.

4. Conclusion

The electrochemical performances of new intercalate electrode
material, LiFeg 5Mng 5P04/C, in saturated LiINO3 aqueous electrolyte
are firstly studied by galvanostatic cycling and cyclic voltammetry.
The (LiFegs5MngsP0O4/C)//LiV30g ARLB exhibits good cycling
stability at higher C-rate. And it shows great potential for applica-
tions in large-scale devices. The detailed cyclic voltammetry
investigations show that the lithium-ion deintercalation/interca-
lation process of LiFeg5MngsP0O4/C used in the ARLB is diffusion-
controlled.
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