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Spinel LiNixMn2-x04 as cathode material for aqueous rechargeable lithium
batteries

Abstract

Ni-doped spinel LiNixMn2-x04 (x = 0, 0.05, 0.10) samples were prepared by a sol-gel method. Structure
and morphology of the samples were characterized by X-ray diffraction, scanning electron microscopy,
Brunnauer-Emmet-Teller method and inductively coupled plasma atomic absorption spectrometry. The
electrochemical behavior as a cathode material (positive mass) for aqueous rechargeable lithium
batteries (ARLBs) was investigated by cyclic voltammetry, electrochemical impedance spectroscopy,
capacity measurements and cycling tests. The results show that the LiNi 0.1TMn1.904 electrode presents
the best rate and cycling performance but low reversible capacity. In contrast, the LiNi 0.05Mn1.9504
electrode shows a higher reversible capacity and relatively good cycling behavior. At a current density of
150 mA g-1, LiNi0.05Mn1.9504 delivers a reversible capacity of 102 mA h g-1. At the relative high current
densities of 1500 and 3000 mA g-1, the LiNi 0.05Mn1.9504 electrode still delivers reversible capacities of
95.0 and 88.7 mA h g-1, respectively. The Ni-doped samples show excellent cycling life in 0.5 mol L-1 Li
2S04 aqueous solution. The capacity retention ratios for LiNi0.05Mn1.9504 and LiNi0.10Mn 1.9004 after
800 cycles at a current density of 1500 mA g-1 are 79.4% and 91.1%, respectively, much higher than that
for the undoped LiMn204 at only 37.8%. 2013 Elsevier Ltd. 2013 Elsevier Ltd. All rights reserved.
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Abstract
Ni-doped spinel LiNi,Mn,,O4 (x = 0, 0.05, 0.10) samples were prepared by a sol-gel method.
Structure and morphology of the samples were characterized by X-ray diffraction, scanning
electron microscopy, Brunnauer-Emmet-Teller method and inductively coupled plasma atomic
absorption spectrometry. The electrochemical behavior as a cathode material (positive mass) for
aqueous rechargeable lithium batteries (ARLBS) was investigated by cyclic voltammetry,
electrochemical impedance spectroscopy, capacity measurements and cycling tests. The results
show that the LiNiyiMn; 40, electrode presents the best rate and cycling performance but low
reversible capacity. In contrast, the LiNigosMny 950, electrode shows a higher reversible capacity
and relatively good cycling behavior. At a current density of 150 mA g'l, LiNigosMny 9504

delivers a reversible capacity of 102 mAh g™. At the relative high current densities of 1500 and
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3000 mA g'l, the LiNiposMny¢50,4 electrode still delivers reversible capacities of 95.0 and 88.7
mAh g™, respectively. The Ni-doped samples show excellent cycling life in 0.5 mol L™ Li,SO,
aqueous solution. The capacity retention ratios for LiNiggsMn19s04 and LiNig10Mny 60O, after
800 cycles at a current density of 1500 mA g* are 79.4 % and 91.1 %, respectively, much

higher than that for the undoped LiMn,0, at only 37.8 %.

Keywords: Aqueous rechargeable lithium battery; cathode; LiMn,O,; Ni doping; electrochemi-

cal performance



1. Introduction

Lithium ion batteries (LIBs) have become one of the most important energy storage technolo-
gies today in particular for mobile and portable applications. They were invented in the early
1990s, and now are widely used as power sources for electronic devices such as laptops, cellular
phones, electric power tools etc. [1 - 3]. Spinel-type LiMn,O, and its derivatives have been used
as cathode material for the lithium ion batteries because of their low cost, abundance in natural
sources, and easy preparation [2]. The electrochemistry of LiMn,O, in organic electrolytes has
been extensively studied over the past two decades [4 - 10]. Although lithium ion batteries are
considered to be the most successful electrochemical devices with high energy density, they are
still associated with the risk of safety accidents because of the flammability of the organic
electrolytes and improper use such as overcharging or short-circuiting. Moreover, the spinel
LiMn,Q, in the organic electrolyte solutions does not present as excellent cycling life as
LiFePO, due the instability of the spinel structure and the dissolution of manganese into the
electrolyte solution during cycling [11, 12]. As a result, the urgent environmental and economic
problems unceasingly promote the further development of safer, less expensive and greener
battery materials and devices.

To solve these problems, an attractive approach is to use an aqueous electrolyte solution for
lithium batteries, in which Li*-ions are reversibly intercalated into and deintercalated from the
active masses with a subsequent charge transfer similar to that in the organic lithium ion battery.
In the middle of the 1990s, a rechargeable lithium battery with an aqueous electrolyte was
developed [13, 14]. Obviously, the cost of aqueous rechargeable lithium batteries (ARLBS) will
be low since electrode and electrolyte materials are not expensive and its assembling process is
easy. In addition, it is inherently safe by avoiding the use of flammable organic electrolytes.

Moreover, the ionic conductivity of aqueous electrolytes is high, about two orders of magnitude



higher than that of organic electrolytes [15], which ensures high rate capability and thus high
specific power. Therefore, ARLBs have received wide interest especially in recent years [15 -
26]. However, the traditional micrometer-sized materials do not show good electrochemical
performance in an aqueous electrolyte [18]. Recently, nanostructured LiMn,O, samples were
prepared and their electrochemical properties, especially reversible capacity, rate capability and
cycling life as cathode materials for the ARLBs, have been markedly improved [24 - 28]. For
example, a porous LiMn,O, consisting of nanograins shows still 93 % capacity retention even
after 10000 full cycles [24]. It is known that the uniformity of nanostructured LiMn,Q;, is not
easy to control. The use of traditional micrometer-sized materials will be of great promise for
the practical application of ARLBSs. In order to achieve this goal, doping micrometer-sized
LiMn,0O,4 with several cations (such as Co, Al, Cr and Mg) would be a good way, which has
been proved to reduce Jahn-Teller distortion effectively in organic electrolyte [5, 10, 29, 30].
However, few studies about cation-doped LiMn,O, (only Cr, Al, Fe [16, 18, 20]) in agqueous
electrolyte have been reported up to now. Herein we report for the first time the electrochemical
behavior of spinel-type LiNi,Mn,,0, (X = 0, 0.05, 0.1) as cathode materials for aqueous
rechargeable lithium batteries. We found, that Ni-doping of LiMn,O, can greatly improve its

rate behavior and capacity retention at large current densities in aqueous electrolyte.



2. Experimental

The synthesis of spinel LiNi,Mn,,O4 (x =0, 0.05, 0.10) particles was carried out according to a
previously reported method [29, 30] with minor modifications. Briefly, stoichiometric amounts
of lithium acetate [Li(CH;COO)-2H,0](0.01 mol), manganese acetate [Mn(CH;COO),-4H,0],
and nickel acetate [Ni(CH;COOQ),-4H,0] with the atomic ratio Li : Ni : Mn = 1.05 : x : (2-X),
where x is 0, 0.05 and 0.10, respectively, were dissolved in distilled water and mixed with an
aqueous solution of citric acid. The citric acid was used as a chelating agent and a fuel for
combustion (the molar ratio of carboxylic acid groups in citric acid to metal ions was fixed at
1:1). Then ammonia was added slowly to this solution with constant stirring until a pH of about
7 was achieved. The resultant solutions were evaporated at 80 °C until transparent sols were
obtained. To remove water, the obtained precursors were dried under vacuum at 120 °C over-
night. The resulting gel precursors were burned at 450 °C for 6 h, then 800 °C for 10 h in air.
The rate of temperature increase was 3 °C min™. All chemicals were of analytical grade, and the
solutions were prepared with distilled water.

The electrodes were prepared by mixing powdered samples, acetylene black and poly-
tetrafluoroethylene (PTFE) in a weight ratio of 8:1:1 with the help of ethanol. The mixture was
pressed into a film, and then dried at 120 °C overnight to act as working electrodes. After dry-
ing, the film was cut into disks of about 2 mg (0.36 cm? in area and 0.4 mm in thickness). These
disks were pressed onto a Ni-grid at a pressure of 20 MPa to act as the working electrodes.
Cyclic voltammetry (CV), electrochemical impedance measurements, and the first charge-
discharge profiles of the LiNi,Mn,,O4 (x = 0, 0.05 and 0.10) electrodes were performed in 0.5
mol L™ Li,SO, solution (small amounts of LiOH were added to ensure its pH value is 7) with a
three-electrode cell, in which a Ni-grid and a saturated calomel electrode (SCE) were used as

counter and reference electrodes, respectively. The CV data were collected between 0 and 1.2 V



(vs. SCE) at different scan rates. The LiNiyMn,.,O, electrodes were charged and discharged in
the potential range of 0.3 - 1.05 V (vs. SCE) at various current densities. The electrochemical

impedance spectra (EIS) were recorded from 10° to 0.1 Hz.

Activated carbon (AC) with a specific surface area of about 2800 m?g™ measured by a Brun-
auer—-Emmet-Teller (BET) method was purchased from Ningde Xinseng Chemical Industrial
Co., Ltd. and used as received without further treatment. The activated carbon electrodes were
prepared in the same way as the LiNiyMn,,O, (x = 0, 0.05, 0.10) electrodes [18]. Since it can
absorb and desorb Li" ions very quickly, it will not have any adverse effects on the properties of
the working electrodes [24]. A two-electrode cell consisting of the above LiNi,Mn,,0, (x =0,
0.05, 0.10) working electrode and the activated carbon counter electrode with a distance of
about 1 cm was used to test the cycling behavior of the as-prepared samples in 0.5 mol L™
Li,SO4solution on a cell tester (Land 2001A). The mass ratio of the spinel LiNi,Mn,,04 (x =0,
0.05, 0.10) to the activated carbon was fixed at about 1:3.5. All tests were carried out at room
temperature.

The X-ray diffraction (XRD) patterns were collected using a Rigaku D/MAX-IIA X-ray
diffractometer with Cu Ko radiation. Data were collected in a step-scan mode in the range of 10
— 90° with intervals of 8° min™. Scanning electron micrographs (SEM) were obtained on a
Philips microscope XL30 operated at 25 kV. The specific area was measured according to the
BET method using a Micromeritics Tristar ASAP 3000 BET apparatus with liquid nitrogen at
77 K. Elemental analysis was obtained on a Thermo E. IRIS Duo inductively coupled plasma

atomic absorption spectrometer (ICP-AAS).



3. Results and discussion

The XRD patterns of the as-prepared samples LiNi,Mn,,O4 (x =0, 0.05, 0.10) are shown in Fig.
1. The diffraction peaks can be indexed to the spinel with a space group Fd3m, they are in good
agreement with the standard pattern (JCPDS, Card No0.35-0782) [31]. Fig. 2 shows the SEM
micrographs of the samples. Their particle sizes are in the sub-micrometer range from 200 to
400 nm. There is not much difference in the morphology since the preparation method is the
same for all samples and compositions. Table 1 lists the chemical compositions and surface
areas of the samples. For the as-prepared samples, the experimental Ni/Mn ratios agree basically
with the target stoichiometry. The BET specific surface area of the samples are 2.30, 2.09 and
1.97 m? g'l, respectively, for LiMn,O,4, LiNiggsMn; 04 and LiNig10Mn;¢04. The reason for
these differences needs further study.

The CVs of the samples at different scan rates are presented in Fig. 3(a-c). There are two redox
couples at low scan rates. The anodic and cathodic peaks correspond to lithium de-intercalation
and intercalation. The splitting of the redox peaks into two couples shows, that the
electrochemical reaction of the de-intercalation and intercalation of Li" ions consists of two
processes, which is consistent with the results in both organic and aqueous electrolytes [2, 5, 6,
12, 19, 24, 33, 34]. At the low scan rate, two separate couples of redox peaks can be observed
for all electrodes. At the lowest scan rate (1 mV/s), the anodic current peak of the doped sample
(LiNig.10Mngg004) is less well-defined in comparison to those of the undoped phase (LiMn,0,),
which indicates that the substitution of nickel ions may eliminate the small Li-Li repulsion
energy difference between the half-filled 8a sites in LiosMn,0O4 and the completely filled sites in
LiMn,0, [11, 29].

With increasing scan rate, the separation between the two redox pairs becomes smaller. It is

noted that the peaks of Ni-doped samples retain the well-defined shape when the scan rate



increases to 8 mV s™ (Fig. 3b and c), which indicates that the Ni doped electrodes can be
charged and discharged at larger current densities. In contrast, the peaks of the undoped
LiMn,0O,4 become less distinguishable at this scan rate (Fig. 3a). When the scan rate continues to
increase to 10 mV s, the LiNig;Mn; 4O, electrode still retains the well-defined shape, which
implies that it will present the best rate behavior.

The Nyquist plots (Fig. 3d) of the LiNi,Mn,O, (x =0, 0.05 and 0.1) electrodes show a semicir-
cle at mid-high frequency and a linear region at low frequencies. The linear region corresponds
to the diffusion process of Li*-ions in the electrode. The semicircles correspond to a parallel
combination of charge-transfer resistance (R.) and double-layer capacitance [24, 35]. The R
values can be estimated from the diameter of the semicircle on the real axis. It can be seen that
the Ni-doped samples exhibit a smaller R than the undoped one, suggesting that the doping of a
certain amount of Ni ions could effectively decrease the charge transfer resistance in the spinel.
The first charge-discharge profiles of the LiNi,Mn,,O,4 (x = 0, 0.05 and 0.10) electrodes in the
aqueous electrolyte at different current densities are shown in Fig. 4. There are two distinct
charge and discharge plateaus, which reflect a two-stage Li*-ion de-intercalation and inter-
calation behavior and consistent with both the obtained CV curves and other reports [5, 6]. For
the LiNig1Mn;0, electrode the plateaus became less distinct, suggesting that the local
distortion of the host structure resulting from the substitution of nickel ions may eliminate the
small Li-Li repulsion energy difference between the half-filled 8a sites in LiosMn,O, and the
completely filled sites in LiMn,O, [11, 29, 36].

At a charge/discharge current density of 150 mA g™ (Fig. 4a) the LiMn,O, electrode exhibits
initial discharge capacities of 103 mAh g'l, higher than LiNigosMn; 950, electrode (102 mAh g'l)
and LiNig;Mn, O, electrode (83.0 mAh g'l). Substitution was found to decrease the capacity by

reducing the quantity of oxidisable Mn®*. This is similar to the doping effects of LiNi,Mn,..O4



in the organic electrolytes [5, 10]. The initial capacities of the electrodes decrease with the
increasing current density. At the current density of 300 mA g™ (Fig. 4b), the LiMn,O,,
LiNigosMny9504 and LiNig10Mny 60O, electrodes deliver discharge capacities of 97.2, 101 and
74.1 mAh g, respectively. Even at the relative high current density of 1500 and 3000 mA g™
(Fig. 4c and d), the LiNiggsMny.g50, electrodes still deliver discharge capacities of 95.0 and 88.7
mAh g'l, respectively. The capacities for LiNig10Mn; 004 electrodes are 71.9 and 69.0 mAh g'l
at 1500 and 3000 mA g7, respectively. However, the undoped spinel LiMn,O, electrodes
deliver only 83.9 and 67.2 mAh g'1 at the same current densities. For the LiNigsMn; 9504
electrode, these improved properties are further confirmed in the rate capabilities test at the
current density ranging from 300 to 5000 mA g™ (Fig. 5). Fig. 5 suggests that the LiNig:Mn; 4O,
electrode presents the best rate behavior, but its reversible capacity is lower. The
LiNigosMny 9504 electrode shows better rate capabilities and could deliver 99.8 mAh g'1 at the
charge/discharge current density of 1000 mA g*. In contrast, the undoped LiMn,O, and
LiNiy;Mn, 40,4 exhibit discharge capacities of 83.8 and 73.8 mAh g'l, respectively. Moreover,
after 50 cycles, as the charge and discharge current densities are reduced from 5000 to 300 mAh
g'l, the discharge capacity of the doped LiNiggsMnggsO, and LiNig;Mn; O, electrodes
recovered nearly without capacity loss, but the undoped spinel shows more than 9 % capacity

fading.

The cycling performance of LiNi,Mn,,O, (x = 0, 0.05, 0.10) electrodes measured by using acti-
vated carbon (AC) as the anode in a potential range of 0 - 1.8 V is shown in Fig. 6. After 300
cycles at the current density of 300 mA g™, the capacity of the undoped cathode material de-
creases to 78.9 mAh g'l, about 76.6 % capacity retention. In contrast, the LiNigosMny 950, elec-
trode fades from 102 to 89.7 mAh g™, about 87.9 % capacity retention, which is superior to that

reported with aqueous electrolyte [15, 16, 18, 23]. For the LiNiy1Mn, 40,4 electrode, though its



reversible capacity is the smallest, it only fades from 76.9 to 73.1 mAh g™, about 95.1% capac-
ity retention after 300 cycles. After 800 cycles at a current density of 1500 mAg™, the discharge
capacity of the undoped LiMn,O, decreases rapidly to 31.6 mAh g™. Similar to the cycling at
the low current density, the doped LiNixMn,,O, electrodes also present better cycling
performance. The LiNig¢Mny¢s04 and LiNig10Mny1.990,4 can still retain 74.9 (79.4 %) and 71.9
mAh g™ (91.1 %). It is clear that Ni-doping can effectively improve the cycling performance of
the spinel LiMn,O,4. One reason for this improvement is that the doped Ni-ions enhance the
stability of the octahedral sites in the spinel structure due to the stronger Ni-O bond (bond en-
ergy: 1029 kJ mol™) [37]. In the case of a-MnO,, the bond energy of Mn-O is 946 kJ mol™.
Moreover, substitution of manganese by Ni ions decreases the concentration of Mn** and re-
duces the Jahn-Teller distortion [29, 30]. The smaller capacity of the LiNig10Mny 4,0, can also

be partly attributed to the lattice contraction [37] beside less Mn®* ions.

4. Conclusions

In summary, the Ni-doped spinel-type LiNi,Mn,,04 (x = 0, 0.05, 0.10) cathode materials were
prepared by a sol-gel method. The LiNigsMn;.9s0,4 electrode shows a higher reversible capacity
and relatively good rate behavior. At a current density of 150 mA g'l, the LiNigosMny ¢504e€lec-
trodes deliver a discharge capacity of 102 mAh g*. Even at the relative high current density of
1500 and 3000 mA g'l, the LiNigsMny 9504 electrode still deliver initial discharge capacities of
95.0 and 88.7 mAh g, respectively. Ni ion substitution can reduce capacity fading of spinel
LiMn,0, during cycling in 0.5 mol L™ Li,SO,aqueous solution. After 800 cycles, the discharge
capacity of the LiNiggsMnyg504electrode fades from 94.3 to 74.9 mAh g'1 with the loss of 20.6

% of its initial capacity at a current density of 1500 mA g™. Although the reversible capacity of



the LiNiy;Mn; 0, electrode is the smallest it fades only from 71.0 to 64.7 mAh g'l, about
91.1 % capacity retention.
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Captions of Figures and Tables

Fig. 1 XRD patterns of LiNi,Mn,,O,4 (x =0, 0.05, 0.10) samples.
Fig. 2 SEM micrographs of LiNi,Mn,,O4samples: (a) x =0, (b) x = 0.05, (c) x =0.1.
Fig. 3 The cyclic voltammograms of the LiNi,Mn,,0, samples for (a) x =0, (b) x = 0.05 and (c)

x = 0.1 at different scan rates, and (d) the Nyquist plots of the LiNi,Mn,,0,4(x =0, 0.05

and 0.1) electrodes.

Fig. 4 The first charge/discharge profiles of the LiNi,Mn,,O4(x =0, 0.05 and 0.1) samples at

charge and discharge current densities of (a) 150, (b) 300, (c) 1500 and (d) 3000 mA g™.

Fig. 5 Rate capabilities of the LiNi,Mn,,O4 (x = 0, 0.05 and 0.1) samples at charge—discharge

current densities ranging from 300 to 5000 mA g™.

Fig. 6 Cycling performance of the LiNi,Mn,,O, (x =0, 0.05 and 0.1) samples at a charge and

discharge current density of (a) 300 and (b) 1500 mA g™,

Tab. 1 Chemical composition and BET surface area of the prepared samples.
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Tab. 1.

Samples: LiNi,Mn,,O, x=0.00 x =0.05 x=0.10
Mass fraction of Mn 60.14 % 59.09 % 57.15 %
Mass fraction of Ni 0% 1.72 % 3.37T%

Molar ratio of Mn:Ni from ICP-AAS 2.00:0 1.95:0.053 1.90:0.105
Theoretical molar ratio of Mn:Ni 2.00:0 1.95:0.05 1.90:0.10

Surface area / m? g™ 2.30 2.09 1.97
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