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The influence of citric acid pre-activation on the electrochemical properties of cathode materials used
in lithium batteries is investigated. During the citric acid pre-activation of the surface of coprecipitated
Li12Mngs54Ni013C00.130,, 13.37 wt.% of lithium is removed, mainly owing to the decomposition of the
Li,MnOs. Electrochemical property tests indicate that the cycle performance and rate capability of the
material are enhanced after citric acid pre-activation. The initial charge-discharge efficiency increases
from 66.4% to 79.9%, while the capacity retention after 100 cycles at 0.5C increases from 84.85% to
90.81%. When the current density increases to 5C, the specific discharge capacity of the delithiated
material is 108.9 mAh-g™*, much higher than that (95.10 mAh-g™) before the treatment. This is caused
by the formation of a spinel-like structure on the cathode surface, as citric acid removes some of the
Li,O in the Li,MnO; phase. As a result, a channel for Li* transmission is created and the impedance at
the interface between the cathode material and the electrolyte is effectively reduced, facilitating the
rapid transport of Li* through the electrode interface.
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1. INTRODUCTION

Lithium ion batteries have been widely used in a variety of portable electronic devices because
of their high energy density, and are used in applications such as electric vehicles and as energy storage
batteries [1-3]. The choice of electrode material is a key factor in the electrochemical performance of
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batteries. The ternary cathode material xLi,MnO3-(1-x)LIMO, (M = Ni, Co, Mn, etc.), with its high
specific capacity (which could theoretically reach 250 mAh/g), good rate capability, cycle performance,
and low price, has attracted significant attention for power battery development [4-6]. However, this
material suffers from low initial charge-discharge efficiency, and large irreversible capacity, which
limit its more general application [7-8]. To solve these problems, scientists have investigated
modifications such as elemental doping, surface coating, and surface oxygen vacancies, but the effect
of these modifications has been less than satisfactory [9-21].

Pre-activation is an effective way to improve the initial efficiency and rate capability of
lithium-rich cathode materials [22]. The initial efficiency of lithium rich cathode materials was
improved using acid treatment [23-24]. However, the excessive acidity destroyed the surface
morphology of the material and impaired the cycle stability and rate capability. The spinel-like
substance Li;MnsO;, was generated on the surface of Li[Lig2Nig2Mnge]O; treated with HCI, H,SO,,
and HNOg3, and the median voltage dropped noticeably [25]. The activation barrier for TM diffusion in
the presence of oxygen vacancies reduced drastically [26]. A slight change in the structure of Na,S-
treated Lii2Mnos4Nig.13C00130, can help decrease the charge transfer resistance, thus enhancing the
rate capability [27].

In the present work, Li;2Mngs4Nip13C00130, was synthesized by using the carbonate co-
precipitation method, and citric acid was used for pre-activation of this cathode material. The influence
of citric acid pre-activation on the electrochemical properties of the cathode materials used in lithium
batteries was investigated.

2. EXPERIMENTAL

2.1 Material Preparation

MnSO4-H,0, NiSO4:6H,0, and CoSO,4-7H,O were used as raw materials to fabricate the
electrodes, with Na,CO3 as the precipitant and NH;HCO3 as the complexing agent. The pH of the
solution was maintained at 8.0, and the temperature was held at 80 °C. The solution was stirred at 800
rpm to effect coprecipitation, after which the mixture was filtered, washed, and dried to obtain the
[Mng.54Ni.13C00.13](CO3)os precursor. The precursor was preheated with LiOH-H,0 of 3 wt.% excess
at 500 °C for 5 h and sintered at 950 °C for 12 h to give the target product Li; 2Mng54Nig13C00.1305.

2.0 g of anhydrous citric acid (CgHgO7) was weighed out and dissolved in 100 mL deionized
water. The pH of this solution was 1.97. Then, 5 g of the prepared Li; 2Mngs4Nig13C00130, cathode
material was added, and the mixture was immersed in 80 °C water bath for 1 h, after which it was
dried, ground until homogeneous, and sintered at 500 °C for another 5 h. The mixture was cooled,
washed, and filtered with deionized water. The filtrate was collected for elemental analysis. The
residue filtered out was vacuum-dried at 120 °C for 10 h to yield the processed material. The cathode
materials treated with citric acid are denoted as “CgHgO7-Li1 2Mng54Nip13C001302.”



Int. J. Electrochem. Sci., Vol. 13, 2018 7580

2.2 Material characterization

Phase analysis of the product was performed with a Bruker D8 Advance XRD (Bruker
Corporation, Germany). The Ka rays produced by the Cu target were used as the radiation source, at a
scanning speed of 10°-min™’. The step size was 0.02°, and the 26 scanning range was 10°-80°. A JSM-
7001F field emission scanning electron microscope (FE-SEM, JSM-7001F, JEOL, Japan) was used to
inspect the size and microstructure of powdered material, with energy dispersive spectroscopy (EDS)
to quantitatively analyze the elemental composition of the material. The element composition and
element contents in the filtrate were examined by a multi-channel inductively coupled plasma atomic
emission spectrometer (ICP-AES, Baird Corporation, Germany).

2.3 Electrochemical characterization

The electrochemical properties of Li; 2Mngs4Nig13C00.130, material were tested using CR2025
button cells composed of the modified/unmodified Li; 2Mngs4Nip13C00.1305, lithium metal foil anode
and Celgard 2320 membrane. The cathode was prepared as follows: a mixture of 75 wt.%
Li12Mngs4Nio13C00.130, material, 15 wt.% Super P conductive additive, and 10 wt.% polyvinylidene
fluoride was stirred in 1-methyl-2-pyrrolidinone solvent with mixing to form the cathode slurry, which
was then cast onto the aluminum foil and cut into 12-mm-diameter discs to form the cathode. The
CR2025 cells were constructed in a glove box filled with argon gas, with LiPFg (1 M) in ethylene
carbonate (EC)/dimethyl carbonate (DMC) (mass ratio 1:1) used as the electrolyte. The
electrochemical properties were measured at 25 °C on a LAND CT-2001 battery testing system.
Electrochemical impedance spectroscopy (frequency range: 0.01 Hz to 100 kHz; disturbance
amplitude: 5 mV) and cyclic voltammetry (voltage range: 2-4.8 V; scanning rate: 0.1 mV/s) were
performed on a CHI660D electrochemical workstation (Shanghai Chenhua, China).

3. RESULTS AND DISCUSSION

3.1 XRD structural characterization

The two XRD spectra shown in Fig. 1 for the product display clearly separated the (006)/(102)
and (018)/(110) peaks, indicating the well-preserved layered structure of the material before and after
citric acid modification [28-29]. The dominant phases exhibit a typical lamellar hexagonal a-NaFeO,
structure belonging to the R-3m crystal system. The low-intensity peaks near 20° to 25° indicate a
monoclinic crystal structure belonging to the C2/m space group [30-31], which arise from the well-
ordered LiMng cationic superlattice formed by the Mn?* and the Li* infiltrated into the transition metal
layers, as the Lii2Mngs4Ni13C00130, cathode contains Li,MnO3; as one of its components. The
intensity of this set of peaks reduces slightly after citric acid modification, which is because of the
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lower amount of lithium present in the transition metal layer. Nevertheless, the structure of the material
does not change much.
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Figure 1. XRD patterns of Li; 2Mngs4Nig13C00.1302 samples before and after surface modification.

Table 1. Lattice parameters of Li; 2Mngs4Nig.13C00.130, before and after surface modification

Sample alA c/A cla R=l(003)/l(104)
L|12M no_54Ni0_13C00_1302 2.853 14.220 4,984 1.520
CeHa0r- 2.849 14.243 4.999 1.679

Li1 2Mng 54N 13C00 1302

From the lattice constants of the material before and after citric acid treatment and the 1gozyl(104)
ratios in Table 1, a decrease in the lattice constant a and an increase in ¢ can be observed. This is
because after the citric acid treatment, the diffusion and migration channels of Li* in the layered
structure broaden, which improves the rate capability of the cathode material. Meanwhile, the c/a value
is related to the stability of layered structure [32]. When the lattice constant ¢ increases, both the
diffraction intensity of the (003) peak and the value of 1(gosyl(104) ratio increase, which may be related
to the migration of some protons (hydrogen ions) from CgHgO; into the laminar lattice, or the

deintercalation of Li".

3.2 SEM images

As can be seen from the SEM image in Fig. 2, the cathode material formed by coprecipitation
resembles spherical secondary particles with a size of about 0.5 um. The surface morphology of the
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modified Li;2Mnos4Nip13C00130, changes little as compared with that of the unmodified
Li;2Mngs4Nio13C00.130,. The crystals are intact and exhibit a finer, uniform particle size.

Figure 2. SEM images of Li; 2Mng54Nio13C00.130, before (a) and after surface modification (b).

3.3 ICP-MS analysis of filtrate composition

Elemental analysis was performed on the filtrate after modification. As shown in Table 2, the
Li content reaches 13.37 wt.% in the filtrate after citric acid treatment. From the amount of material
lost, the molecular formula of the processed material is established as Li; 04[Mngs4Nig.13C00.13]O2.

Table 2. Weight percent of elements dissolved out during surface modification process

Sample Li/wt.% Mn/wt.% Ni/wt.% Co/wt.%

CeHgO7-
) > 13.37 0.0202 0.0224 0.0173
Li1 2Mng 54N 13C00 1302

3.4 Initial charging-discharging performance

The charging plateaus of the material before and after citric acid modification exhibit two
regions (Fig. 3). The first region is from 2.0 to 4.5 V, corresponding to the Li*-extraction, along with
the oxidation of Ni** to Ni** and Co*" to Co™ [33]. And the other region is at 4.5V, meaning the
activation of the Li,MnO3 phase [34]. At 2.0-4.5 V, the curves display little change as no transition
metal precipitates during citric acid treatment. At 4.5V voltage, the charging plateau of the citric acid
treated sample is significantly shortened, as 13.37 wt.% of Li is removed during the modification.

In the subsequent discharge process, Li,O deintercalated from Li,MnOj3 cannot be re-embedded
into the cathode, resulting in a loss of charging capacity, and thus, an irreversible capacity loss of the
material. As shown in Table 3, the initial irreversible capacity of the unmodified material is relatively
large, at 117.0 mAh/g, and the coulombic efficiency is only 66.4%. This is because two Li ions are
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activated with the Li,MnO; phase at around 4.5V and leak out during the first activation, but fewer
octahedral vacancies are present during discharge for Li* re-intercalation.

b
th
1

Potential (V vs. Li/Li )
(5] F=
T T

%)
o
1

I
in
1

—— LMNCO
{ —C.H,N0-LMNCO

6 17 377

el
=)
1

L T e T e T u T g T g T
0 60 120 180 240 300 360
Capacity (mAh g")

Figure 3. Initial charge and discharge profiles of Li;»Mngs4Nip13C00130, samples before and after
surface modification from 2.0 to 4.8 V at 0.1C rate.

Only one Li ion can be re-embedded into the layered structure, leading to low initial efficiency.
After citric acid treatment, the initial efficiency increases to 79.9%, but the charging capacity is only
322 mAh/g. This could be due to the reaction of some Li* ions at the Li; 2Mngs4Nig13C00130; surface
with citric acid to form a soluble substance, which is removed, causing a reduction in the total amount
of de-intercalatable lithium during charging. The discharging capacity of the treated material is
257.4 mAh/g, as vacancies for Li* intercalation are generated by surface delithiation, which are
capable of storing more lithium.

Table 3. Initial charge-discharge data of Li; ;Mngs4Nip.13C00.130 before and after surface modification

Specific Specific

. Irreversibl  Coulombic
charge discharge

<4.5V 45-48V

Sample capacity capacity 3{%%? C't}/ (ﬁlg\'ﬁ nC}/ /mAh-g*  /mAh.g*
/mAh-g*  /mAh-g" g g
Li1.2Mng54Nio13C00 1302 348.5 231.5 117.0 66.4 182.8 165.7
CeHgO7-

) ; 322.0 257.4 64.6 79.9 180.3 141.7
Li1 2Mng54Nip.13C00.1302

It can be seen from Table 3 that citric acid treatment does not affect the 2.0-4.5V region
significantly. The decrease in irreversible capacity loss is largely seen between 4.5V and 4.8 V. This is
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consistent with the removal of the Li,O component from the Li,MnO3 phase of the material during
citric acid treatment, which is precisely the key to the influence of the modification on the initial
coulombic efficiency of the material.

3.5 Cycle performance of the material

Fig. 4 compares the cycle capacity before and after the treatment. As the number of cycles
increases, the specific discharging capacity of the unmodified Lii 2Mngs4Nig13C00130, declines more
rapidly and drops to 169.1 mAh/g after 100 cycles, equivalent to a capacity retention of only 84.85%.
After treatment, the cycle performance of the material is enhanced. The specific discharging capacity is
202.6 mAh/g after 100 cycles, which corresponds to 90.81% capacity retention. Citric acid processing
forms abundant manganese-rich, lithium-poor entities on the material surface, which boosts the
structural stability of the interior and improves the material cycle performance.

As shown in Fig. 5, as the number of cycles increases, the discharge curves of the cathode
material before and after the citric acid modification tend to shift toward lower voltage (as indicated by
the arrows), implying greater cycle polarization. For the 1% and 100" cycles, the median voltage
differences of the unmodified and modified materials are 0.27 V and 0.19 V, respectively, during
discharging. Voltage attenuation in the material decreases after citric acid treatment, which is due to
structural changes in the material in charging-discharging. Further, the median voltage of the material
gradually decreases during cycling, which is consistent with the observations in previous studies [35].
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Figure 4. Cycle performance of Li;>Mngs4Nig13C00130, samples before and after surface
modification at 0.5C rate in the voltage range 2.0-4.6 V.
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Figure 5. Discharge profiles of Li;2Mngs4Nio13C00130, samples before (a) and after (b) surface

modification in

the 1%, 20™, 50", and 100" cycles at 0.5C rate.

3.6 Rate capability of the material

The rate capabilities of the Li;2MngssNio13C00130, samples before and after surface
modification are further investigated (Fig. 6). With increasing discharge current density, the discharge
capacities of all the samples decreases due to polarization [36].
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Figure 6. Rate capability of Li; 2Mngs54Nig13C00130, samples before and after surface modification at

rates of 0.1, 0.2,

0.5, 1, 2,and 5 C in sequence every 5 cycles.
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As can be seen from Figure 6, the rate capability of the citric acid-treated material is improved
significantly. As shown in Table 4, when the current density increases to 5 C, the specific discharge
capacity of the modified material is 108.9 mAh/g, which is higher than the 95.1 mAh/g of the
unmodified one. As the current density increases, the charge transfer impedance in the cathode
becomes higher and the specific discharging capacity declines rapidly. A chemical reaction takes place
on the material surface after citric acid treatment, which results in the removal of some Li,0, leaving
behind the stable MnO; or LiMn,0O, spinel structures to act as Li* ion transport channels. This reduces
the transfer impedance in the processed material and improves the rate capability. As reported
previously [37-39], the spinel-like regions can decrease the charge transfer resistance and help improve
the electrochemical performance of lithium-rich layered oxide materials.

Table 4. Discharge capacity of Li; 2Mng54Nip.13C00 130, samples before and after surface modification
at various current densities in the voltage range 2.0-4.6 V.

Discharge 0.1C 0.2C 0.5C Follow-up
capacity/mAh-g™ rate rate rate 1Crate  2Crate  5Crate 0.1C rate

Li12Mng54Nio.13C00.1302 248.7 225.0 179.1 154.8 132.0 95.1 229.6

CeHgO7-
] . 263.1 242.2 1955 170.6 142.7 108.9 256.5
Li1 2Mng54Nip.13C00.130;

After charging and discharging cycles at different rates, the eventual specific discharging
capacity of the processed material is 257.4 mAh/g at 0.1 C, corresponding to a capacity recovery of
97.49%. This that means the layered structure of the citric acid-modified material remains intact after
cycling at a large current (5C rate) and retains a large capacity.

3.7 Electrochemical impedance of the material

The AC impedance change for the modified and unmodified materials was studied by
electrochemical impedance spectroscopy (EIS), and the spectra are shown in Fig. 7. Fig. 8 shows the
corresponding equivalent circuit diagram, based on which calculation and analysis were carried out. As
shown in Fig. 7, the high-frequency semicircle, high-medium frequency semicircle, and low-frequency
quasi-straight line on the Nyquist diagrams are the impedance for Li* ion diffusion at the
electrode/electrolyte interface (Rs, CPEg), charge transfer impedance (R, CPEg), and Li* ion
diffusion impedance within the material (W), respectively. Rs refers to the ohmic resistance of the cell,
CPEs and CPEg are constant phase elements, and Zw is the semi-infinite Warburg diffusion
impedance. Rs, Rsf, and Rct in this equivalent circuit were obtained by simulation with ZsimpWin
software.
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Figure 7. Nyquist plots of Li; 2Mng54Nip13C00 130, before and after surface modification at a charge
state of 4.6 V in different cycles and the equivalent circuit.
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Figure 8. Equivalent circuit of Li; 2Mngs4Nig13C00130, samples before and after surface modification
at a charge state of 4.6 V in different cycles.

With continued cycling, the ARg of the unmodified material becomes much larger than the
modified. After 30 cycles, it can be seen that citric acid effectively lowers the impedance at the
cathode and electrolyte interface. The AR of the material drops to 65.4 Q from the original 85.3 Q.
The weak acidity of this acid helps in cleaning the material surface and provides a stable channel for
rapid Li* ion intercalation-deintercalation after its exchange reaction with hydrogen ions. This agrees
with the increased capacity and rate capability after citric acid treatment.

During charging-discharging, both semi-infinite diffusion and limited diffusion take place in
Li; 2Mngs4Nig13C00.130,. After citric acid treatment, both the interfacial charge transfer impedance (Rc)
and diffusion impedance (Ry) are significantly reduced, indicating enhanced reaction kinetics in the
material by citric acid modification. The smaller R, and Rss values can be ascribed to the fact that the
spinel-like regions of Li;»MngssNio.13C00.130, facilitate Li* ion transfer and diffusion through the
interface [39-40].

4. CONCLUSIONS

In conclusion, citric acid pre-activation has been performed on the Li;>2Mngs4Nig13C00.1302
cathode material prepared by carbonate coprecipitation. Improvements in the electrochemical
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performance of the cathode material, including the initial coulombic efficiency, rate capability, and
cycle performance, are observed. The initial coulombic efficiency increases from 66.4% to 79.9%, and
the capacity retention after 100 cycles at 0.5C increases from 84.85% to 90.81%. When the current
density increases to 5C, the specific discharge capacity of the delithiated material is 108.9 mAh-g™,
which is much higher than that (95.10 mAh-g™) before the treatment. This can be attributed to the
opening up of more transport channels for Li* transport, smaller charge transfer impedance, higher Li*
ion diffusion rate, and more stable material structure at the interface after the treatment of
Li1,2M no_54Ni0,13C00_1302 by citric acid.
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