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The equation of state (EOS) of mixture of Li;.2Mng.54Co0.13Nig.1302 and LiNig g7
Co0.09Mng.03Alg.01 02 was studied by synchrotron radiation X-ray diffraction (XRD) at
room-temperature in a diamond anvil cell (DAC). The results showed that the hexagonal
structure is maintained to the highest pressure of 23.1 GPa. The bulk modulus and its
first derivative obtained from XRD data are Ko = 147.4(3.1) GPa and K = 2.21(0.33),
respectively. In addition, we have investigated the high-pressure electrical conductiv-
ity of the mixture of Lij 2Mng 54Co0.13Nip.1302 and LiNig g7Cop.09Mng.03Alg.01 O2 to
22.9 GPa in a DAC. It is found that the resistance decreases with the increase of pres-
sure and changes exponentially.
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1. Introduction

Lithium-ion battery is widely used in new energy electric vehicles and small elec-
tronic products due to its advantages of high capacity, long life and environ-
mental friendliness. Looking for a new cathode material with low price, safety
and environmental protection and high discharge capacity has become a research
hotspot of lithium-ion battery. In recent years, with the requirements of minia-
turization of digital products and high driving range of new energy vehicles,
the energy density of lithium-ion batteries is required to be higher and higher.
The common cathode materials for lithium-ion batteries are LiMOy (M=Co, Ni,
etc.),1* LiMngOy4,5 10 LiFePOy,'t 13 Li(NiMn)Oy,*15 LiNil,gg,yCogEMnyOQ16717
and 2Li;MnO3 - (1 — 2)LiMO, (M=Ni, Co, Mn, etc.).!825 In recent years, the
lithium rich manganese based cathode material zLioMnOs - (1 — 2)LiMO2 (M=Ni,
Co, Mn, etc.) combines the advantages of several materials, such as high specific
capacity, high voltage and high-energy density, and becomes the key research object
of high-energy density materials. The specific capacity of lithium rich manganese
based cathode materials is as high as 250 mAh/g, which is close to twice that of
traditional cathode materials. In addition, the cost of lithium-ion battery can be
greatly reduced and the environmental pollution can be reduced by using lithium
rich manganese based cathode materials instead of expensive lithium cobalt oxide
and lithium nickel oxide. Lithium rich manganese based materials also have the
advantages of high safety and simple production process. Therefore, lithium rich
manganese based cathode material is a promising cathode material. It can be pre-
dicted that lithium-ion batteries with lithium rich manganese based cathode mate-
rials will be widely used in a series of fields in the future. Lithium rich manganese
based cathode materials are good substitutes for LiCoOs and LiFePO,, which are
the main commercial cathode products at present.

The excellent electrochemical performance of lithium rich manganese based
cathode materials depends on their unique crystal structure and charge discharge
mechanism. zLisMnOj - (1 — 2)LiMOy; (M=Ni, Co, Mn, etc.) can be regarded
as a solid solution composed of LisMnOsz and LiMO,. LisMnOg is a rock salt
structure (monoclinic) with a space group C2/m, LiMO: is a hexagonal crys-
tal system with space group R-3m, and has the same structure as the crystal
a-NaFeOs. Li sMng 54Cog.13Nig 1302 is composed of LisMnO3 and LiMOy (M=Ni,
Co, Mn, etc.) with the same proportion, and has a layered structure compared with
a-NaFeQOs. It has excellent electrochemical properties such as high capacity, good
cycle stability and market advantages (such as low cost, safety and environmental
protection). It is a very promising commercial cathode material at present.

As a basic parameter of thermodynamics, pressure plays an important role in
the study of condensed matter. It can change the distance between atoms in mat-
ter, make atoms pile up in a more compact way, and then change its structure and
physical, chemical and other related properties, such as high-pressure structural
phase transition, high-pressure strength and high-pressure texture.26 High pressure
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science is an interdisciplinary science. With the development of high pressure tech-
nology, it has been integrated with physics, materials science, chemistry, geosciences
and other disciplines, which has greatly promoted the application and development
of itself and its related fields. It is an important field of basic research and applied
science research. Pressure can also increase or decrease the overlap of electron
wavefunctions, which will eventually lead to structural phase transition, electronic
structural phase transition and new band structure. It is difficult to observe these
phenomena at the micro level, but they can be reflected in the detected electrical
properties, mainly in the changes of physical parameters such as resistivity, car-
rier behavior, Hall coefficient and so on. Using high-pressure in situ electrical mea-
surement experiment, can help us to, effectively and comprehensively, understand
the change of material properties under pressure and master its law. At present,
there are some researches on the experimental research and theoretical calculation
of cathode materials for lithium-ion batteries under high pressure. For example,
Arroyo-deDompablo et al.2” studied the electrical properties of LiFePQy treated by
high pressure and high-temperature through experiments and theoretical calcula-
tion. The results show that the samples treated by high-temperature and high pres-
sure have better electronic conductivity, but the lithium-ion conductivity is poor.
Fell et al.?® studied the electrochemical properties of LiNi;Co,Mn,O> treated by
high pressure and high-temperature. It was found that the structure of the cathode
material changed after high pressure treatment, and the electrochemical proper-
ties of the cathode material after high pressure treatment were different from those
before high pressure treatment. These studies have important guiding significance
for the research, improvement and application of the electrochemical performance
of cathode materials for lithium-ion batteries.

Despite of many reports about lithium rich manganese based cathode materi-
als,'® 2% the high-pressure structure and electrical transport properties have not
been reported. In this paper, the equation of state (EOS) and structural phase
transition of the mixture of Lil_2MH0_54COO.13N10A1302 and LiNi0_87Coo,09Mn0_03
Alp.0102 to 23.1 GPa were studied by synchrotron radiation X-ray diffraction
(XRD), and the high-pressure resistance of the mixture of Li; 2Mng 54Cop. 13
Nio_1302 and LiNio_87COO.QgMHO_03A10.0102 to 22.9 GPa was studied in a diamond
anvil cell (DAC) by AC impedance method.

2. Experimental Details

The crystal structures of Lij; oMng 54Coq.13Nig.1302 and LiNig.g7Cog.g9Mng o3
Alp.0102 are hexagonal at ambient conditions. The space group is R-3m (shown in
Fig. 1). We can determine the proportion of each element by inductively coupled
plasma (ICP) method. In addition, Li; 2Mng 54Cop.13Nip.1502 and LiNig g7Cog.09
Mng g3Alp.0102 were mixed by mechanical ball milling at a mass ratio of
1:1. Scanning electron microscope (SEM) test was completed in the analy-
sis and testing center of Sichuan University. The SEM instrument model is
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Fig. 1. (Color online) The crystal structures of Li;.2Mng.54Co00.13Nip.1302 and LiNig.g7Co0.09
Mng.03Alp.0102 studied at ambient pressure, respectively.

Fig. 2. SEM image of mixture of Lij 2Mng.54Co0.13Nip.1302 and LiNig.87Cog.09Mng.03Alp.01 O2
sample at ambient pressure.

JSM-7500F, resolution is 1.0 nm (15 kV), magnification is 25-800,000. It can
be seen that the average cluster size of the original Lij 2Mng 54Cog.13Nig 1302
and LiNip g7Cog.09Mng 03Alp.01O2 mixture is 10 pum (see Fig. 2). XRD exper-
iment of copper target was also completed in the analysis and testing cen-
ter of Sichuan University. The model of X-ray diffractometer is EMPYREAN,
the minimum controllable step is 0.0001°, the resolution is FWHM = 0.028°.
The wavelength of XRD of copper target is 1.5406 A, and the diffraction spec-
trum of mixture of Lil.gMH0.54COO‘13NiO.1302 and LiNiO‘87C00.09Mn0‘03A10.0102
obtained at room-temperature and room pressure is shown in Fig. 3. It can
be seen that the diffraction peaks of mixture of Lij oMng54Cog.13Nig.1302
and LiNig g7Cog.09Mng g3Alp.0102 almost coincide, indicating that they have
the same crystal structure and very close cell parameters. The derived lattice
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Fig. 3. The representative powder XRD of mixture of Li; 9Mng 54Co00.13Nig.1302 and LiNig g7
Co0.09Mng.03Alp.0102 at ambient conditions. The corresponding Miller indices are noted for each
peak.

parameters of Lil.gMn0,54C00,13Nio,1302 and LiNi0'87COQ.OgMn0'O3A10.0102 are a =
2.87268(0.00033) A and ¢ = 14.19418(0.00275) A, and a = 2.86494(0.00033) A and
¢ = 14.17511(0.00275) A, respectively. High-pressure XRD experiments were car-
ried out in a modified Mao Bell DAC with a diameter of 300 um. A T301 gasket
was pre-pressed to a thickness of about 35 pum, and then a sample hole with a diam-
eter of 120 pm was drilled in the middle of the indentation. The pressure transition
medium of this experiment is silicone oil. We use a ruby chip with a diameter of
~10 pm as a pressure sensor.??

In situ high-pressure XRD experiments were conducted at BL15U1 beam line of
Shanghai Synchrotron Radiation Facility (SSRF). The wavelength of the beam line
is 0.6199 A. The diffraction spectrum is received by a MarCCD detector, and the
distance from the detector to the sample and the deflection angle of the detector are
calibrated by CeOs. The exposure time of each XRD spectrum is 1-3 min. Then,
we use fit2d software3? for processing and analysis.

In situ high-pressure transport measurements of mixture of Li; sMng 54Cog.13
Nio_1302 and LiNi0.87COQ_OQMH0.0gAI()_Ol02 were carried out in a DAC, and the
sample was compressed in the DAC. In order to load the sample into the DAC,
we pre-pressed the T301 gasket to a thickness of 30 pm. Then we drilled a sample
hole with a diameter of 250 pym in the middle of the indentation of the gasket.
A thin layer of cubic boron nitride (¢BN) is pressed onto the gasket to insulate the
electrode from the gasket. Then we drilled a 130 pm diameter hole in the middle
of the ¢cBN to load the powder sample into the DAC. In order to ensure the good
conductivity between the electrode and the sample and prevent the introduction of
possible impurities and electrode short circuit, no pressure medium was added in
the experiment. AC impedance is used to measure electrical transmission.®! The
method is to connect two electrodes to the sample and measure the AC impedance
pattern in the DAC. The AC impedance spectra was measured using the CS353
impedance analyzer (Wuhan Keruite Instrument Co., Ltd..) in the frequency range
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of 0.01 Hz to 10 MHz. After the data modeling, the resistance of the sample is
measured in Ohms.

3. Results and Discussion

We use fit2d software® to process and analyze the diffraction spectrum of mixture of
Lil.QMn0,54C00_13Ni()_1302 and LiNi0.87CO(),OQMHO.QgAIO.ol02. The maximum pres-
sure of high-pressure XRD experiment is 23.1 GPa, and the pressure is obtained
by ruby pressure standard.?® Figure 4 shows the diffraction patterns of mixture
of Lil.QMn0~54COO‘13Nio,1302 and LiNiO'87CO0.0QMHO'03A10.0102 mixture at differ-
ent pressures. It can be seen that (003), (101), (006), (104) and (015) diffraction
peaks can be observed in the whole pressure range. It can also be seen that the
diffraction peaks of mixture of LillgMDO.54COO'13Ni0'1302 and LiNi0'87CO0,09MHO'03
Aly.010s coincide. Thus, we can obtain the unique cell parameters for both of
Li; 2Mng.54Co0.13Nig.1302 and LiNig g7Cog.09Mng.03Alg.01O2.

The lattice parameters and volumes of Li; sMng 54Coq.13Nig.1302 and LiNig g7
Cog.09Mng g3Alp.0102 mixture under different pressures were fitted by the
d-spacings of d(003), d(101), d(006), d(104) and d(015). The a-axis, c-axis and ¢/a
compressibility of mixture of Lil_2M1’10_54CO().13N10.1302 and LiNi0_87COOIOQM1’10_03
Alp.9102 are shown in Fig. 5. The results show that the a and ¢ parameters of
hexagonal phase decrease with the increase of pressure. The results show that
the unit cell parameters of LilleH0.54COo_13Nio_1302 and LiNi0_87Coo,09Mn0_03
Alp.01 02 mixture change continuously in the whole pressure range. However, ¢/a is
discontinuous in the whole pressure range of the experimental results. The binomial
function of the whole pressure range is given

a = 2.87736 — 0.00613P + 0.0000100341 P* (1)

/¥_//\_Jk———— 23.1GPa
ML_’ 19.2 GPa
_/k_——/\/\—/\-’—/ 15.6 GPa
9.4 GPa

_A_J/\_JA_/\__J\ 5.6 GPa
AL—M—LA—A 3.3GPa

6 8 10 12 14 16 18 20 22
26 (degree)

(003)
(101)
(006)
(104)
(015)
(107)

Fig. 4. (Color online) Normalized XRD patterns of mixture of Lii.2Mng.54Co0.13Nigp.1302 and
LiNig.87Co0.090Mng.03Alg.01 O2 under different pressures.
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Fig. 5. Lattice parameters and c¢/a of mixture of Lii.2Mng.54Co0.13Nip.1302 and LiNig g7Cog.09
Mng.03Alp.01O2 at high pressure.

and
¢ = 14.1465 — 0.03381 P + 0.000446587 P2. (2)

The compression curve of high-pressure XRD experiment is shown in Fig. 6. The
results show that the hexagonal structure of mixture of Li; sMng 54Cog.13Nig.1302
and LiNig g7Cog.09Mng.g3Alp 01 O3 is maintained to the highest pressure of 23.1 GPa.

We use the third-order Birch—-Murnaghan equation to fit the volume change data
under high pressure. From this, we can get the bulk modulus of K and its first
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Fig. 6. COIan‘eSSiOIl curves of mixture of Li1,2Mn0,54C00,13Ni0‘1302 and LiNi0‘87COO'09Mn0,03
Alp.0102 under high pressure. The lines are Birch-Murnaghan fitting based on the experimental
data.

derivative of K{). The third-order Birch-Murnaghan equation can be expressed as3?

7 5 2
w\* (Vo)® 3 %\ ?®
P =15K, (VO> —<V°) L+ (K~ 4) <V?) —1|p, (3)

where Ko, K|, and Vj are the bulk modulus, the pressure derivate of bulk modulus
and the volume at ambient conditions, respectively.

The bulk modulus of mixture of Lil_QMHo_54COO.13Nio,1302 and LiNi0.87CO(),09
Mng 03Alp.01O2 obtained from XRD data is Ky = 147.4(3.1) GPa with K| =
2.21(0.33). The comparison between the present results and the previously reported
bulk modulus and pressure derivative of hexagonal structure cathode materials for
lithium-ion batteries is shown in Table 1. It can be seen that the zero pressure
bulk modulus of the mixture of Lil,gMn0.54COQ.13Nio,1302 and LiNio,g7COo.09Mn0,03

Table 1. Summary of the bulk modulus (Ko) and its pressure derivative (K{)) of hexagonal
structure of cathode materials for lithium-ion batteries (mixture of Li1.2Mng.54Cog.13Nig.1302
and LiNi0‘87CO0,09Mn0,03A10‘01 02, LiNio_chO‘ano_loQ and LiCOOQ) derived from various
methods.

Sample Ko (GPa) K Method PTM Ref.
Mixture 147.4(3.1)  2.21(0.33) XRD Si oil Present work
LiNig.g§Cog.1Mng.102  126.2(4.2)  8.58(0.84) XRD Si oil Xiong et al.33
LiCoOq 159.5(2.2)  3.92(0.23) XRD So oil Hu et al.3*
118.5 4(fixed) XRD So oil Xu et al.3
149(2) 4.1(0.3) XRD Nitrogen =~ Wang et al.3®
166.74 — GGA — Wu et al.36

Note: Mixture refers to mixture of Lij 2Mng.54Co0.13Nig.1302 and LiNig.g7Cog.09
Mng,03Alp.01O2; PTM refers to pressure transition medium; Si oil refers to silicone oil; GGA
refers to the generalized gradient approximation.
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Fig. 7. (Color online) Selected Nyquist plots of AC impedance spectroscopy of mixture of Lij.2
Mn0.54COO,13NiO‘1302 and LiNi0'87C00,09Mn0,03A10‘0102 upto 22.9 GPa.

Alp.0102 in this work is close to that of LiCoOs, but slightly larger than that of
LiNig.gCog.1Mng.1 O2.

In this study, AC impedance spectroscopy was combined with DAC technol-
ogy to measure the in situ resistance of mixture of Lij 2sMng 54Cog.13Nig.1302 and
LiNig g7Cog.09Mng.g3Alp.01O2 at high pressure. The experimental results of Nyquist
plots are shown in Fig. 7. It can be seen that the radius of impedance spectrum
decreases with the increase of pressure, which indicates that the grain resistance of
Lil,gMn0‘54C00.13Nio.1302 and LiNio_87CO()‘OQMHO.03A10‘01OQ mixture decreases.

The equivalent electrical circuit is used to simulate the AC impedance spec-
troscopy to describe the relaxation process in the grain boundary. By fitting the
AC impedance spectrum to the circuit model (using ZView software), the circuit
parameters were obtained. The exponential function fitting results in Fig. 8 show
that, below ~ 2.6 GPa, the grain (bulk) resistance of the sample decreases signifi-
cantly and presents a continuous change with the increase of pressure. The fitting
result of the whole compression pressure range is as follows

y = 152798.8 P~ 170787, (4)

As a comparison, exponential function is used to fit the whole decompression pres-
sure range, and the result is obtained as

y = 37464 P~ 083114, (5)

It can be seen that the resistance changes greatly during compression, similar to
that from semiconductor to conductor. Pressure will modulate the crystal struc-
ture and electronic structure, resulting in changes in resistance.?”3® According to
the synchrotron radiation XRD experiments, we found no crystal structure change
until the maximum pressure of 23.1 GPa. The rapid change of resistance can be
attributed to the broadening of valence band and conduction band, which is caused
by the shortening and bending of bonds.?? 4! Over 2.6 GPa, the slow change of
resistance is attributed to the change of electronic structure, which can be found
in semiconductors without structural phase transition at high pressure.4?:43
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Fig. 8. (Color online) Pressure dependence of the grain resistance of mixture of Lij.2Mng.54
Co0.13Nip.1302 and LiNig.g7Co0.09Mng.03Alp. 0102 measured from AC impedance spectroscopy
during (a) compression process and (b) decompression process.

4. Conclusion

In conclusion, we have studied the EOS and structural phase transition of Lij o
MHO_54C00.13Ni0,1302 and LiNi0,87COO_ogMno,OgAlo,()l02 mixture to 23.1 GPa in
the quasi-hydrostatic environment in a DAC. It is found that the hexagonal struc-
ture of the mixture of Lil.QMH(].54CO()V13Ni(),1302 and LiNio‘g7CO(].OQMHO‘()SAI().(H02
is maintained upto the maximum pressure of 23.1 GPa without phase transition.
The bulk modulus of material obtained from XRD data is 147.4(3.1) GPa, and
the first derivative of bulk modulus is 2.21(0.33). In addition, we have also stud-
ied the high-pressure resistance of the mixture of Li; sMng 54Cog.13Nip.1302 and
LiNiO,87CO0.09MH0,03Alo.(nOQ to 22.9 GPa in DAC llSiIlg AC impedance method.
The results show that the resistance is exponentially continuous with the change of
pressure.
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