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Superior Electrochemical Properties of 5 V LiCr,,Ni,;Mn,,0, Cathode
Material Prepared by Low-Temperature Solvothermal Method
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Abstract: The Cr-doped spinel LiCry,Nig4Mn,,0, cathode material has been synthesized by a low-temperature
solvothermal method. Via this way, the saturated vapor pressure of the solution could be sharply reduced and the
ebullition of whole solution can occur at room temperature (25 “C). All metal ions are able to be dispersed at a
homogeneous state during the subsequent thermal polymerization process without formation of any impurity.
Various measurements were used for investigating the morphology, structure, physical property and
electrochemical performances, including thermal gravimetric analysis (TG), X-ray diffraction (XRD), scanning
electron microscopy (SEM), cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS), etc. The
results reveal that the sample synthesized by low-temperature solvothermal method has a space group of Fd3m
within a small amount of Mn** and well-shaped morphology with uniform size distribution. Electrochemical test
shows that the as-prepared sample exhibits an excellent discharge capacity of 140.5 and 121.0 mAh g™ at 1C
and 10C, respectively. Moreover, a stable cyclic performance is demonstrated by desirable capacity retention of
96.9% after 100 cycles at 10C. In summary, homogeneous state during precursor preparation, high crystallinity
and structure stability with no impurities, and superior diffusion coefficient of Li* together make great contribution to

the enhanced electrochemical performances of the as-synthesized sample.
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0 Introduction

Recently, lithium-ion batteries (LIBs) as the most
widely used and promising energy source have shown
great value for their characteristics of rechargeable
and long lifespan, while being environmentally benign
and having a high energy density!"l. In the field of
cathode, the Ni-doped manganese spinel oxide-
LiNigsMn, 5O, has gained attentions of lots of resear-
chers as it provides an access to get high voltage
(around 4.7 V) and high theoretic specific capacity
(146.7 mAh -¢™)™ via unique three-dimensional 1.i*
diffusion channels?. Nevertheless, impurity phases such
as LiNi; O, NiO could easily form in the structure
during synthesis, which can lead to capacity loss!.
Several approaches have been taken to overcome
these drawbacks™, including partial replacement of
Ni and Mn by Cr®”. The bonding energy of Cr-O (461
kJ-mol™) is stronger than that of Ni-O (382 kJ-mol™)
and Mn-O (402 kJ -mol™), therefore the formation of
impurities can be effectively suppressed by reducing

oxygen loss during high-temperature calcination!.

Besides, the addition of Cr** enable LiCr,Nigs_Mn;5_0,
to de-/inserted Li* at a higher potential (E=4.75~4.8
V vs Li/Li*) than that of LiNigsMn,s0, (E=4.7 V vs Li/
Li*) which ascribe to Cr**/Cr* redox couple (E=4.9 V
vs Li/Li*)®. On the other hand, numerous researchers
have been focusing on the optimum synthesis condi-
tions”, and a variety of synthetic routes for this material
have been developed up to now, such as co-
precipitation ™", sol-gel"*™, solid state reaction!">',
combustion "¥, molten salt method"”, spray pyrolysis®,
etc. In order to get a simple and easy to be industrial-
ized approach without consuming a lot of heat energy,

Synthesized LiCr0_2Ni0_4Mn1_4O4

material via a method of low-temperature solvothermal

we have cathode

process. By using this approach, (i) the solution’s
saturated vapor pressure could be sharply reduced
and the ebullition of whole solution can occur at room
temperature (25 °C); (i) The hydrolysis level of metal
ions can be minimized; (iii) the generated bubbles

may have effect on the subsequent thermal

polymerization process. The physicochemical and

electrochemical performances of sintered materials
were investigated in detail.

To the best of our knowledge, the aforementioned
synthetic route has not ever been reported™?!. As a
simple and readily accessible route without regulating
pH value or adding organic chelating agents™, it also
has other advantages in industrialized production
when compared with other routes, such as low-cost

and high stability of different batches of products.
1 Experimental

1.1 Synthesis of LiCr,,Ni,;Mn, 0,

The particles of LiCr,Nig4Mn, ,0, cathode material
was synthesized by the low-temperature solvothermal
method. Stoichiometric amounts of all nitrate (LiNO;,
Ni(NO3),-6H,0, Cr(NO;);-9H,0) apart from acetate of
manganese (Mn(Ac),-4H,0) were dissolved in de-
ionized water. Sucrose as dispersing agent was also
added in the solution (the mole ratio of sucrose and
all metal ions is 1:1). After stirring continuously for 1
h, the solution was transferred to a high-vacuum
device so that the redundant solvent can be removed
at room temperature (25 “C). Then viscous solution
was poured into a crucible and kept in a vacuum
drying chamber at 120 C for 12 h in order to
complete the reaction of thermo polymerization (These
prepared procedures were schematically illustrated in
Fig.1.). After being ground up into powder, the
precursor was sintered at 900 “C for 1 h in the air to
obtain spinel LiCry,Nig4Mn,,0, product, which was
named Sample A. For the sake of comparison, the
obtained via the procedure  but

material same

Raw materials Mixed solution

.f % High-vacuum equpment
s —

° J .J A

=y

120 °C | Oven

(Precursor)

. : Crion
“ : Niion
@ : Mnion

+ :Liion
_J :CH,CO0"
e - 0

¥ : Sucrose
¢ : Carbon layer

Fig.1  Flow chart of the low-temperture solvothermal method
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synthesized by low-temperature solvothermal method
(90 °C) was named Sample B. All of the chemicals
used were the grade of analytical reagent, and in
order to make up the evaporative loss of lithium
during calcination, the amount of LiNO; was in excess
of 5%.
1.2 Physical characterization and electrochemical
measurements
The cathode was produced by mixing the as-
synthesized LiCr,NipsMn,,0, material, polyvinylidene
(PVDF, blinder) and acetylene black, with
mass fraction of 80wt%, Twt%, 13wt%, respectively.

fluoride

The electrolyte used for electrochemical test consists
of a solution of 1mol L™ LiPFs in ethylene carbonate
(EC) with identical dimethyl carbonate (DMC) in
volume, and Celgard 2300 was used as a separator

(lithium) and cathode. All the button

cells were assembled in a glove box filled with argon.

between anode

Thermogravimetric analysis was operated on a
(NETZSCH, TG 2091)

with a heating rate of 10 “C -min~ to determine the

thermogravimetric analyzer

mass loss and thermal behaviors. The purity and
crystal structure were detected by X-ray diffraction
(XRD, DX-1000 Cu Ko, the 26 ranges from 10° to
70° with a scanning speed of 0.026°+s™). The particle
size distribution measurement results were showed by
a laser particle size distribution tester (JL-6000) (wet
method). The morphological examinations of two
prepared samples were made by a scanning electron
microscope (SEM, HITACHI S-4800). Electrochemical
tests were carried out in the potential range of 3.6~5.0
(Neware BTS-610) at

room temperature (25 °C). Electrochemical impedance

V with a battery test device
spectrum  (EIS) was measured by an eletrochemical
workstation in a frequency range of 100 kHz ~10
mHz, and the amplitude of AC voltage was 5 mV.
Cyclic voltammetry (CV) test was operated at a
scanning rate of 0.1 mV+s™ between 3.6 V and 5.0 V

(vs Li/Li).
2 Results and discussion

Fig.2 shows the TG-DTG-DTA curves of Sample
A precursor from 30 °C to 975 “C.From the illustration,

it can be seen that the primary weight-loss interval
exists between 30 °C and 420 °C. When the temperature
exceeds 420 °C, just small mass loss can be seen,
which demonstrates that all of the organic components
decomposed completely. The mass loss region between
30 C and 420 C can be divided in three mainly
steps. The first step lies in 30 °C to 190 °C(with a
peak of weight loss at 168.9 “C ), which can be
ascribed to the evaporation of free and crystal water.
The second step is located between 190 “C and 305
°C, corresponding to the decomposition of nitrate as
well as the carbonizing process of sucrose and acetate
(with a peak of mass loss at 250.8 °C). The greatest
degree of weight loss occurred in the third region (ca.
305~420 °C), which can be attributed to the completely
combustion of carbon and the residual nitrate and
acetate. From the ¢-DTA curve, this process is also
accompanied with a massive heat releasing,
which indicates the preliminary crystallization of
LiCrg,NigsMn, 40, products. After that, the

structure particles composed of Li, Ni, Mn, Cr ions

spinel

start to grow, thus almost no weight loss could be
observed after 420 °C. As heating temperature continue
to increases, an indistinguishable decrease occurs on
the TG curve (mass loss of 1.27%). This phenomenon
might be due largely to the oxygen deficiency during the
high-temperature sintering process (LiCry,Nig4Mn;40,).
Therefore, the cubic spinel structure of as-synthesized
materials possibly dominated by Fd3m space group
(face-centered), and their do exist a small amount of
Mn?* in the spinel structure that is caused by the charge

balance, which can be proved by the analyses of
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Fig.2 TG-DTG-DTA curves of Sample A precursor
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following figures.

The results of X-ray patterns of the prepared
samples are shown in Fig.3. The diffractograms of
both samples can be well matched with the spinel
structure of LiNigsMn;sO, found in the JCPDS#80-
2162, which signifies that Ni and Mn were completely
replaced by Cr. The calculated crystallinities of both
samples are 98.70% and 96.53%, respectively. However,
a minor trace of LiNi;_ 0% could be observed at
the peak of 44° of Sample B, which may be ascribed
to its slight heterogeneous phase distribution existing
in the thermo polymerization process which can lead
to the generation of impurities. The lattice parameters
of Sample A and B calculated by Jade6.5 software are
0.816 0 nm and 0.816 2 nm, respectively, both of
which are less than theoretical value (0.817 3 nm)*.
What may causes the results is that certain amount of
Ni**  (0.065 nm) was replaced by Cr** (0.062 nm) of
both samples. In Sample B, little more quantity of
Mn** (0.064 5 nm) generated than that of Sample A,
therefore the value of lattice parameter of Sample B is
(ionic radius of Mn** is 0.053 O nm). This
may be due to the

larger
occurence principle  of
electroneutrality that leads to the different levels of
charge compensations caused by the different degrees
of oxygen losses. Appropriate quantity of Mn** within
the spinel structure (LiCrg,NigsMn,40,5) can provide a
convenient passway for lithium ion transference and
promote electrochemical performances significantly®,

From the SEM images shown in Fig.4a~d, we can

* LiNi, O
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Fig.3 X-ray diffraction patterns of Sample A and
Sample B

see that both samples appear cubic spinel morphology
and are composed of good dispersivity nano-or
submicron-crystals. The particles size distributions of
the two samples detected by JL-6000 Dry Powder
Laser Particle Sizer are presented in Fig.4e, f, and the
(D50) of Sample A and B are
estimated to be 0.562 pm and 0.649 pm, respectively.

average particle size

Appropriate particle size of high voltage material has
a nonnegligible influence both on cyclic performance
and rate capability”. The particles of both samples are
well crystallized spinel structures, but it is obvious
that some crystals are imperfect in Sample B (Fig.4d).
The reason for the imperfection can be ascribed to the
generation of impurities, and the sample without high-
vacuum device could not disperse at an ideal
condition during the thermal polymerization process,
which makes the spinel particles within impurities
easily melted at a high temperature.

The specific capacities of as-prepared samples at
different discharge rates (from 1C to 20C) were
investigated in detail (1C=147 mAh-g™). From Fig.5¢
it can be seen that the maximum obtainable discharge
capacities of Sample A at 1C, 3C, 5C, 10C, 20C are
140.5, 1269, 124.7, 121.0, and 117.3 mAh -g ',
respectively. As shown In Fig.5a, both samples exhibit
excellent rate capabilities, and Sample B can also
deliver a discharge capacity of 105 mAh -g™ under
20C, which has capacity retention of 77.8% relative to
its initial discharge capacity. (This value of Sample A
is 83.2%). Fig.5b exhibits the 3th and 30th charge-
discharge curves of Sample A at a discharge rate of
1C, and no obvious variation of the primary discharge
plateau could be observed. To further detect the
cyclic properties, the cells of both samples were
cycled for 100 times at discharge rates of 1C and
10C.  The test

LiCryoNigsMn, O, cathode materials show excellent

results  illustrate  that the

cyclic stability  (Fig.5d). The capacity retentions of
Sample A and Sample B at 1C  (10C) can reach up to
96.6%, 95.4% (96.9%, 96.4%), respectively. From
Fig. 5e it can be seen that Sample A exhibits higher
energy density than that of Sample B at different

current densities. What's more, it’s worth noting that
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Fig.4 SEM images of (a), (c) Sample A and (b), (d) Sample B; (e), (f) Corresponding particle size histograms of the two samples

the as-prepared material could deliver an energy
density of 640.4 Wh-kg™, which can be calculated by
the integral area of discharge capacity curve. It is also
very close to the theoretical value (686 Wh -kg™)P!,
and its overall average working voltage is 4.56 V ,
which can be figured out via dividing energy density
by discharge capacity. Such a high energy density
enables it to be a very promising cathode material for
the next generation of high power lithium ion
batteries.

One important factor that affects the cyclic
stability performance is the bonding energies on

neighbouring atoms. Just as already stated previously,

the bonding energy of Cr-O (461 kJ-mol™) is stronger
than that of Ni-O (382 kJ -mol™) and Mn-O (402 k] -
mol™), which can provide a sturdy framework of spinel
particles. Besides, the appropriate voltage window (3.6
~5.0 V) also plays a significant role for the cyclic
property. In addition, the high crystallinities of as-
synthesized samples (as shown in XRD patterns) also
contribute to the cyclic performances.

Fig.6 shows the discharge curves of both samples
with increasing discharge rates. As is shown in Fig.6a
and Fig.6b, two primary discharge plateaus (around
4.6 V and 4.7 V) and a tiny discharge plateau of 4.0

V emerge at 1C, corresponding to the redox couples of



% 6 W AR 45 AR VA R R 98 5V ZUERE LS #9 LiCrgoNigeMn, 0, IEAH K 1357
160 F
L @ 1c ofq..©
U — | \ 5 Sample A
:I‘\ ««(«««((\««««(«m( ~ 135 —O0— Sample B
2 120f k. \
¥ |
E r é 130
E 100F 5, s} \3\
3 %0 [ 48 o Sample A ‘E’ 125 b\ i N
§ 46 O Sample B g. 120 I NG, T~
R S 650V gt . T
8 FEa2 ’ 3 115
a 40l ., =3
2 |
[ 38 Y 3 110 > -
20 F I
L > 26 LT )160 0140 105 T
" 1 " p‘iu |c ca?acl lm g: " 1 " 1 " " " " n " " " " 1 l
00 20 40 60 80 100 120 0 2 4 6 8 10 12 14 16 18 20
Cycle numbers Discharge rate / C
140 3 T TS 1 T T
Pt oo 650 -
%% oty
= () Ty ~ 600 S
;o 130 Chargeirate: 1C . gﬂ 350 O 1:
é 3650V L Discharge rate: 1C —g 500 \\0\' \1:1
z 120 s z |
B u@m Z 450
g e e e e ] -8
e | & 400 F
§ R R R gy 8 ] —o— Sample A
& 110 = E —O— Sample B
o Sample A - Dischar‘e rate: 10C 350
[ O Sample: B g ’ E
1000 20 40 60 80 100 300 1000 10 000
Cycle numbers Power density / (W-kg™)
ig. a) Rate performances of Sample A and Sample B at different discharge rates; nset arge-discharge curves o
Fig.5 R T f Sample A and Sample B at diff disch, b) (I Ch disch, f

3th and 30th at 1C; (c) Rate properties for both samples at C-rate varying from 1C to 20C; (d) Cyclic stability

performances of Sample A and Sample B at 1C and their high rate cyclic stability performances at 10C;
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Ni*/Ni*, Ni*/Ni** and Mn*/Mn*", which demonstrates
that the charge-discharge processes are involved in
the multi-phase reactions. Furthermore, to a certain
degree, the oxygen loss of the previous analysis of TG
curve could be confirmed by the appearance of Mn?**/

Mn** plateau. The intervals of Sample A are smaller
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Fig.6  Discharge curves at different rates of (a) Sample A
and (b) Sample B

than those of Sample B, indicating the higher
discharge capacities of Sample A under all discharge
current densities.

Fig.7 shows the cyclic voltammetry (CV) curves
of Sample A and Sample B in the potential range from
3.6 V to 5.0 V with a scanning rate of 0.1 mV-s™. As
shown in Fig.7a, three primary peaks emerge around
41 V, 47 V, 48 V, corresponding to the redox
couples of Mn**/Mn*, Ni*/Ni**, Ni**/Ni**, respectively.
For Sample A, the redox peaks of the electrode are
stronger than those of Sample B, indicating the better
electrochemical property and lower resistance of
Sample A. Apart from the three dominating reversible
peaks mentioned above, one redox peak around 4.9 V
occurs, corresponding to the Cr**/Cr* couple. Moreover,
more amount of Mn*do exist in Sample B than that in
Sample A, which is illustrated in Fig.7b. This

phenomenon could just confirm the inference that



1358 b7/ IR /e S 14 %5 30 &
03F NN -
0.2
g™ £
= 00 N
: :
O Mn?**/Mn* O
-0.1F -0.01 Sample A
e | | T/ Sample B
-0.2 f —— Sample A 0.2, S T e
""" Sample B Mn®*/Mn*
.03 1 1 1 ! ! 1 -0.03 . 1 N ! N 1 N 1 N 1 s 1 N
3.6 3.8 4.0 42 44 4.6 4.8 5.0 380 385 390 395 400 405 410 415
Voltage / V (vs Li/Li%) Voltage / V (vs Li/Li%)
Fig.7 (a) Cyclic voltammetry (CV) curves of Sample A and Sample B, (b) CV curves in the voltage range of
3.8~4.15 V for both samples
80 140
(@ (b) °
—o— 120 |
ol Szgii D,_=3.54% 10" cm?s"!
o 100 -
=40 ¢
) N o} ©
20 D, :=9.72X 107" cm*s™!
60 |- '
0 Sample A
o Sample B
0 1 1 40 1 1 1 1 1
0 50 100 150 200 0.6 0.8 1.0 1.2 1.4
Z.1Q w2 g1
Fig.8 (a) A.C. impedance spectra of Sample A and Sample B; (b) Relationship between impedance and low

frequency region, and the diffusion coefficients of Li* for both samples

there are a little more amount of Mn* in Sample B (as
is analyzed by TG curve and XRD patterns) which is
caused by the principle of electroneutrality (as a
consequence of different levels of oxygen deficiency).
EIS is used for analysising the electrochemical
characteristics affected by the different methods, and
it is also a potent technique to calculate the diffusion
coefficient of Li*. Fig.8a is the Nyquist plots of Sample
A and Sample B, and the equivalent circuit for
simulating the spectra is shown inset. The spectra of
(a) the
electrolyte resistance (R)); (b) the surface and charge
(R»);
(W) which is associated with the diffusion coefficient
of Li*. The CPE, in parallel with R, and W, represents

the electric double layer capacitance. The resistance

both samples consist of three main sections,

transfer resistance (c) the Warburg resistance

values of different sections calculated by ZView2
software are exhibited in Table 1.

For the two samples, the values of R, only

Table 1 Calculated values of different resistances

and diffusion coefficients of Li*

Sample R/ /Q R,/ Q Dy / (cm?+s™)
A 2.021 59.46 9.72x10™"
B 2.123 95.22 3.54x10™"

changed a little; however, large variations on the
values of R, took place. The alteration of Sample B
demonstrate that the SEI (solid-electrolyte interface)
formed on the cathode surface may become thicker

132]

by consuming active Li ion™ . This phenomenon may

ascribe to  (a) the worse compatibility of electrolyte

the

impurities, and  (b) more formed Mn** could decrease

and cathode material interface caused by

the structural stability of the face-centered cubic
the

pathways for Li* (Li ions are supposed to transfer to 8a

spinel particles™. Together, to some extent,

tetrahedral sites and 32e site) are partially hindered
or lengthened, thus the R, of Sample B increased
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compared with Sample A.

The diffusion coefficients of lithium ions can be
figured out based on the following equation”*":

2 2
D=t
AnFco

In this formula, R is the gas constant (J-mol™-K™),
T is Kelvin temperature in K, A stands for the loading
area of cathode materials (cm?), n is the charge transfer
number (n=1), F represents the Faraday constant in
C-mol™, and ¢ is the concentration of Li* (mol+-cm™).
The results are shown in Table 1, indicating that
Sample A has a larger diffusion coefficient of Li*
compared with Sample B. The higher diffusion
coefficient of Li* and lower surface charge transfer
resistance  (R,) could alleviate the polarization,
increase the electrical conductivity, and promote the

electrochemical performance effectively.
3 Conclusions

In this work, Cr-doped spinel LiCr,NipsMn,; 04
were first prepared by a low-temperature solvothermal
method. Among conventional solvothermal routes,
excess solvent just evaporates near its boiling point
without involving the influences of saturated vapor
pressure and generated bubbles on invisible particles.
Larger numbers of bubbles are generated by lower
saturated vapor pressure, which provides a more
completely thermal polymerization process and avoids
the possible deposition phenomenon. Via the low-
temperature solvothermal method, high degree of
crystallinity of spinel particles could be obtained.
From TG and CV curves it can be inferred that a
small amount of Mn’* ions formed during the high
temperature calcination process, and the space group
of obtained particle is dominated by Fd3m (face-
centered) with well-shaped morphology and a
comparative uniform size distribution. In the potential
window of 3.6~5.0 V, desirable discharge capacity of
140.5 mAh-g™ at 1C could be obtained, as well as an
energy density of 640.4 Wh kg™, It also reveals the
excellent cycle stability of the prepared samples with
of 96.6% and 96.9%
separately at 1C and 10C after 100 cycles. The EIS

high capacity retentions

results show that samples synthesized by low-
temperature solvothermal method have lower surface
and charge resistance, and higher diffusion
coefficients of lithium ions. This study demonstrates
that the as-synthesized Cr-doped LiCry,Nig4Mn,,0,
cathode material exhibits enhanced electrochemical
performances and high energy density, which provides
a low energy consuming approach for the
industrialization of this high power and high energy

cathode material.
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