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The co-precipitation process is the most frequently employed method to realize the simultaneous
stoichiometric crystallization of multiple ions. The precipitation of different elements under a driving
force can directly and primarily determine the degree of homogeneity of the co-precipitation product.
Unlike individual element crystallization, the multiple ion coexistence co-precipitation process is
complicated and a coupling effect is involved, as the thermodynamic behaviour of certain elements is
much superior to that of others. This coupling effect can dramatically influence the whole
thermodynamic behaviour in the liquid solution. Therefore, in order to achieve a high-quality product or
precursor with various elements in a homogeneous distribution, the co-precipitation process can be
efficiently controlled and balanced by the coupling effect resulting from the addition of certain
elements. In an environment where Co?*, Ni%*, and Mn?* ions coexist, owing to the thermodynamic
(>* and the more negative change in the Gibbs
free energy (AG) can efficiently balance the whole crystallization reaction by realizing a consistent

coupling effect, the superior high supersaturation of A

precipitation driving force among the various ions, accelerating the precipitation of Ni>* and Mn?* ions
and inhibiting the precipitation of Co®* ions. Meanwhile, based on the initial formation of the Al(OH)s
seed crystals in the solution, multiple ions in the solution can be adsorbed and thus grow on the surface
of Al(OH)z to completely precipitate. The obtained Li-rich cathode material has demonstrated excellent
electrochemical performance which can be attributed to the high quality precursor (0.54MnCOs-
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Introduction

The co-precipitation process is the most conventional and an
excellent option when stoichiometric chemistry is involved and
has several advantages, including good homogeneity, high
purity, high yields of product, high economic efficiency, and a
controllable particle size distribution."” By changing different
parameters such as the pH value, reaction temperature and
time, and concentration of the initial solution and material, the
required final product can be accurately optimized and
achieved.*” Its industrial feasibility and advanced technique
mean that this scalable process is commonly employed in the
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0.13NiC03-0.125C0oC0O3-0.005Al(OH)3) with a homogeneous distribution of elements.

synthesis of functional materials in various fields.**" Particularly,

in the field of commercial energy storage materials, owing to these
inherent advantages, the co-precipitation process is widely
utilized to manufacture precursors for final active materials, such
as different types of, as well as stoichiometric, LiNi.Co,
Mn; _,,0,, LiNij sMn, 50,, and LiNi,CojAl; . ,0,."”>* The basic
theory of the co-precipitation process is based on aqueous
solution thermodynamics, which is closely related to the stability
of the substance in aqueous solution. This stability determines
the crystallization reaction in the liquid phase and is closely
related to the potential, pH value, solution composition and
concentration, temperature, and pressure of each substance in
the solution.>** In addition, the particle size, morphology, and
stoichiometry of the precipitated crystalline product can be
further affected by a combination of factors, including the
precipitation crystallization reaction between the ions in the
liquid phase and the deposited crystalline material, the adsorption
reaction, and the thermodynamic coupling between the multiple
reactions. As the crystal grains gradually grow and new crystal
nuclei continuously appear, the coexistence phenomenon causes a

© 2021 The Author(s). Published by the Royal Society of Chemistry
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competition between the crystallization reaction and the
adsorption reaction.”* Therefore, how to control the crystal-
lization reaction and adsorption reaction at the same time becomes
a key point of the aqueous solution reaction. Crystals form along
with the change in the ion concentration in the aqueous solution to
form a supersaturated solution. This process can be considered as
a Gibbs free energy (AG) reduction process. Thermodynamic
coupling will be accompanied by and occurs in an environment
where multiple ions coexist. The composition of the Gibbs free
energy changes (AG) can be influenced, for example, accelerated, if
one or more of the components of the Gibbs free energy change
(AG) is very superior to the others.****' Therefore, in this work,
the Gibbs free energy change (AG) and coupling coefficient are
explored, based on the thermodynamic coupling, ion synergy, and
supersaturation. In order to achieve high quality precursors
with various elements in a homogenous distribution for Li-rich
cathode materials, aluminum (Al) ion doping was employed to
control the co-precipitation process and balance the precipitate
driving force to realize multiple ion -crystallization reactions
simultaneously.

Results and discussion
Thermodynamic coupling effects among Mn>*, Ni**, and Co>*

In the precipitation process under constant temperature and
pressure conditions, the crystallization process of Mn**, Ni**,
and Co*" can be regarded as a Gibbs free energy (AG) reduction
process. As shown in Fig. 1, when Mn**, Ni**, and Co** are
separately precipitated using Na,COj;, the following reactions
occur, respectively:

Mn** + CO;%” = MnCO, (1)
Co®" + COz*™ = CoCO; (2)
Ni** + CO;*™ = NiCO; (3)
The corresponding thermodynamic behavior can be

described using the Gibbs free energy (AG) and reaction
temperature (7). Taking MnCO; as a separate precipitation
process, for example, in the early stage of the precipitation
reaction, the thermodynamic behavior can be calculated based
on eqn (4)-(7):

AG, = AGY — RTIn(aymz+acosz-) (4)

AG; = RTKyincos — RT In(apne+acos>-) (5)
K 1

AG, = RTIn——M2% _ _ RTIn— (6)
A2+ - deo- S
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Fig. 1 Schematic illustration of the separate precipitation processes for
Mn?*, Ni*, and Co®*, and their corresponding thermodynamic
parameters.
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The supersaturation of manganese carbonate can be expressed as:

a Aoy -
S, = Mn2+ * dcog )
Kninco,
Similarly, for the corresponding processes for CoCO; and NiCOs, the

supersaturation and AG can be expressed as:

dcor+ * deog-
Sy=——"3 8
: Kcoco, ®)
K 1
AGy; = RTIn—=% __ — RTIn— (9)
dce+ * aCO3Z’ Sz
an2+ - dco2-
S;=— "5 10
: Knico, (10
Kni 1
AGs; = RTIn——N% _ — RTIn— (11)
an2+ aCO32 S3

The separate precipitation parameters can be calculated
and confirmed according to eqn (4)-(11) based on the data
summarized in Tables S1-S3 in the ESI.f The corresponding
values are listed as follows:

S; = 8633.3, S,=130142.9, S;=3.74

AG; = —22466.5 J mol™', AG, = —29191.5 ] mol™’,

AG; = —3269.8 ] mol !
A similar method was employed when the three elements were
co-precipitated simultaneously. When Mn**, Ni**, and Co”*
are simultaneously precipitated using Na,COj;, the following
reactions occur, respectively:

CO;>™ + xMn>" + yNi** + (1 — x — )Co®" = xMnCO; + YNiCO,
+(1 — x — »)CoCO;

The thermodynamic behavior can be calculated based on

eqn (12)-(17):

- Anp2+ - acoz_—

Sy = 12
N Kwminco, (12)
Kvin 1
AGy = RTIn——"M2€%  — RTIn— (13)
Anin2+ * aCOBZ— S4
dce2+  dco2-
Se =2 =03 14
° Kcoco, (14)
K 1
AGs = RTIn——% _ — RTIn— (15)
Aco2+ * AcoR- Ss
ani+ - dco2-
Sg = —— 16
6 Knico, (16)
Kni 1
AGg = RTIn——2€9%  — RTIn— 17)
anp+ aC032* S()

The corresponding precipitation parameters can be calculated
and confirmed according to eqn (12)-(17) based on the data
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Fig. 2 Schematic illustration of the simultaneous co-precipitation processes
for Mn?*, Ni?*, and Co?*, and the corresponding thermodynamic parameters.

summarized in Table S4 (ESIt). The corresponding values are
listed as follows:

S,=1.4 x 10%, §5=1.16 x 10°, Ss =69

AG, = —23664 J mol™?, AGs=—34614 ] mol?,

AGg = —10496 ] mol *

In eqn (18), the ratio of Mn to Ni to Co is 3.97:0.93:1, x = 0.673,
y = 0.158:

AG = xAG, + YAGs + (1 — x — ) AG = —23434 ] mol *
(18)

AG < 0 indicates that the crystallization reaction can be made
spontaneous. Meanwhile, based on the summarized data and
trend shown in Fig. 2, it can be concluded that the CoCO;
precipitation reaction driving force is much stronger than that
of MnCO;, followed by NiCO;.

It is concluded that CoCO; is most likely to precipitate
during the co-precipitation reaction when multiple ions coexist,
followed by MnCO3;, and finally NiCO;. Meanwhile, compared
with separate precipitation of the metal ions (Fig. 3), AG, <
AGy, AGs < AG,, AGg < AG;, it is concluded that the thermo-
dynamic coupling effect exists when the three elements co-
precipitate simultaneously. This coupling effect can accelerate
the crystallization reaction to a certain extent.

Thermodynamic coupling effects caused by AI** addition

In a co-precipitation reaction system at constant temperature
and pressure, the precursor product is xMnCOj;-yNiCO;-

(a) (b)

Solution
[l Precipitate separately
- Co-precipitate simultaneously

or AG, ¢ © “ =
AG; () 73
e 8
Co Mn |9
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g [ X N J &
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Fig.3 (a) AG comparison between various elements precipitating
separately and co-precipitating simultaneously; (b) schematic diagram of
the simultaneous co-precipitation process for Mn?*, Ni2*, and Co?*.
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2CoCO;3-(1 — x — y — 2)Aly(CO;);, which is crystallized by
Na,COj3, MnSO,, NiSO,, CoSO,, and Al,(SO,);. A case study of
1 M xMnCO;yNiCO;zCoCO3:(1 — x — y — 2)AL,(CO3); was
produced and the reaction is as follows:

xMn** + yNi** + zCo0™" + (1 — x — y — 2)AI** + CO;>~ = xMnCO;

+ YNiCO; + zCoCO;3 + (1 — x — y — 2)/2Al,(CO3);
(19)

Eqn (19) can be divided into the following individual precipitation
reactions:

¥Mn** + xCO3>~ = xMnCO; (20)

YNi*" + yCO;>~ = YNiCO, (21)

zCo>" + 2C05>~ = 2CoCO; (22)
(1—x—y—2)AP* + 3(X*fy*z)cof*

= w/&lz(cmh (23)

However, Al,(CO;); cannot exist in water and tends to produce
Al(OH); as in eqn (24). The solubility product constant is
3 x 1073

(1 —x—y—2)AP’" + 30H™ = Al(OH); (24)

As shown in Fig. 4, individual carbonates or hydroxides can be
theoretically achieved. The corresponding thermodynamic
behaviour can be described using the Gibbs free energy (AG)
and reaction temperature (7). Taking the MnCO; precipitation
process for example, in the early stage of the precipitation
reaction, the thermodynamic behavior can be calculated based
on eqn (25)-(28):

AG; = AGY — RTIn(ayn>"acos2-) (25)
AG, = RTKyncos — RTIn(ayn” acosz-) (26)
K 1
AG; = RTIn— =M% — RTIn— (27)
App2+ * aco3_— S7
The supersaturation of manganese carbonate can be
expressed as:
a - d, —
§; = M "FCo (28)

Knnco,

Similarly, for the corresponding processes for CoCO3, NiCOs3,
and Al(OH);, the supersaturation and the Gibbs free energy can

0oL
oo

Co+ Ni+Mn +Al

Fig. 4 Schematic illustration of the precipitation process and the corres-
ponding thermodynamic parameters.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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be expressed as:

dco2+ * deog-
Sqg=— =3 29
’ Kcoco, (29)
K 1
AGg = RTIn——% _ — RTIn— (30)
ace2+ - aCOf* Sg
anp+ - d -
So = 7]“]; cog (31)
NiCO3
K 1
AGy = RTIn——"N% _ — RTIn— (32)
anp+ - aco3zf Sg
[ZUNESS LZOH—3
S0 = K (33)
Al(OH),
K
AGio = RTIn—200s — p7in— (34)
App+ - AOH- S1o

After chemical analysis and calculations, the concentrations of
the various elements in the supernatant are summarized in
Table S5 (ESIT) after the co-precipitation reaction, with the Al
content being increased from 0.0 to 0.0025, 0.005, and 0.0075.
The corresponding ion supersaturation (S) and AG values of the
reaction processes can be denoted as Sy, Sa, Sp, Sc and AG,, AG,,
AGy, AG,, respectively. All the data were calculated based on the
above equations and are summarized in Tables S6 and S7
(ESIT), and the changing trends are described as well in
Fig. 5. As shown in Fig. 5(a and b), the AI’* supersaturation
increases first and then decreases while AG of AI** exhibits an
opposite trend with AI** content from 0.0025 to 0.0075. Mean-
while, it is obvious that the supersaturation (S) and AG values
of Mn*" and Ni** change dramatically when even a little
amount of AI>* was added. As shown in the schematic diagram
for the precipitation process in Fig. 5c, owing to the

(b)

MnCO, (kJ mol )
AIOH), (k3 mmol”')

Co-Precipitation process
Accelerate

Homogeneous Precursor

Inhomogeneous Precursor

Fig. 5 (a and b) Trends in the supersaturation (S) and Gibbs free energy
(AG) change based on the addition of A** ions; and (c) schematic
illustration of the co-precipitation process with or without Al*.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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thermodynamic coupling effect, the superior high supersaturation
of AP’* and the more negative AG represent the driving force to
accelerate the precipitation of Ni* and Mn?* ions. Meanwhile, due
to the formation of the Al(OH); seed crystals and good adsorption
capability in the solution, Ni* and Mn>* ions in the solution can be
adsorbed and thus grow on the surfaces of Al(OH); to completely
precipitate. On the other hand, the Co®" precipitation behavior is
opposite to that of Ni** and Mn?" ions. When the AI** addition is
0.005, the thermodynamic behavior of the various elements reaches
a relatively consistent degree so as to co-precipitate simultaneously.
Therefore, it can be concluded that A" doping, even a little
amount, can dramatically affect the precipitation of Ni**, Mn?",
and Co®* ions. By means of the thermodynamic coupling effect
resulting from AI’* addition, the precipitation consistency of
different elements can be balanced and achieved by acceleration
or inhibition.

The compound produced by the four kinds metal ions
crystallization reaction of four kinds of metal ions is
*MnCO;-yNiCO;:2CoCO;+(1 — x — y — 2)Al(OH);. AG for this
reaction can be expressed as:

AG = xAG; + yAGg + zAGy + (1— x — y — 2)AGyp
(35)

When the Al content is 0, and the corresponding x = 0.673,
y = 0.158, and z = 0.169, the result is:

AG, = —23434.0 ] mol "

When the Al content is 0.0025, and the corresponding
x =0.6675, y = 0.1686, and z = 0.1635, it follows that:

AG, = —18269.6 ] mol "

When the Al content is 0.005, and the corresponding x = 0.6638,
y =0.1693, and z = 0.1660, it follows that:

AGp = —17658.1 ] mol *

When the Al content is 0.0075,and the corresponding
x =0.6670, y = 0.1693, and z = 0.1625, it follows that:

AG. = —19380.2 ] mol .

With the order is AG, < AG. < AG, < AG, < 0, it can be
concluded that AI** accelerates the whole co-precipitation
reaction to a certain extent, and the acceleratory effect is
relatively large when the aluminum content is 0.005. With
increasing Al content, however, the precipitation of Mn*" and
Ni** can be slightly enhanced, and it can enhance the Co>*
precipitation as well until aluminium content reaches 0.005.
The element distribution can be investigated by field emission
scanning electron microscopy assisted by energy dispersive
spectroscopy (FESEM-EDS), as shown in Fig. S1 and S2 (ESIt).
As with the results of thermodynamic calculations, AI** ion
addition can dramatically influence the distribution of the
various elements in the precursors. By optimizing the amount
of AI>" addition, the degree of homogeneity of the element
distribution changes as well. When the AI’* ion addition
increases from 0 to 0.005, the distribution of the different

Mater. Adv,, 2021, 2, 3752-3759 | 3755
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Fig. 6 XRD patterns with refinements (left, black symbols are the experi-
mental data, the red line is the fitted curve, the green vertical lines are the
standard lines, and the blue line is the difference spectrum), and FESEM
images (right), with the corresponding enlargements in the insets, of
Li[Lig 2Mng 54Nig 13C00 13_xALIO, with different amounts of Al element: 0O
(a) to 0.0025 (b), 0.005 (c), and 0.0075 (d).

elements shows a positive trend, while it becomes negative
when the AI’* ion addition content reaches as high as 0.0075.

The Li-rich cathode materials were synthesized using the
conventional high temperature annealing process from the
prepared precursors and stoichiometric Li,CO;. As shown in
the X-ray diffraction (XRD) patterns in Fig. 6, all the final
Li[Lip ,Mng 54Nig 13C00 13_xAL]O, (x = 0, 0.0025, 0.005, 0.0075)
samples show similar patterns. The phase of the products is
assigned to the o-NaFeO, layered structure with the rhombo-
hedral R3m space group and a Li,MnOj-like layered structure
with the C2/M space group.”**>™® No diffraction peaks from
impurity phases are observed. The Rietveld refinements were
based on the XRD patterns. The observed patterns are in good
agreement with the calculated pattern, and the parameters Ry,
Ryp, and 7%, where R, and Ry, are the profile and weighted profile
R-factors, and j” is the goodness-of-fit parameter, are, respectively,
2.82%, 1.75%, and 2.35%, which indicate the satisfactory quality
of the Rietveld refinement. The lattice parameters of the sample
were calculated and are summarized in Table S8 (ESIY).
The morphologies of the samples were examined, and the
corresponding FESEM images are shown in Fig. 6 and Fig. S3
(ESIT) as well. The secondary particles, aggregated from a large

3756 | Mater. Adv, 2021, 2, 3752-3759
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amount of primary crystals, have sizes in the range of 5-10 um. In
the case of pure sample Li[Liy,Mng 54Nig 13C0.13]O,, the primary
crystals show a regular octahedral structure with sharp edges and
corners. The surface of the primary crystal is smooth and intact as
well. There is an obvious change, however, once AI** ions are
added. The sharpness of the octahedral structure becomes weaker
with rounded edges and corners. Meanwhile, there is a large
number of pores on the surfaces of the primary crystals. For
cathode materials for lithium ion batteries, this structure
has inherent advantages for electrolyte penetration, which can
accelerate the reaction kinetics as well.

To analyse the surface structure at the atomic scale, high
angle annular dark field-scanning transmission electron
microscopy (HAADF-STEM) images were employed, as shown
in Fig. 7 and Fig. S4 (ESIf). According to the selected area
electron diffraction (SAED) patterns in Fig. 7(a and b) and
Fig. S3 (ESIf), it is obvious that the Li[Liy,Mng54Nig13
Cop.13_ Al ]O, samples show two-phase combination diffraction
patterns, which is consistent with the XRD results as well.*®
Meanwhile, the distribution of elements in the primary crystals
was characterized by high-angle annular dark-field STEM-EDS
(HAADF-STEM-EDS) as shown in Fig. 7(e-i) and Fig. S5 (ESIY).
All the elements show a similar homogeneous distribution over
the entire area.

The electrochemical performance was investigated on
various samples of Li;,Mng5,C00.13 xNig13ALO, (x = 0,
0.0025, 0.005, and 0.0075). As shown in Fig. 8(a and b) in the
cyclic voltammograms (CVs) in the voltage range of 2.0-4.8 V at

Fig. 7 (a) STEM image of LilLip 2Mng 54Nig 13C00.13-xALIO>; (b) the corres-
ponding selected area electron diffraction pattern (SAED); (c and d) the
surface structure at the atomic scale in HAADF-STEM images; and (e-i)
distributions of various elements.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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0.005, and 0.0075) at 5.0 mV s~ (b) CV patterns of Li;>Mng 54C0g 125
Nio.13Alo 00502 from 0.1 mV st to 5.0 mV s%; (c) charge and discharge
curves of Lii2Mng54C00.125Nig13Alg 0050 from 0.1C to 2C; (d) rate
performance; (e) cycling performance; and (f) EIS spectra of Li;;Mngs4
Coo.13-xNip13ALO, (x = 0, 0.0025, 0.005, and 0.0075).

various scanning rates, all the samples present the standard
lithium-rich cathode pattern.’” Compared with pure
Li; 2Mng 54C00.13Nig.130, and Li; ;Mng 54C00.1225Nig.13Al5.07505,
Li; ,Mng 54C00.1275Ni0.13Al0.002502 and Li; ;M1 54C00.125
Nig.13Al0.0050, show a positive lithiation peak corresponding
to a high discharge potential. Fig. 8c shows the initial charge
and discharge curves of Li;,Mng54C00.125Nig 1341000502 at
different rates over the voltage range of 2.0-4.8 V. They have
typical flat voltage plateaus at around 4.5 V, which may be
attributed to the two-phase reaction of Li; ,Mngs54C0¢.125
Nig.13Alo.00502- The Li; ;Mng 54C00.125Nig.13Al.00502 sample
exhibited discharge capacities of 246.7, 236.6, 210.4, 181.6,
and 148.1 mA h g ' at 0.1C, 0.2C, 0.5C, 1.0C, and 2.0C,
respectively. The results demonstrate that AlI*" doping has a
significant effect on the discharge capacities of Li; ;Mng s,
Co0g.13—xNig13ALO, at different current rates. This is because
the Al element induces changes in the properties of the
Li; ,Mng 54C0¢ 125Nip.13Al0.0050,; samples with homogeneous
element distributions without impurity phases, which cause
more reactions and a shorter distance for fast Li-ion diffusion
in the redox reaction process. Fig. 8e and Fig. S6 (ESIt)
show the cycling performance of pristine Li; ,Mngs,
C0o.13_xNig.13ALO, (x = 0, 0.0025, 0.005, and 0.0075). Compared
with the pure samples, the Al doped materials presented a
clearly steady cycling property. The electrochemical impedance
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spectra of pristine Li; ;Mng 54C0¢13Nip 130, and Li; ;Mng s,
Coyg.13_xNig 13A1,0, (x = 0, 0.0025, 0.005 and 0.0075) are shown
in Fig. 8f. The impedance spectra with different amounts of Al
doping consist of capacitive loops at high frequency and a
straight line at low frequency. Impedance values calculated
from the equivalent circuits are shown in Table S9 (ESIY).
This shows that the Al doping samples exhibit an obvious
improvement in the mobility of Li* diffusion. In general, Al
doping has a positive influence on electronic conductivity and
the change of the lattice structure in the layered lithium
cathode material. As shown by the change of the charge
transfer resistance value, the electronic conductivity activation
energy of the material is lower. The improvement of electronic
conductivity contributes to the better electrochemical
performance of the lithium-rich cathode material.

Conclusion

Based on the thermodynamic calculations, it can be concluded
that a coupling effect occurs when multiple ions co-exist in
the liquid solution and under a simultaneous crystallization
reaction. Although there are different driving forces towards
precipitation of the various elements, owing to the super-high
supersaturation and the more negative AG resulting from
a small amount of AI*" addition, the coupling effects can
efficiently control and balance the co-precipitation process,
accelerating the precipitation of Ni** and Mn*' ions and
inhibiting the precipitation of Co>" ions. Meanwhile, based
on the formation of the Al(OH); seed crystals in the solution,
multiple ions in the solution can adsorb and grow on the
surfaces of Al(OH); to completely precipitate. When AI** addition
is 0.005, the obtained (0.54MnCOj;-0.13NiCOj3-0.125C0CO;-
0.005A1(OH);) precursor has a good homogenous element
distribution, which paves the way for the further high electro-
chemical performance of the Li-rich cathode material.

Experimental section
Synthesis of precursors and Li; ;Mng 54Nig 13C0¢ 13 ,ALO,

Various precursors were synthesized by a co-precipitation process.
Stoichiometric amounts of NiSO,-6H,O (>99%), C0oSO4-7H,0O
(>99%), MnSO4-H,O (>99%), and Al,(SO,); (>99%) were uni-
formly mixed and dissolved into deionized water. This mixed
metal solution was pumped into a continuously stirred tank
reactor. At the same time, Na,COj; solution as a precipitant and
an appropriate amount of NH,OH solution as a pH control agent
were also separately fed into the reactor in ambient air.
The temperature, pH, and stirring speed of the mixed solution
were carefully controlled throughout the entire co-precipitation
process. Then, the resultant powders were filtered, washed,
and dried at 120 °C in air. Finally, the obtained carbonate
precursor was thoroughly mixed with the required Li,CO; and
calcined at 850 °C for 10 h in air. An excess of 5 mol% Li,CO;
was used to compensate for the volatilization of Li during
calcination.
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Materials characterization

XRD measurements were performed to investigate the crystal
structure using a PLXcel 3D X-ray diffractometer with a non-
monochromated Cu Ko X-ray source. Crystallographic structure
analysis by the Rietveld method was carried out using the
Fullprof Suite program. The morphology of the samples was
examined using field emission scanning electron microscopy
(FE-SEM; JEOL JSM-7500). Transmission electron microscopy
(TEM) investigations were performed using a 200 kv JEOL 2011
instrument. Scanning transmission electron microscopy
(STEM), EELS, and EDS were performed using a 200 kV JEOL
2011 instrument.

Electrochemical performance measurement

The electrochemical properties were evaluated by using R2032-
type coin cells assembled in an argon-filled glove box. Positive
electrodes were prepared by mixing 80 wt% active materials,
10 wt% acetylene black, and 10 wt% polyvinylidene fluoride
(PVDF) in N-methyl-2-pyrrolidone and coating the slurry on Al
foil. The electrodes were dried at 110 °C in vacuum. The mass
loading of the electrodes was in the range of 1.2 to 1.5 mg cm ™ 2.
The electrolyte was 1 M LiPF¢ dissolved in ethylene carbonate
(EC)/dimethyl carbonate (DMC) (volume ratio 1:1). Li metal
was used as the negative electrodes for the half-cells. Celgard
2320 membrane was used as the separator. Galvanostatic
charge/discharge tests were performed using a LAND multi-
channel battery testing system (CT2001A, Wuhan Jinnuo
Electronics Co., Ltd). CV curves were acquired with an electro-
chemical workstation (Bio-logic EC Lab VMP3).
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