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Abstract

Three basic carnobates, (PbCO;), - Pb(OH),, NiCOs - 2Ni(OH), - 4H,0, and CuCOj; - Cu(OH),, are prepared and used for the first time as
anode materials for lithium-ion batteries. Electrochemical results show that (PbCOs), - Pb(OH),, NiCOs - 2Ni(OH), - 4H,O and CuCO; - Cu(OH),
can deliver high initial discharge capacities of 1175.8, 1742.6 and 1356.2 mAh g~ ', respectively. The lithium storage mechanisms of basic metal
carbonates are observed by various electrochemical, ex-situ and in-situ methods during the initial charge—discharge cycle. It can be found that
basic metal carbonates decompose into metal (M =Pb, Ni or Cu), Li,CO3, LiOH and H,O upon the preliminary discharge. With further lithiation,
the active metal can alloy with Li to form several Li,M phases. During the reverse charge process, Li extraction from the de-alloying reaction,
M/Li,CO5; and M/LiOH mixtures can be observed. However, the cycling efficiency is low. Electrochemically inactive particles generated from
pulverization, structural collapse and electronic contact loss result in the large irreversible capacity and low initial cycling efficiency. By using

carbon black as conductive additive and buffer layer, the electrochemical properties of composite can be greatly improved. Carbon black—

(PbCO3), - Pb(OH), composite shows a reversible charge capacity of 244.7 mAh g

(77.2 mAh g~ ') of the pristine sample.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

~! after 20 cycles, which is much higher than the value
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1. Introduction

Lithium-ion batteries, as the potential attractive green energy
sources for hybrid/electric vehicles and consumer electronics,
have attracted significant interests in the past 3 decades owing
to their high capacity, superior stability and environmentally
friendly characteristics. As the anode material in lithium-ion
batteries, carbon-based materials such as artificial graphite are
usually used as the standard electrodes in the present day due
to their good electronic conductivity and low volume change
during the lithiation and delithiation process [1]. Nevertheless,
their poor rate performance (low Li ion diffusion coefficient),
serious safety issue (low Li ion insertion potential), and their
low capacity (theoretical capacity of graphite is 372 mAh g~ ")
cannot make the carbon-based anode materials match the
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demand of the progressive modern industry [2,3]. Conse-
quently, many substitution materials have been exploited.

Recently, transition metal oxides (M,O,, where M is Cu, Ni,
Co, Mn, or Fe) have shown great potential as anode materials
for lithium-ion batteries owing to their high safety, high
theoretical capacity, low cost and environmental friendliness
[4-11]. Unfortunately, there are still many challenging issues
in using them for lithium-ion batteries. One obstacle is their
power performance, resulting from their low intrinsic electro-
nic conductivity. Another hindrance is the poor cycle perfor-
mance due to the severe volume expansion during cycling
process and the formation of unstable solid electrolyte inter-
phase (SEI) film [7,12].

In the most recent years, several metal carbonates, such
as manganese carbonate [13], cobalt carbonate [14,15],
Mn, _,Co,CO;3 [16], (BiO),CO5 and CdCO5 [17], have been
considered as potential candidates for anode materials in
lithium-ion batteries due to high reversible capacity, good
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capacity retention and excellent cycle calendar life. Never-
theless, no literatures about basic carbonates as anode materials
for lithium-ion batteries were ever reported. In this paper, we
firstly report the electrochemical performance of basic metal
carbonates as anode materials by using cyclic voltammetry and
galvanostatic charge—discharge techniques. Moreover, further
studies are undertaken to clarify the electrochemical reaction
mechanisms of basic metal carbonates with Li by various ex-
situ and in-situ techniques.

2. Experimental

In this work, NiCOj - 2Ni(OH), - 4H,0, (PbCOs3), - Pb(OH),
and CuCOs5-Cu(OH), were prepared by a co-precipitation
method using NiSO, - 6H,O, Pb(NOj3),, CuSO, - 5SH,0 as raw
materials and Na,COj3 - 10H,O as precipitant. All the chemical
reagents were analytical grade and obtained from Sinopharm
Chemical Reagent Co. Ltd. in China. The obtained deposits
were dried at 80 °C under vacuum before use.

2.1. Samples characterization

The crystallographic structure of the samples was determined
by the X-ray diffraction (XRD, Bruker AXS D8 Focus diffract-
ometer) using Cu Ko (1=0.15406 nm) radiation. The surface
morphology and microstructure of the samples were characterized
by scanning electron microscopy (SEM, JEOL S3400). Selected
area electron diffraction (SAED) and high resolution transmission
electron microscopy (HRTEM) measurements were performed
on JEOL JEM-2100. Thermogravimetric (TG) and differential
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thermal analysis (DTA) curves were obtained in a Seiko TG/DTA
7300 instrument under argon atmosphere.

To investigate the reaction mechanisms in the basic carbo-
nates, ex-situ XRD and ex-situ Fourier transform infrared
spectroscopy (FTIR, Nicolet FTIR-6700) patterns of basic
carbonates were collected at selected capacities during the
initial discharge and charge process. The lithiated and deli-
tiated samples for ex-situ XRD were prepared in an argon-
filled glove box, dried under vacuum condition, and put in the
sample holder covering with a polymer film, then immediately
analyzed by XRD in the angle range from 10° to 80°. The
lithiated and delitiated samples for ex-sifu FTIR were washed
by dimethyl carbonate and vacuumed for 5 h before mixing
with KBr. The semi-transparent slices were pressed and
prepared using the mixed powder in the argon-filled glove
box and transferred to the sample chamber within 10 s. The
semi-transparent slices were studied by Nicolet FTIR-6700
instrument under argon environment.

2.2. Electrochemical characterization

The working electrodes were prepared by blending the basic
carbonates, carbon black (CB) and polyvinylidene fluoride at
the weight ratio of 4:1:1 in N-methylpyrodine and pasted on a
Cu foil. The working electrodes were dried at 120 °C under
vacuum condition for 12h and then cut into discs with a
diameter of 15 mm. In the simulated batteries, a pure lithium
metal foil (Jiangxi Ganfeng Lithium Co. Ltd.) was used as
counter electrode. The organic electrolyte (Zhangjiagang
Guotai Huarong New Chemical Materials Co. Ltd.) was

b

1600

20-1)

1200

Intensity(a.u.)
@
o
o

N
o
o

10 20 30 40 50 60 70 80
2 theta(Degree)

800 |

[e2]

o

o
T

(-201)

(120)

N
o
o

Intensity (a.u.)

[
o
o

10 20 30

50 60 70 80

2 theta (Degree)

Fig. 1. XRD patterns of (a) (PbCO3), - Pb(OH),, (b) CuCO; - Cu(OH), and (c) NiCO; - 2Ni(OH), - 4H,0.
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composed of 1 mol L™" solution of LiPFs in a mixture of
dimethyl carbonate and ethylene carbonate (DMC:EC=1:1, v/
v). Besides, Whatman glass fiber was used as separator. The
simulated batteries were assembled in the argon-filled
glove box.

Galvanostatic charge—discharge experiments for simulated
batteries were performed at a constant current density of
50mA g~' in the potential range of 0.0-3.0V by using
multichannel Land battery test system instrument (Wuhan
Jinnuo, China). The electrochemical impedance spectra were
performed on a CHI 660D electrochemical workstation
(Shanghai Chenhua, China) at room temperature. Cyclic
voltammetry (CV) tests were carried out at a scanning rate
of 0.1 mVs~' between 0.0 and 3.0V on EC-Lab electro-
chemical workstation (Bio-Logic VSP3, France).

3. Results and discussion

The typical XRD patterns of (PbCOj3),-Pb(OH),,
CuCOs5-Cu(OH), and NiCOjs-2Ni(OH),-4H,0O are shown
in Fig. 1. The characteristic diffraction peaks at 24.7°, 27.3°,
and 34.1° can be indexed to the (104), (105) and (009) planes
of hexagonal (PbCOs;), - Pb(OH), (JCPDS card no. 10-0401).
The main diffraction peaks at 17.6°, 24.1° and 31.2° can be
assigned to the (120), (220) and (20—1) reflections of
monoclinic CuCOs-Cu(OH), (JCPDS card no. 41-1390).
The broad humps at 17.6°, 34.8° and 60.6° can be attributed
to the (120), (—201) and (521) reflections of monoclinic
NiCOj; - 2Ni(OH), - 4H,O (JCPDS card no. 35-0501) respec-
tively. The broad diffraction peaks suggest that the crystalline
size of the NiCO; - 2Ni(OH), - 4H,O sample is small.

Fig. 2a—c exhibits the SEM images of the three basic
carbonates. It is obvious that the hexagonal (PbCOs),-Pb

200nm
_—

(OH), (Fig. 2a) is mainly composed of granules and slabs with
the particle size of 200-800 nm. As shown in Fig. 2b, the
CuCOj; - Cu(OH), particles exhibit imperfect round shape and
the diameter is about 100-200 nm. For NiCOs-2Ni
(OH), - 4H,0 (Fig. 2c¢), lots of nanoparticles with the particle
size of about 20-40 nm agglomerate together to form larger
secondary particles.

The TG-DTA curves for basic carbonates under argon
atmosphere are shown in Fig. 3. As shown in Fig. 3a, two
endothermic peaks at 246.1 and 334.1 °C are observed,
corresponding to three weight loss stages. The initial stage
occurs between 142.2 and 224.7 °C attributed to the formation
of (PbCO3), - PbO and water. This stage gives a weight loss of
1.5% at 224.7 °C in accordance with the expected value
(2.3%) for the Eq. (1). The second stage begins immediately
after the initial stage and ends at 255.4 °C with a weight loss of
5.0% in good agreement with the expected value (5.7%) for
the Eq. (2). The last stage reveals a weight loss of 14.5% at
350.9 °C due to the formation of PbO, which is in accordance
with the Eq. (3) [18,19]:

(PbCO3), - Pb(OH), — (PbCO3), - PbO+H,0 (1)
(PbCO3), - PbO —PbCO; - (PbO), +CO, )
PbCO; - (PbO), —3PbO+CO, 3)

For CuCOj;-Cu(OH),, the decomposition process takes
place in single step at 305.8 °C according to the Eq. (4) [20]:

1/2(CuCOs - Cu(OH),) - CuO+1/2C0O, +1/2H,0 )

The curves also indicate that this decomposition process is
an endothermic reaction with a weight loss of 27.7%,
corresponding to the formation of copper oxide.

Fig. 2. SEM images of (a) (PbCOj3), - Pb(OH),, (b) CuCO; - Cu(OH), and (c) NiCOj; - 2Ni(OH), - 4H,0.
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Fig. 3. TG-DTA curves of (a) (PbCOs3), - Pb(OH),, (b) CuCO; - Cu(OH), and (c) NiCOs - 2Ni(OH), - 4H,0.

Viewed from the TG curve of NiCOj; - 2Ni(OH), - 4H>O as
shown in Fig. 3c, it is obvious that the decomposition reaction
occurs in two steps. The first step ends at 265.1 °C with a
residual mass value of 83.5% attributed to the weight loss of
4 mol crystal water per formula. The second process ends at
around 441.3 °C with a weight loss of 19.8%, which is
associated with the formation of nickel oxide and the evolution
of water and carbon dioxide. The DTA curve gives two
endothermic peaks at 112.0 and 318.8 °C corresponding to
the evolution of water and the formation of nickel oxide. These
two decomposition processes can be described by the Egs. (5)
and (6) [21,22].

NiCO; - 2Ni(OH), - 4H,0 —NiCO; - 2Ni(OH), +4H,0  (5)

(6)

The electrochemical conversion reactions of basic carbo-
nates are studied by cyclic voltammetry. The first three cyclic
voltammogram curves of the three basic carbonates at a scan
rate of 0.1 mV s~ ! are evaluated and compared in Fig. 4a—c to
understand the detailed electrochemical process. For (Pb
COs), - Pb(OH),, there are two reduction peaks appear at
1.66 and 142V, and five oxidation peaks appear at 0.60,
0.68, 1.18, 1.54 and 2.12 V in the initial cycle. The peak at
about 1.66 V is probably attributed to the decomposition of
(PbCO3), - Pb(OH), and the following electrochemical reaction
of PbCO; (AGn=—625.5KImol™") with Li during the
preliminary Li-ion insertion. The obvious peak at 1.42V is
assigned to the further decomposition of Pb(OH),
(A¢G= —427.7 KI mol ") and the formation of LiOH and
Pb. These characteristic behaviors almost disappear in the
subsequent cycles, illustrating the irreversibility of these

NiCOj - 2Ni(OH), - 3NiO + CO, 4+ 2H,0

decomposition reactions. In the oxidation portion of CV
curves, the first four peaks is attributed to the extraction of
Li-ion and the last weak peak at about 2.12 'V probably
corresponds to the regeneration of trace PbCO; and Pb
(OH),. After the initial cycle, the following CV curves
coincide well with each other, revealing that the conversion
reaction becomes reversible in the subsequent cycles. In the
following two cycles, the new reduction peak at around 0.43 V
that is sheltered in the initial cycle may be related to the
formation of different Li,Pb alloys (1.0 < x < 4.4) [23]. While
the oxidation peaks at 0.61 and 0.72 V may correspond to the
de-alloying process. Therefore, these electrochemical reactions
can be mainly summarized as the following reactions:

(PbCO3), - Pb(OH), +6Li* +6e~ —3Pb+2Li,CO; 4+ 2LiOH

(7)
Main reaction Pb+4xLi* +xe™ «<>LiPb (8)
Trace reaction Pb+Li,CO3 <> PbCO3;+2Li" 4-2e~ )
Trace reaction Pb+2LiOH <> Pb(OH), +2Li" +2e~  (10)

Compared with the (PbCOs), - Pb(OH),, the electrochemical
processes of basic nickel carbonate hydrate and basic copper
carbonate show similar characteristics with each other. In the
first CV curve of CuCOj-Cu(OH),, two reduction peaks
appear at 1.59 and 0.37 V, corresponding to the decomposition
of CuCOj; - Cu(OH),, the following electrochemical reactions
of CuCO; and Cu(OH), with Li and the formation of SEI
film [24,25]. During the following charge, four weak oxidation
peaks at 0.82, 1.15, 1.85 and 2.31 V are probably attributed
to the probable oxidation process of Cu to Cu(OH),
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Fig. 4. Cyclic voltammogram curves of (a) (PbCOj3), - Pb(OH),, (b) CuCOj3 - Cu(OH), and (c) NiCO; - 2Ni(OH), - 4H,0.

(AGm=—357.7KImol ") and CuCO; (A{Gpn=—7595.5KJ
mol ~"). In the 2nd and 3rd cycles, two reduction peaks at
1.47 and 0.37 V and three oxidation peaks at 0.85, 1.53 and
2.32'V can be observed with the decrease of individual peak
intensity and integral area indicating the irreversible capacity
loss. The detailed reaction mechanism can be described as the
following equations:

CuCO; - Cu(OH), +4Li* +4e~ —2Cu+Li,CO3; +2LiOH

(11)
2LiOH+ Cu <> Cu(OH), +2Li ™ +2e~ (12)
Li»CO3+Cu <> CuCO3+2Li T +2e~ (13)

For NiCOs; - 2Ni(OH), - 4H,0, there is a small reduction
peak at 1.33V in the first reduction process, which is
associated with the preliminary reaction of Li-ion insertion
and the decomposition of NiCOj; - 2Ni(OH), - 4H,O. After that,
two strong reduction peaks can be found at 1.07 and 0.63 V,
corresponding to the reduction of Ni**T to Ni’ in NiCO;
(AfGpm=—514.2 KI mol ') and Ni(OH), (A{Gn=—447.3 KJ
mol ~ "), respectively. In the reverse oxidation process, two
oxidation peaks at 1.03 and 1.67 V are observed, correspond-
ing to the extraction of Li from Ni/LiOH and Ni/Li,CO;
mixtures with the oxidation of Ni’ to Ni*™ [26], whereas
the reduction peaks become weaker and the peak current
becomes smaller in the following two cycles, exhibiting a
poor electrochemical properties. Hence, the electrochemical
reaction of Li with NiCOs - 2Ni(OH), - 4H,0 can be probably

expressed as the following equations:

NiCOs - 2Ni(OH), - 4H,0+6Li " +6e ™ — 3Ni+Li,COs3 +4LiOH +4H,0

(14)
2LiOH + Ni <> Ni(OH), +2Li* +2¢ ™~ (15)
Li»CO; +Ni <> NiCO3 +2Li* +2¢~ (16)

Fig. 5a—c shows the charge—discharge curves and corre-
sponding cycling properties of the three basic carbonates. The
lithiation and delithiation plateaus in the potential profiles
are well consistent with the CV peaks as shown in Fig. 4a—c.
The (PbCOs),-Pb(OH), shows a discharge capacity of
1175.8 mAh g~ ' and a charge capacity of 642.1 mAh g~ " in
the initial cycle, corresponding to a coulombic efficiency of
54.6%. The large irreversible capacity can be ascribed to the
SEI film formation and the partial inactivation of some
particles after the initial cycle. However, the theoretical lithium
storage capacity of (PbCOs;),-Pb(OH), is around 560.2 m
Ah g~ ! based on the Eq. (7). It should be noticed that the
initial charge capacity is larger than the theoretical capacity,
corresponding to the partial oxidation decomposition of SEI
film and the extraction of Li-ion from Pb/Li,CO3 and Pb/LiOH
grain boundaries [23]. In the following cycles between the 2nd
and 20th cycles, the charge specific capacities reduce from
517.6 to 77.2 mAh g~ ' due to the formation/decomposition of
SEI film, particle pulverization and electrode collapse. Fig. 5b
illustrates the charge/discharge profiles of CuCO; - Cu(OH),. It
is clear that the first discharge capacity is 1356.2 mAh g~ ' and
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Fig. 5. Charge—discharge curves and corresponding cyclic performances of basic metal carbonates at a current density of 50 mA g~ ' between 0.0 and 3.0 V.

(a) (PbCO3), - Pb(OH),; (b) CuCOs; - Cu(OH),; (c) NiCOs; - 2Ni(OH), - 4H,0.

the charge capacity is 462.7mAh g~ '. The first discharge
capacity exceeds the theoretical value (485.0 mAh g~ '), which
is calculated according to the Eq. (11). The extra capacity can
be attributed to the formation of SEI film during the first
discharge process and the probable lithium storage on interface
[27-30]. The cyclic performance curve of CuCOj;-Cu(OH),
exhibits a decrease in the discharge capacity from 1356.2 to
146 mAh g~ ! after 20 cycles, indicating a poor cyclic
performance. The reason can be assigned to that Li,CO5; and
LiOH arising from the reduction of CuCOs; - Cu(OH), cannot
be reduced to Li completely in the charge process, and the
continuous particle pulverization per cycle leads to the
capacity fading in the following charge—discharge cycling.
Being similar to (PbCO3), - Pb(OH), and CuCOj;- Cu(OH),,
NiCOj; - 2Ni(OH), - 4H,O delivers a discharge capacity of
1742.6 mAh g~ ! in the first cycle, which is much higher than
the theoretical value (427.7 mAhg~'). The extra capacity
should correspond to the growth of SEI film on the surface
of the active particles and the probable lithium storage on
interface in the initial discharge process [29,30]. After 20
cycles, the discharge and charge capacities are maintained at
104.3 and 98.1 mAh g~ ', respectively. The reason of poor
cyclic performance of NiCOs - 2Ni(OH), - 4H,0 1is similar to
CuCOj - Cu(OH),. In addition, the capacity retention of
NiCOj; - 2Ni(OH), - 4H,O (14.0%) after 20 cycles is higher
than the other two basic metal carbonates ((PbCOs),-Pb
(OH),: 12.0%; CuCOs-Cu(OH),: 2.9%) due to its smaller

60 —=— NiCO,. 2Ni(OH), .4H,0
—e— (PbCO,),. Pb(OH),

20k CuCO,. Cu(OH), .xH,0,
£
<
o
f\ll 20 f
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Fig. 6. Nyquist plots of basic metal carbonate electrodes obtained by applying
an amplitude of 5.0 mV over the frequency range from 100 kHz to 0.01 Hz.

particle size. Therefore, capacity retention can be increased by
reducing the particle size of active particles.

In order to understand different electrochemical perfor-
mances among the three basic carbonates, the electrochemical
impedance spectra obtained in the frequency range from
100 kHz to 0.01 Hz before the initial cycle are shown in
Fig. 6. All the three electrochemical impedance spectra consist
of one semicircle in the high/medium frequency region and a
line in the low frequency region. The medium-frequency
semicircle can correspond to the charge-transfer process
(R.), while the sloping line in the low frequency region can
be ascribed to the lithium-ion diffusion process (Warburg
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NiCOs; - 2Ni(OH), - 4H,0.

impedance, W). A simplified equivalent circuit inserted in
Fig. 6 is used to fit the impedance spectra, which includes the
electrolyte and battery component resistance (R;), a constant
phase element (CPE) corresponded to the interfacial resistance,
R, and W. It is obvious that the R, of NiCOjs-2Ni
(OH), - 4H,0 is much smaller than those of the other two
basic carbonates, indicating that the kinetic properties of
NiCOs5 - 2Ni(OH), - 4H,O are better than those of the other
two basic carbonates. And the kinetic properties of (PbC
03), - Pb(OH), are also better than those of CuCOj5 - Cu(OH),.
These results are in accordance with the results of the
electrochemical performance as shown in Fig. 5.

In recent years, many investigations have been made on the
lithium storage mechanism of transition metal oxides. How-
ever, only Zhou and our group [13-15,17] have reported the

electrochemical conversion mechanism for lithium storage in
manganese and cobalt carbonates. In order to understand the
lithium storage mechanisms in basic carbonates, we utilize ex-
situ FTIR, ex-situ XRD and in-situ XRD techniques to make a
careful study of the structural evolutions of basic carbonates in
the initial charge—discharge cycle. We assembled eleven
simulated batteries in the ex-situ FTIR and ex-situ XRD
experiments. Among these eleven batteries, we prepared six
lithiated samples with the names of (a—f) as shown in Fig. 7a, ¢
and e. In the reverse charge process, five delithiated samples
are named as (g), (h), (i), (I) and (m).

Fig. 7b, d and f shows the ex-situ IR spectra of the three
basic carbonates. The characteristic bands at 1637 and
1368 cm™' can be assigned to the bending vibrations of
O-H group, which shows a reversible decrease/increase
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Fig. 8. Ex-situ XRD patterns of lithiated and delithiated samples during the initial charge—discharge process. (a) NiCOj3 - 2Ni(OH), - 4H,0; (b) CuCO; - Cu(OH),;

(c) (PbCO3), - Pb(OH),.

behavior upon lithiation/delithiation process for (PbCO3), - Pb
(OH), and CuCOj-Cu(OH),. For comparison, no obvious
trend can be observed for NiCO; - 2Ni(OH), - 4H,O due to the
existence of crystal water. The adsorption bands at around 856,
867 and 868 cm ', which can be associated with the CO§7 in
(PbCO3), - Pb(OH), [31,32], CuCOj3- Cu(OH), [33] and NiC
O5-2Ni(OH), - 4H,O [34] respectively, decrease gradually
from pattern (a) to pattern (f) in the spectra. This phenomenon
indicates that a probable transformation reaction of basic metal
carbonate to Li,COj; in the discharge process. In addition, the
relative intensity of these characteristic bands increase in the
spectra from pattern (f) to pattern (m), corresponding to a
partial reverse transformation process of Li,CO; to basic
carbonate.

To gain a better understanding of the lithium storage
mechanisms in basic metal carbonates, we use the ex-situ
XRD technique on the three basic carbonates electrodes at
selected charge/discharge capacities. As shown in Fig. 8a, the
diffraction peaks of NiCOs; - 2Ni(OH), - 4H,O become weaker
and finally disappear during the discharge process. Simulta-
neously, two weak peaks located at 32.6° and 44.5° are
observed in the inserted figure, which are associated with the
(101) peak of LiOH (JCPDS card no. 85-1064) and the (111)
peak of Ni (JCPDS card no. 87-0712), respectively, indicating
that the transformation process of Ni* ™ to Ni° as shown in Eq.
(14). However, the new peaks disappear and no characteristic

peaks of NiCOj;-2Ni(OH),-4H,O can be detected in the
whole charge process, indicating the formation of amorphous
phase due to the electrochemical reaction. For CuCOs;-Cu
(OH), as shown in Fig. 8b, the characteristic (120), (220),
(20—1) and (240) peaks of the initial CuCOs5-Cu(OH),
electrode at 17.6°, 24.1°, 31.2° and 35.5°, respectively, totally
disappear after lithium ion insertion. However, no featured
peak attributed to LiOH, Li,COj3, and Cu can be observed at
the end of discharge. In the charge process, the characteristic
peaks of CuCOj-Cu(OH), do not re-appear and the initial
material cannot return to its original phase. As reported, this
phenomenon also exists in the electrochemical cycles of metal
hydroxide, cobalt chloride and cobalt carbonate [14,35,36]. It
demonstrates that the initial discharge process leads to the
pulverization of active particles and the amorphization of
structure due to the formation of nano-sized metal M, LiOH
and Li,COs;, and then the pristine structure of basic metal
carbonates cannot be restored reversibly in the charge process.
In addition, the ex-siru XRD results also show that the poor
cycling behaviors of basic metal carbonates might be due to
the particle pulverization, structural collapse and amorphiza-
tion process of the materials.

For comparison, the lithium storage mechanisms in
(PbCO3), - Pb(OH), is more complex than the other two basic
carbonates due to the alloying reaction between Li and Pb.
In order to better understand the lithium storage mechanism,
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we made a thorough investigation about the structural evolu-
tions of (PbCO3), - Pb(OH), combined by using ex-situ and in-
situ XRD techniques.

As shown in Fig. 8c, all the peaks corresponding to
(PbCOs), - Pb(OH), disappear during the discharge process
indicating complete structural decomposition. An interesting
observation is the appearance of diffraction peaks at 31.3°,
36.3° and 52.3°, ascribed to the formation of metal Pb at the
begin of the discharge process. Viewed from pattern (b) to
pattern (d), the two Bragg positions (31.3° and 36.3°)
gradually shift to higher angles owing to the phase transforma-
tion from Pb to LiPb (JCPDS card no.10-0233). Then
the Bragg positions shift to lower angles from curve (d) to
curve (f) due to the formation of LigPbs from LiPb. In the
charge process, the reverse shifting of Bragg positions suggests
the phase transformation from LigPbs to LiPb and then to Pb.

Based on the ex-situ XRD results, we preliminarily under-
stand the lithium storage mechanism of (PbCOs), - Pb(OH),.
However, the information of the alloying reaction is not
comprehensive. In order to further investigate the structural
evolution during the charge—discharge cycle, we observe the
structural evolutions of (PbCOs;), - Pb(OH), by using in-situ
XRD technique.
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Fig. 9. (a) In-situ XRD patterns of (PbCOs3), - Pb(OH), cycled between 0.0 and
3.0V at a current density of 50 mA g~ '; (b) a close-up shot of diffraction
peaks vs. intensity in the angle range 24-—44°.

The structure and equipment of the in-situ XRD battery
were described in our previous paper [37]. As shown in
Fig. 9a, the diffraction peaks at 38.4°, 41.2° and 43.9° are
attributed to beryllium oxide, according to the JCPDS card
n0.78-1553 and previous reports [38,39]. The featured diffrac-
tion peaks of (PbCOj),-Pb(OH), located at 24.7°, 27.3°,
34.1°, 40.4°, 43.0°, and 42.6° disappear along with the
lithiation process. However, most peaks cannot reappear and
only a weak peak at 24.7° emerges during delithiation,
indicating that the charge/discharge process is a partially
reversible reaction. Besides, a new weak diffraction peak at
31.3° appears and shows a slight increase upon the discharge
process, corresponding to the formation of Pb (JCPDS card no.
04-0686) and Li,Pb alloys as shown in Fig. 9a and b. In the
reverse charge process, the increase of the diffraction peaks at
31.3° and 36.2° can be attributed to the transformation from
LigPb; to Pb. Moreover, the aggregation of Pb particles results
in the sharp diffraction peaks at 31.3° and 36.2°.

In addition, we performed the ex-situ SAED and HRTEM
observation to confirm the final products of the lithiated
(PbCOs3), - Pb(OH), electrode. The electrode was prepared by
mixing (PbCO3), - Pb(OH), and carbon black at a weight ratio
of 9:1 and then discharged to 0V at 50 mA g~ '. Fig. 10a

Fig. 10. Ex-situ SAED (a) and HRTEM (b) images of lithiated (PbCO3), - Pb
(OH), after a discharge to 0.0 V.
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Fig. 11. SEM images of carbon black-(PbCOs), - Pb(OH), composite (a, b) after ball-milling.
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Fig. 12. EIS spectra (a) and cycling properties (b) of pristine (PbCO3), - Pb(OH), and its carbon black composite.

shows the SAED pattern for lithiated (PbCO3), - Pb(OH),. It is
clear that the observed well-defined rings can be confirmed as
Pb (111), Li,CO3 (—311), LiPb (021), LiOH (200) and LigPb;
(315), indicating the formed polycrystalline phases as shown in
Eq. (7). Besides, HRTEM image (Fig. 10b) shows that a large
amount of nanocrystallines are dispersed in a disordered
matrix. The characteristic lattice distances of partial final
products are measured to be 0.82 and 2.75 A, which are in
accordance with the (600) plane of unreacted Pb and the (101)
of LiOH, respectively. According to the above results and
previous reports on the reversible reactions of metal oxides
[40,41], the lithium storage mechanisms in (PbCOs;),-Pb
(OH), are well consistent with the proposed reaction mechan-
isms as shown in the Egs. (7)-(10), and the lithiation/
delithiation process is a partially reversible.

In the experiment, the electrochemical properties of as-
obtained samples are poor due to the possible particle
pulverization and structural breakdown. Here, (PbCOs3), - Pb
(OH), was mixed with carbon black in a weight ratio of 3:1 by
a high-energy ball milling for 20 h to improve the cycling
stability. As the SEM images shown in Fig. 11, the
(PbCOs), - Pb(OH), was well-dispersed in the carbon black
matrix after ball-milling. As a result, the electronic conductiv-
ity and charge transfer speed (Fig. 12a) of (PbCO3), - Pb(OH),
are greatly improved by introducing carbon black and smaller
particle size. As shown in Fig. 12b, carbon black—
(PbCOs), - Pb(OH), composite shows better electrochemical

properties than that of the pristine sample. It can deliver a
reversible charge capacity of 244.7 mAh g~ ! after 20 cycles,
which is much higher than the value (77.2 mAh g~ ") of the
pristine sample. The improved electrochemical performance
should be attributed to the smaller particle size and the
introduced carbon black as conductive additive and
buffer layer.

4. Conclusions

In this paper, three basic metal carbonates ((PbCOs),-Pb
(OH),, NiCOs5-2Ni(OH), -4H,O and CuCOs-Cu(OH),) are
investigated for the first time as probable anode materials for
lithium-ion batteries. All the three basic carbonates can deliver
high initial discharge and charge specific capacities, which are
much higher than their theoretical values. The high initial
reversible charge capacity can be attributed to the extraction of
Li-ion from Li,M alloys, M/Li,CO5; and M/LiOH (M =Pb, Ni,
Cu) mixtures and their grain boundaries. In addition, the
capacity retention of NiCOj-2Ni(OH), - 4H,0 (14.0%) after
20 cycles is higher than the other two basic metal carbonates
((PbCO3), - Pb(OH),: 12.0%; CuCO;5 - Cu(OH),: 2.9%) due to
its smaller particle size. Therefore, capacity retention and
reversible capacity can be increased by reducing the particle
size. The electrochemical reaction mechanisms of basic
carbonates (MCO; - yM(OH), - zZH,0) with Li were studied
by ex-situ FTIR, ex-situ XRD, ex-situ SAED, ex-situ HRTEM
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and in-situ XRD techniques. For CuCO;-Cu(OH), and
NiCOj; - 2Ni(OH), - 4H,0, the initial discharge process leads
to the formation of metal Cu (or Ni), Li,CO3, LiOH and crystal
water. For comparison, the initial electrochemical reactions of
(PbCO3), - Pb(OH), with Li not only result in the formation
of Pb, LiOH, Li,COj; but also show the Li-alloying reaction of
Pb. Upon the charge process, the de-alloying reaction and the
formation of some MCO; and M(OH), particles should be
responsible for the reversible lithium storage capacity. How-
ever, the irreversible capacity is large due to the electroche-
mical inactivity of active particles after repeated cycles. To
suppress the particle pulverization and structural collapse,
carbon black was introduced to improve the electrochemical
properties of (PbCO3), - Pb(OH),. Besides, the particles size of
(PbCOs), - Pb(OH), was also crushed by high-energy ball-
milling. It is obvious that carbon black-(PbCOs), - Pb(OH),
composite can deliver a high reversible charge specific
capacity of 244.7 mAh g~ with capacity retention of 39.2%
after 20 cycles. Therefore, basic metal carbonates can be
developed as potential lithium storage materials for high
capacity batteries.
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