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Abstract

Comparison of (BiO),CO5; to CdCOj3 as anode materials is investigated in this paper. Electrochemical results show that both (BiO),CO3 and
CdCO; are electrochemically active materials with high initial capacities of 1080.1 and 1251.1 mAh g ', respectively. Ex-situ X-ray diffraction
(XRD) results show that the electrochemical reaction mechanisms of CdCO5; with Li can be associated with the preliminary formation of Cd and
Li,COj3 upon the initial lithiation, and then the final formation of LiCd alloy upon further lithiation. In contrast, the electrochemical reaction of
(Bi0O),CO5 with Li not only results in the formation of Bi and Li,CO3, but also induces the formation of Li,O. Besides, upon further lithiation,
the alloying reaction of Bi with Li is a multi-step process to form LiBi, Li,Bi, and finally LizBi as confirmed by electrochemical behaviors and in-
situ XRD technique. Compared with CdCOs5;, (BiO),CO; can exhibit better electrochemical properties with a reversible capacity of
155.1 mAh g~ ! and a capacity retention of 28.3% after 15 cycles. By introducing carbon black as conductive additive and volume change
buffer, the reversible capacity of ball-milled (BiO),CO5/C composite can be improved to the value of 297.6 mAh g~ ' with a capacity retention of

47.8% after 15 cycles.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Since their first commercialization in the early 1990s,
lithium-ion batteries have permeated from the portable electro-
nics field to electric vehicles industry. One critical component
of a lithium-ion battery is the anode material, which deter-
mines much of the energy and power densities of the recharge-
able lithium-ion battery. Nowadays, graphite-based materials
dominate the main market of commercial anode materials.
However, the lithiation potential of commercial graphite-based
anode material is too close to the deposition potential of metal
Li, which may result in a high risk of dangerous lithium
dendrite formation and generate critical safety concerns.
Consequently, further improvements in terms of power den-
sity, safety, lifetime and cost require new materials with higher
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storage capacity, long cycling life and desired potentials to
satisfy the commercial requirements [1].

Through the search for alternatives to commercial carbonac-
eous materials, large amounts of inorganic compounds have
been reported recently, such as transition metal oxides (M,0O,,
where M is Co, Ni, Cu, Fe) [2-5], transition metal sulfides
(M,S,, where M is Co, Ni, Cu, Fe) [6,7], and transition metal
nitrides (M,N,, where M is Co, Ni, Cu, Fe) [8,9]. It is proved
that the electrochemical reaction of these transition metal
compounds with Li is a conversion reaction [10,11], whose
mechanism is that the active materials completely reduce to
metals together with the formation of lithium oxides, sulfides
or nitrides during the lithiation process and then the formed
products will recover to the original phase upon de-lithiation.
These inorganic compounds based on conversion reaction are
promising anode materials for lithium-ion batteries due to their
high theoretical capacity, high safety and low cost [12,13].

Recently, similar reversible electrochemical response has
been found in metal carbonates [14—18]. Our group also
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focused on the development of various metal carbonates, such
as MnCOj; [19] and CoCOj; [20], as lithium storage materials.
These studies revealed that metal carbonates can be used
directly as energy storage electrodes in lithium-ion batteries.
Compared with oxides or fluorides, similar important values of
reversible capacity and high capacity retention can be observed
for metal carbonates.

In the present work, we investigated and compared the
electrochemical properties of (BiO),CO5; and CdCOj; as anode
materials for lithium-ion batteries by cyclic voltammetry and
galvanostatic charge—discharge techniques. A comparison of
(Bi0),CO3 to CdCOj; is carried out based on lithium storage
behaviors, which suggests that (BiO),CO; is a probable
lithium storage material as an anode material for lithium-ion
batteries. In addition, in order to better understand the lithium
storage mechanism in (BiO),COs3, we have utilized ex-situ and
in-situ  XRD techniques to make a careful study of the
structural evolutions of (BiO),CO; during repeated electro-
chemical charge—discharge cycles.

2. Experimental

Commercial (BiO),CO; (Aladdin Chemistry Co. Ltd) and
CdCOj; (Aladdin Chemistry Co. Ltd) were purchased and used
after ball-milling for 10 h at a milling speed of 400 r min " in
the experiment. (BiO),CO5/C composite was prepared by high
energy ball milling of (BiO),CO; and carbon black with a
weight ratio of 3:1 in a zirconia container for 10 h at a milling
speed of 400 r min~ .

X-ray diffraction patterns of powder samples were investi-
gated by a Bruker AXS D8 Focus diffractometer with Cu Ko
radiation (41=0.15406 nm). Scanning electron microscopy
(SEM) images were obtained with a JEOL S3400 microscope.
Thermogravimetric (TG) and differential thermal analysis
(DTA) curves were obtained by a Seiko TG/DTA 6300
instrument over a temperature range between 20 to 800 °C
with a heating rate of 5 °C min~' under argon atmosphere.

For electrochemical tests, the simulated batteries were
constructed using the metal carbonate as working electrode
and lithium metal discs (Jiangxi Ganfeng Lithium Co. Ltd) as
counter and reference electrodes. The working electrode was
fabricated by blending a mixture of active materials, conduc-
tive carbon black, and polyvinylidene fluoride binder in a
weight ratio of 6:3:1 dissolved in N-methyl-pyrrolidone.
Shortly afterwards, the slurry was cast onto a Cu foil and
dried at 120 °C for 12 h in a vacuum oven and then cut into
discs with a diameter of 15 mm. The electrolyte was 1 mol
L~ LiPFy (Zhangjiagang Guotai Huarong New Chemical
Materials Co. Ltd) in a nonaqueous solution of ethylene
carbonate and dimethyl carbonate with a volume ratio of 1:1.
The simulated batteries were assembled in a glove box with
high-purity argon atmosphere.

Galvanostatic charge—discharge experiments for simulated
batteries were tested at a constant current density of 50 mA
¢~ 'in 0.0-3.0 V by a multichannel Land2001A battery test
system (Wuhan Jinnuo, China) at room temperature. In
addition, cyclic voltammogram (CV) tests were carried out

by a CHI 1000B electrochemical workstation (Shanghai
Chenhua, China) with a scanning rate of 0.1 mV s~ ! at room
temperature. Electrochemical impedance spectra were col-
lected by a CHI 660D electrochemical workstation (Shanghai
Chenhua, China) with the frequency range between 100,000
and 0.01 Hz at room temperature.

In order to gain insight into the electrochemical working
mechanisms of metal carbonates ((BiO),CO5; and CdCO3) with
lithium, in-situ and ex-situ XRD measurements were per-
formed on the lithiated and delithiated samples during the
initial charge—discharge cycle. The lithiated and delitiated
samples for ex-situ XRD were prepared by taking out the
cycled electrodes from disassembled batteries and dried under
vacuum condition. The structure and equipment of the in-situ
XRD battery were described in our previous paper [21].

3. Results and discussion

The phase structures of (BiO),CO; and CdCO;5 are dis-
played in Fig. 1. Based on the JCPDS Card no. 84-1752, the
main diffraction peaks at 12.7°, 23.9°, 30.3° and 32.8° can be
attributed to the (040), (121), (161) and (002) reflections of the
orthorhombic structure of (BiO),COj3 as shown in Fig. la. For
the main diffraction peaks appeared at 23.6°, 30.4°, 36.6°,
43.9° and 50.1° in Fig. 1b, they can be indexed to the
structural characteristics of the rhombohedral CdCO5; (JCPDS
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Fig. 1. XRD patterns of (a) (BiO),CO;5 and (b) CdCOs;.
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Fig. 2. TG-DTA curves of (a) (BiO),CO; and (b) CdCOs.

Card no. 42-1342). Therefore, it is obvious that both samples
are high purity materials.

The safety issue is the main obstacle for lithium storage
materials to be used as commercial electrodes for lithium-ion
batteries. Here, the thermal properties (TG-DTA curves) of
(Bi0),CO;3 and CdCO; are shown in Fig. 2a and b. For
(Bi0),CO3;, the observed weight loss of 8.67% at around
400.0 °C agrees perfectly with the theoretical value of 8.63%
due to the removal of CO,, revealing the decomposition of
(B10),CO3 to form Bi,O5 and CO, in this process. In addition,
there are two main endothermic peaks at 388.9 and 730.8 °C as
well as one exothermic peak at 463.2 °C in the DTA curve,
corresponding to three evident phase transition processes of
Bi,05 [22]. In turn, the thermal decomposition of CdCOj5 also
takes place by a single step in the TG curve, leading to the
formation of CdO and CO, above 396.3 °C [23,24]. The
theoretical weight change from CdCO; to CdO agrees well
with the step in the experimental TG curve. Therefore, both
(Bi0),CO3 and CdCO5 samples exhibit high thermal stabilities
below 380 °C, which can satisfy the requirements for applica-
tions in lithium-ion batteries.

Fig. 3a and b exhibits the SEM images of (BiO),CO5; and
CdCOs;. Fig. 3a shows the surface morphology of (BiO),CO;
sample, which is composed of ample amount of irregular
nanosheets with a length of around 200 nm and a thickness of
around 25 nm. For comparison, CdCO3 samples display the

Fig. 3. SEM images of (a) (Bi0),CO3, (b) CdCO;5 and (c) (BiO),CO3/C
composite after ball-milling.

morphology of ball-shaped particles with the diameter ranging
from 200 to 300 nm as shown in Fig. 3b.

The CV curves of the initial three cycles for (BiO),CO5; and
CdCO;5 over a potential range of 0.0-3.0 V are shown in
Fig. 4. In the first discharge process for (BiO),CO5 as shown
in Fig. 4a, three cathodic peaks are observed at 1.59V
(strong), 1.34 V (moderate) and 0.57 V (strong). The corre-
sponding three anodic peaks can be found at 2.45 V (weak),
1.59 V (weak) and 0.98 V (strong) during the first charge
process. With further cycling, the intensities of these peaks
weaken compared with those of the first cycle. The strong
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Fig. 4. Cyclic voltammogram curves of (a) (Bi0),CO; and (b) CdCOs.

reversible anodic/cathodic couple at 0.98/0.57 V. may be
attributed to the alloying/de-alloying reaction between Bi and
Li. The existence of another two asymmetry couples of
cathodic/anodic peaks reveals that the electrochemical conver-
sion reaction of (BiO),CO5 with Li should be composed of at
least two other irreversible steps, which will be discussed in
detail in the following section.

In the case of CdCO; (Fig.4b), two reduction peaks and four
oxidation peaks are detected in the initial scanning. The
reduction peak at 0.64 V can be attributed to the reaction
between CdCO5; and Li as well as the formation of solid
electrolyte interphase (SEI) film [25]. The reduction peak at
around 0.00 V and the first two oxidation peaks at 0.42 and
0.62 V may be ascribed to the lithium insertion and extraction
from active metal material, Cd. In the following cycles, the
redox couple at 1.34/1.93 V is probably attributed to the
decomposition/formation of CdCO;. Upon repeated cycles,
the reduction peak shifts to higher potentials owing to the
decrease of polarization, the decomposition of the electrolyte
and the formation of SEI film. These results are in accordance
with those of charge—discharge tests.

The charge—discharge curves and corresponding cyclic
performances of (BiO),CO; and CdCO; are given and
compared in Fig. 5a and b. The lithiation/delithiation plateaus
in the charge—discharge profiles (Fig. 5a and b) are consistent
with the CV curves as shown in Fig. 4a and b. The (BiO),CO3
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Fig. 5. Charge—discharge curves and corresponding cyclic performances of
(a) (BiO),CO3 and (b) CdCO; at a current density of 50 mA g" between 0.0
and 3.0 V.

exhibits a discharge specific capacity of 1080.1 mAh g~ ' and

a charge specific capacity of 547.9 mAh g~ ' in the initial
cycle, corresponding to a coulombic efficiency of 50.7%. The
irreversible capacity can be ascribed to the formation of SEI
film and the electrochemical inactivity of partial inserted Li
after the initial cycle. After 20 cycles, (BiO),COj; just remains
a charge specific capacity of 119.9 mAh g~ ' with a capacity
retention of 21.9%. The poor cycling behavior can be
associated with the large volume change occurring during
charge—discharge cycles and the pulverization of active mate-
rial during Li insertion [26]. Similar to the electrochemical
property of (BiO),CO3;, CdCOj; delivers a discharge specific
capacity of 1251.1 mAh g~ and a charge specific capacity of
303.5 mAh g~ " in the initial cycle, corresponding to an initial
coulombic efficiency of 24.3%. And the charge capacity of
CdCO; is only 23.9mAh g~ ' with a capacity retention of
7.87% after 20 cycles. Therefore, it is obvious that (Bi0),COj3
is more suitable for lithium-ion batteries to be used as anode
material compared with CdCOs5.

To identify the lithium storage mechanisms in (BiO),CO;
and CdCOs, ex-situ XRD measurements were carried out for
structural evolution investigation. We assembled eleven simu-
lated batteries in the ex-situ XRD experiment. Among these
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Fig. 6. Lithiated and delithiated samples obtained for ex-sitzu XRD analysis and corresponding ex-sitru XRD patterns during the initial charge—discharge process.

(a and b) CdCOs; (¢ and d) (BiO),COs.

eleven batteries, we prepared six lithiated samples with the
names of (a), (b), (¢), (d), (e) and (f) as shown in Fig. 6a and c.
In the reverse charge process, five delithiated samples are
named as (g), (h), (i), (I) and (m).

As the ex-situ XRD patterns shown in Fig. 6b, the featured
diffraction peaks of CdCO;5 gradually disappear along lithia-
tion. At the same time, the appearance of diffraction peak at
38.4° corresponds to the (101) plane of metal Cd in JCPDS
Card no. 85-1328, indicating the phase transition from CdCO;
to Cd. Upon further lithiation, the phase transition from Cd to
LiCd can be observed according to the appearance of the
diffraction peaks at 23.0°, 38.0° and 44.9°, which bragg
positions can be attributed to the (111), (220) and (311) planes
of LiCd alloy in JCPDS Card no. 03-0916. For the final
lithiated sample, the weak peak located at 32.1° can be
identified to the (002) plane of Li,CO5 (JCPDS Card no. 83-
1454) in the XRD patterns. During further delithiation, the
diffraction peaks of Li,COj3; and LiCd disappear in the initial
charge process, and then the featured peak of Cd also gradually
disappears. Upon recharge to 3.0V, no diffraction peaks
of the delithiated sample can be observed as shown in
Fig. 6b, indicating an amorphous structure of final product.
As reported, this phenomenon also exists in the electrochemi-
cal cycles of metal hydroxides and cobalt chlorides [27,28].
Furthermore, the reversible redox peaks in Fig. 4b suggest
that the probable re-formation of the pristine sample. Based
on the above ex-situ XRD results and reversible CV curves,
the involved electrochemical reactions during the initial

charge—discharge cycle can be described as follows:

CdCO; +2Lit +2e~ <> Cd+Li,CO;

Cd+Li* +e” - LiCd

For (BiO),COs;, the XRD pattern of sample discharged to a
definite capacity shows that all the diffraction peaks of
(Bi0),CO; disappear during the initial discharge process,
indicating the complete structural destruction of the pristine
sample. Simultaneously, an interesting observation is the
appearance of the characteristic diffraction peaks of new
phases, which are indexed to metal Bi (JCPDS Card no. 85-
1329) at 27.2° (012), 38.0° (104), 39.6° (110), 45.8° (006),
48.7° (202), 56.0° (024) and Li,CO3; (JCPDS Card no. 83-
1454) at 21.4° (200). With a discharge process to 0.0 V, some
of Bi phases transform into LizBi (JCPDS card no. 27-0427)
phase as shown in Fig. 6d. During the reverse charge process,
the LizBi phase disappears and the diffraction peaks of Bi
phase become stronger. Finally, only the diffraction peaks of
Bi phase can be observed when the sample is fully charged to
3.0V.

The results of ex-situ XRD experiments indicate that the
initial discharge process leads to the formation of Li,M
(M=Cd or Bi) and Li,CO3 with a collapse of the pristine
structure of active material ((BiO),CO5; or CdCOs). Further-
more, the original structure of active material cannot be totally
recovered after the initial charge process. This lithium storage
mechanism could explain the existence of remarkable potential
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and capacity differences between the initial and subsequent
discharge curves.

According to the CV behaviors of (BiO),CO; in Fig. 4a,
three reversible reduction peaks appeared at 0.58, 0.68 and
0.72 V. It indicates that the electrochemical reaction between
Li and Bi is a complex process. In order to further clarify the
alloying reaction between Li and Bi, we made a thorough
investigation about the structural evolutions of (BiO),CO3; by
using an in-situ XRD technique. The diffraction peaks at 38.5°,
41.2° and 43.9° are attributed to the beryllium oxide layer on
X-ray window according to the JCPDS Card no. 78-1553 and
previous reports [29,30] as shown in Fig. 7a. The characteristic
diffraction peaks of (BiO),CO; gradually disappear along
lithiation. Simultaneously, new diffraction peaks at 33.6°,
38.0° and 22.9° appear in the discharge process, corresponding
to the formation of Li,O (JCPDS Card no. 77-2144), Bi
(JCPDS Card no. 85-1329) and LizBi (JCPDS Card no. 27-
0427), respectively. Besides, three unknown diffraction peaks
at 24.6°, 25.5° and 35.0° appeared in the middle of discharge
process (Fig. 7b) may be attributed to the appearance of
unidentified Li,Bi intermediate phase. These phase transitions
can be consistent with the three reversible reduction peaks that
appeared at 0.58, 0.68 and 0.72 V. In the reverse charge
process, the intensity change of the diffraction peaks at 27.1°,
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Fig. 7. In-situ XRD patterns of (BiO),COj3 cycled between 0.0 and 3.0 V at a
current density of 50 mA g~ . (a) Full-view patterns; and (b) selected patterns.

37.9° and 39.6° can be attributed to the transformation from
Li;Bi to Bi. At the fully charged state (3.0 V), only the Bi
phase can be detected in Fig. 7a. According to the above
results and previous reports on bismuth compounds as lithium
storage materials [26,31], it can be deduced that (BiO),CO5
reacts with Li according to the following conversion reactions:

(Bi0),CO3 +6Li* +6e~ —2Bi+Li,CO3 +2Li,O

Bi+3Li" +3e” < Li3Bi

Although no diffraction peaks of (BiO),CO;, Bi,O3 and
Bi,(CO3); can be detected, two weak redox couples at 1.34/
1.59 and 1.87/2.31 V can still be observed in CV curves as
shown in Fig. 4a. Therefore, the oxidation of Bi, Li,CO3 and
Li,O may result in the trace formation of Bi,O3 and Bi,(COs3);.

In addition, based on the proposed reactions, it should be
noted that the initial discharge specific capacity (1080.1 mAh
gfl) of (BiO),CO5; is much higher than the theoretical
capacity (630.1 mAh g~ "), which may be attributed to the
organic solvent reduction reaction and the probable reduction
of CO§7 to low valence carbon [17,20,32]. However, the
cycling properties of (BiO),CO;3 is poor with a capacity
retention of 21.9% after 20 cycles. In order to improve the
cycling performance of (BiO),COj;, (BiO),CO; and carbon
black are mixed by using high energy ball milling with a
weight ratio of 3:1 in a zirconia container for 10 h to obtain
well-dispersed particles and carbon buffers. As shown in
Fig. 3a and c, the average particle size of ball-milled
(Bi0),CO3/C composite is similar to the average particle size
of pure (BiO),COj; after high-energy ball-milling. Moreover,
the active materials are well-dispersed and surrounded by
conductive carbon black particles, which will improve the
electronic conductivity of (BiO),COj3 and hinder the structural
breakdown of active materials.

Fig. 8a compares the charge—discharge curves of the pristine
(Bi0),CO3 and ball-milled (BiO),CO5/C composite. It is
obvious that the ball-milled (BiO),CO3/C composite delivers
a discharge capacity of 1150.8 mAh g~ ' and a charge capacity
of 620.9mAhg~" in the initial cycle, corresponding to a
coulombic efficiency of 54.0%. The capacity retention of the
ball-milled (BiO),CO3/C composite is enhanced to 47.9%
compared with that of (BiO),COs5 as shown in Fig. 8b. After
15 cycles, the reversible charge capacity of ball-milled
(Bi0),CO3/C composite is 297.6 mAh gfl, which is much
higher than that (155.1 mAh g_l) of the pristine (BiO),COs.
The enhanced electrochemical properties of (BiO),CO5/C can
be attributed to the buffering effect and high electronic
conductivity of carbon black and the well-dispersed active
particles which can improve the charge transfer process
between material and electrolyte as the electrochemical impe-
dance spectra shown in Fig. 9.

Table 1 describes the equivalent circuit parameters of
(Bi0),CO3 and ball-milled (BiO),CO3/C composite before
and after cycles. These equivalent circuit parameters are
calculated from the spectra in Fig. 9 and fitted by ZView
software. Here, R, Ry and R are solution resistance, SEI film
resistance and charge transfer resistance, respectively. It is
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clear that the introduction of conductive carbon black
decreases the solution resistance from 5.985 to 4.672 Q and
charge transfer resistance from 38.265 to 24.603 Q. After
repeated charge—discharge cycles, both solution resistance and
charge transfer resistance show an obvious increase. Besides,
the resistance for the formation of SEI film also appears due to
the electrolyte irreversible decomposition. Based on the data of
R; and R, it is clear that the deterioration of (BiO),COs
electrode is more serious than that of ball-milled (BiO),CO5/C
composite. Therefore, the capacity retention of 47.9% for ball-
milled (BiO),CO5/C composite is also much higher the value
of 28.3% for (BiO),COs;. It suggests that the introduction of
conductive carbon black buffers improves the reversible lithium
storage capacity and cycling calendar life of (BiO),COs.

4. Conclusions

As an anode material for lithium-ion batteries, it can be
found that (BiO),CO; shows an initial discharge specific
capacity of 1080.1 mAh g~' and a charge specific capacity
of 547.9 mAh g~ ' at a current density of 50 mA g~ ' between
0.0 and 3.0 V, and remains a capacity retention of 21.9% after
20 cycles. Although CdCO; can deliver a higher discharge
specific capacity (1251.1 mAh/g) compared with (BiO),CO3,
its cycling performance is much poorer with a reversible
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Fig. 9. Electrochemical impedance spectra of (BiO),COj, and ball-milled
(BiO),CO5/C composite before (a) and after cycles (b).

Table 1
Equivalent circuit parameters of (BiO),CO; and ball-milled (BiO),CO/C
composite before and after cycles.

Sample R, (Q) Ry () R ()
(BiO),CO5-Before cycles 5.985 - 38.265
(Bi0),CO5/C-Before cycles 4.672 - 24.603
(Bi0),CO5-After cycles 8.583 40.044 108.923
(Bi0O),CO5/C-After cycles 6.826 24.674 40.527

capacity of 23.9 mAh g~ ' after 20 cycles owing to structure

instability and poor electronic conductivity. Ex-situ and in-situ
XRD results show the structural evolutions of (BiO),CO5; and
CdCOj; during the initial charge—discharge cycle. For CdCOs,
ex-situ XRD results show that the initial discharge process
leads to the pulverization of active particles and the collapse of
structure due to the formation of LiCd and Li,COs, and then
not only the pristine structure of CdCOj; cannot be restored
reversibly in the charge process but also metal Cd cannot be
observed at the end of charge, indicating the low-degree
reversibility of CdCOj; electrode. Combining the ex-sifu and
in-situ XRD results, it is obvious that the initial electrochemi-
cal reaction of (BiO),CO5 with Li is related to the formation of
Bi, Li,O and Li,COj5 and then the alloying reaction of Bi with
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Li takes place in low potential region. Upon delithiation, the
re-appearance of metal Bi can be observed, indicating the high-
degree reversibility of (BiO),COj electrode. To improve the
electrochemical properties of (BiO),COj, carbon black is
introduced by using as conductive additive and volume change
buffer. As a result, (BiO),CO3/C composite can deliver a
higher reversible specific capacity (297.6 mAh g~ ') than that
(155.1 mAh g_l) of pure (BiO),COj; after 15 cycles, indicat-
ing that conductive carbon buffers are beneficial to obtain high
lithium storage capacity and excellent cycling life.
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