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Abstract Misfit-layered calcium cobaltites (Ca3Co4O9,
Ca3Co3.9Fe0.1O9, and Ca3Co3.9Mn0.1O9), as anode materials
for lithium-ion batteries, were synthesized by a simple hydro-
decomposition method. All synthesized samples do not show
any impurity phase. They exhibited plate-like particle with the
particle size of 1–2 μm. The specific capacities of doped sam-
ples showed higher electrochemical performance compared to
the undoped sample. After charge/discharge of 50 cycles, the
specific capacities of Ca3Co4O9, Ca3Co3.9Fe0.1O9, and
Ca3Co3.9Mn0.1O9 were 343, 562, and 581 mAh g−1, respec-
tively. The doped samples showed an increase of over 60%
compared to the undoped sample. The cyclic voltammetry
profile of the doped samples showed the enhanced reactivity
corresponding to their improved electrochemical perfor-
mance. The capacity improvement of doped samples resulted
from the metal oxide/Li conversion reactions, volume change,
and high reactivity.
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Introduction

Rechargeable lithium-ion batteries (LIBs) are extensively used as
energy storage device for modern electronic devices. The
LixCoO2 is the commercially cathode materials while graphite
is widely used as anode material in LIBs [1, 2]. However, they
were limited by the theoretical capacity of 140 and 372mAh g−1,
respectively [1, 2]. Hence, the alternative materials have been
considered and researched. Especially, the metal oxide materials
have been attractive such as LiMn2O4, V2O5 Fe2O3, Co3O4,
TiO2, MnO for replacing LixCoO2 and graphite owing to their
high theoretical capacity [1, 3–15].

Misfit-layered calcium cobalt oxide (Ca3Co4O9) has
been attractively investigated over the years because of
its interesting physical and chemical properties [16–19].
Several studies have been researched on its crystal infor-
mation [16, 20], electronic structure [21], and magnetic
properties [16, 22]. In fact, Ca3Co4O9 is better expressed
as [Ca2CoO3][CoO2]1.61 since the crystal structure con-
sists of two monoclinic sublattices: a Ca2CoO3 rock-salt
layer and a CdI2-type CoO2 layer, stacking alternatively
along the c-axis [16]. In addition, a large thermoelectric
power of 125 μV/K at 300 K was reported in a single
crystal Ca3Co4O9 [16]. This leads to intensive research
on thermoelectric properties of this material [16–19].
Recently, Ca3Co4O9 was reported to show the giant di-
electric property with a high dielectric permittivity of
1.38 × 104 at 20 °C and 1 kHz [23].

The electrochemical property of the Ca3Co4O9/Li half-cell
was firstly reported by Kim et al. [24], with a large discharge
capacity of 500 mAh g−1 after 50 cycles, due to its high the-
oretical capacity of 643.3 mAh g−1. The Ca3Co4O9 anode was
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decomposed into Co nanoparticles dispersed in the Li2O-CaO
matrix after the first discharge [24]. This report is a motivation
for further study on electrochemical performance of this ma-
terial. For example, the capacity retention of 800 mAh g−1 was
obtained in the fabrication of Ca3Co4O9 thin films as anode
for LIBs after 50 cycles [25]. Furthermore, the comparison of
morphologies, i.e., nanoparticles, multilayer structure, and
micro-plates on electrochemical properties of this material,
was investigated [26]. It was found that the electrochemical
performance of nanoparticle was higher than that of the mul-
tilayer and micro-plates due to the short of lithium diffusion
transport [26]. In addition, the improved electrochemical per-
formance of Ca3Co4O9 could be done by doping other metals
in the system. For example, Ko et al. showed the iron-
substituted calcium cobaltite (Ca3Co3FeO9) as an applicable
anode material with outstanding rate capability [27]. The in
situ formation of active/inactive nanocomposites improved
the conversion reaction kinetics by accommodating the large
volume change during lithiation/delithiation process [27].
Moreover, potassium doping (Ca2.95K0.05Co4O9) could im-
prove the capacity and stability almost twice compared to
the undoped sample [28]. Recently, the effect of chromium
doping (Ca3Co3.9Cr0.1O9) on the electrochemical perfor-
mance was investigated [29]. It was found that Cr doping
could enhance the reactivity, cycling performance, and rate
capability of Ca3Co4O9 [29]. In this work, the Co atom in this
system was replaced by cheaper and more eco-friendly of Fe
and/or Mn atoms. Hence, Ca3Co4O9, Ca3Co3.9Fe0.1O9, and
Ca3Co3.9Mn0.1O9 were synthesized and investigated on their
electrochemical properties. The effect of transition metal (Fe
or Mn) doping was discussed.

Experimental

The Ca3Co4O9, Ca3Co3.9Fe0.1O9 and Ca3Co3.9Mn0.1O9 pow-
ders were synthesized from the solution of acetate salts by a
thermal hydro-decomposition method. High purities of calci-
um acetate (Poch, 99%), cobalt acetate (American Element,
99.9%), iron acetate (Aldrich, 99.99%), and manganese ace-
tate (Aldrich, 99.99%) were employed as starting materials
without further purification. In the synthesized procedure,
the metal salts were dissolved in the stoichiometric ratios in
de-ionized (DI) water. The ratio of the DI water to total metal
salts was 5 ml/1 g. The mixed solution was stirred with a
magnetic stirrer until completely dissolved at room tempera-
ture. After that, the solution was calcined at 1053K for 6 h and
then at 1123 K for 24 h in a furnace under normal atmosphere.

The phases of all synthesized samples were identified by
X-ray diffraction (XRD, Bruker, D8 Advance) using Cu-Kα

radiation (wave length = 1.5406 Å) over 2θ range of 5–65°.
The chemical compositions were verified by the energy dis-
persive X-ray spectroscopy (EDS) and the proton induced X-

ray emission (PIXE) techniques using a 2.0 MeV proton
beam. The morphology of the powders was studied using a
field emission scanning electron microscope (FE-SEM,
JEOL, JSM 7600F).

For the electrochemical experiments, the working elec-
trode of a coin-type cell was prepared as described in Ref.
29. The active mass (Ca3Co4O9, Ca3Co3.9Fe0.1O9 or
Ca3Co3.9Mn0.1O9) powders were mixed with carbon black
(CB) and polyvinylidene fluoride (PVDF) binder in 1-
methyl-2-pyrrolidinone (NMP) by which the weight ratio
of the active mass/CB/PVDF was 67:20:13. To make the
slurry, the mixture was continuously stirred with a mag-
netic stirrer for 48 h. Then, the obtained slurry was cast
onto a copper foil followed by an evaporation of the sol-
vent and dried at 333 K in a vacuum oven overnight. Cell
assembling and sealing were carried out in an argon-filled
glove box, where both moisture and oxygen levels were
less than 0.1 ppm. The weight of active material in each
electrode was used in amount of 0.6–0.7 mg. The lithium
foils were used as the counter/reference electrodes. The
electrolyte was the solution of 1 M LiPF6 in ethylene
carbonate (EC)/dimethyl carbonate (DMC) (1/1, v/v).
The assembled cells were galvanostatically cycled using
a NEWARE multi-channel battery test system in the volt-
age range of 0.001–3.0 V with the rate ranging from 0.1
to 5 C at room temperature. The cyclic voltammetry (CV)
measurements were carried out with a scan rate of
0.2 mV s−1 in the potential range of 0.005–3.0 V using
a Solartron electrochemical instrument potentiostat (SOL-
1470E, Solartron, UK).

Results and discussion

The XRD patterns of the Ca3Co4O9, Ca3Co3.9Fe0.1O9, and
Ca3Co3.9Mn0.1O9 powders are shown in Fig. 1. All diffraction
peaks of each sample match well with the standard card (PDF
21-0139) and are consistent with the Ca3Co4O9 structure with-
out any impurity phase. The lattice planes are identified ac-
cording to the previous studies [16]. This shows that both Fe
and Mn doping do not change the crystal structure of
Ca3Co4O9. The inset of Fig. 1 shows the close up of the
(002) peak which is shifted to the lower angle when transition
metals are doped. Hence, it is expected that the dopants were
substituted at the Co-sites in the structure. The shift to the
lower angle of the XRD peaks for the Fe or Mn doping is
attributed to substitution of bigger ions. In previous reports,
the charge states of Co, Fe, and Mn ions in this system were
found to be +2/+3/+4, +2/+3, and +3, respectively [19, 30].
According to Shannon’s table, the ionic radii for Co, Fe, and
Mn in six-coordination both high spin state (HS) and low spin
stat (LS) are Co2+ (0.745 Å HS, 0.55 Å LS), Co3+ (0.61 Å HS,
0.545 Å LS), Co4+ (0.53 Å HS), Fe2+ (0.78 Å HS, 0.61 Å LS),
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Fe3+ (0.645 ÅHS, 0.55 Å LS), andMn3+ (0.645 ÅHS, 0.58 Å
LS) [31]. In previous report, the spin states of Co were report-
ed as low spin state configuration [30]. However, the spin state
of Fe and Mn ions in the Ca3Co3.9M0.1O9 (M = Fe or Mn)
system is very difficult to determine. The previous studies of
Ca3Co3.9M0.1O9 (M = Fe or Mn) did not show any evidence
for the spin state of Fe ions or Mn ions [19, 30, 32].
Considering the ionic radius of Fe2+/Fe3+ and Mn3+ in both
low spin state and high spin state are slightly bigger than that
of Co ion in low spin state. Thus, partially substituting Fe or
Mn for Co ions resulted in the increment of lattice parameters
leading to the shift to the lower angel in Fig. 1. The SEM
images of the samples are shown in Fig. 2. It could be seen
that all samples exhibited the morphology of plate-like parti-
cles. The partial substitutions of Fe or Mn at Co-sites of
Ca3Co4O9 do not change on the surface morphology. The
average particle size of all samples was ∼1–2 μm. The particle
size of the doped samples was slightly larger than that of the
undoped one. The possible reason is an increment of lattice
parameters of the doped samples. To further confirm phase
identification, the quantitative analysis of the EDS and PIXE
spectra are illustrated in Table 1. These results show that the
chemical compositions of each sample are closed to the nom-
inal composition.

To investigate the effect of transition metal (Fe or Mn)
doping on electrochemical properties of Ca3Co4O9, the co-
baltite samples based on the half-cell configuration were de-
termined by the cyclic voltammetry (CV) and galvanostatic
cycling. Figure 3 shows the CV profiles of 1st–5th cycles of
the Ca3Co4O9, Ca3Co3.9Fe0.1O9, and Ca3Co3.9Mn0.1O9 nega-
tive electrodes between 0.005 and 3.0 V at a scan rate of

0.2 mV s−1. In the first cycle, all samples exhibited the prom-
inent reduction peak at 0.4 V and the broad oxidation peak
located at 2.0 V. This reduction peak could be assigned to the
crystal structure destruction process [33] and the reaction of
lithium with the active mass to form transition metals (Co, Fe,
orMn), Li2O, and inactive CaO. In this oxide, an inactive CaO
existed after full lithiation because it cannot be reduced to
metallic Ca due to its high bond strength [24], which differs
from the other oxides; all of cations were reduced to metal in
the first discharge reaction, such as MnCo2O4 and CoMn2O4

[34, 35]. On the other hand, the oxidation peak could be at-
tributed to the reaction of metals to metal oxides, for example,
Co to CoO and/or Co3O4 [24]. In the subsequent cycles, the
reduction peak was shifted to 0.6 V. This is due to the reduc-
tion of polarization induced by smaller size of electrognerated
nanograins [36]. It could be attributed to the reaction of lithi-
um with the metal oxides such as CoO, Fe3O4, and MnO to
generate metallic species (Co, Fe, or Mn), Li2O, and inactive
CaO compound. In addition, it could be clearly seen that the
intensity of oxidation and reduction peaks decreased with an
increase of cycle number for undoped sample as shown in
Fig. 3a. It could be referred to the irreversible capacity of the
electrode corresponding to a small capacity fading.

Figure 3b, c shows the CV profiles of the doped samples.
The profiles almost overlapped in the subsequent cycles
excepted for the second cycle, indicating good reversibility
of the electrodes. A slight difference in the second cycle might
be resulted from an incomplete reaction of lithium with metal
oxides. In addition, to compare the CV profiles quantitatively,
the areas under the oxidation and reduction peaks are evalu-
ated as shown in Table 2. It could be clearly seen that the

Fig. 1 X-ray diffraction patterns
of a the standard reference (PDF
21-039), b Ca3Co4O9, c
Ca3Co3.9Fe0.1O9, and d
Ca3Co3.9Mn0.1O9. The inset
expands the (002) peak
demonstrating the shift to the
lower angle with transition metal
doping
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doped samples showed much higher peak areas than those of
undoped sample. This indicates the higher reactivity of the
Ca3Co3.9Fe0.1O9 and Ca3Co3.9Mn0.1O9 electrodes which

could contribute to the improvement of capacity. The peak
areas of Ca3Co3.9Fe0.1O9 were slightly higher than those of
Ca3Co3.9Mn0.1O9, indicating higher capacity.

In the galvanostatic mode, the charge/discharge cycling of
the Ca3Co4O9, Ca3Co3.9Fe0.1O9 and Ca3Co3.9Mn0.1O9 nega-
tive electrodes carried out in the potential window of 0.001–
3.0 Vat a rate of 0.1 C is shown in Fig. 4. Figure 4a shows the
first and 50th charge/discharge profiles. All samples exhibited
similar three regions in the first discharge voltage curve. In the
first region, the voltage abruptly dropped from 3.0 to 0.9 V.
This region refers to the insertion of a very small amount of
lithium-ions into the crystal structure [7, 24]. It can be seen
that the insertion of lithium-ions in Ca3Co4O9 was larger than
that of Ca3Co3.9Fe0.1O9 and Ca3Co3.9Mn0.1O9, corresponding
to the higher initial capacity of 200 mAh g−1 for Ca3Co4O9

and of 120 mAh g−1 for the doped samples. This might be due
to the slightly smaller particle of Ca3Co4O9 which resulted in
higher surface area. The second region was the long plateau
with the voltage of 0.9 V. The last region was the gradual
voltage decrease to 0.001 V. The first discharge capacities of
∼1000 mAh g−1 were obtained for all samples. These values
were higher than their theoretical capacities (∼643 mAh g−1),
which was an effect of the solid electrolyte interface (SEI)
layer as discussed in the previous reports [24, 29]. This sug-
gests a similar electrochemical process in the first discharge.
Hence, the first discharge reaction led to the irreversible crys-
tal destruction and the formation of transition metals (Co, Fe,
orMn) dispersed in the Li2O and inactive CaOwhich could be
written as follows:

Ca3Co3:9M 0:1O9 þ 12Li→3:9Coþ 0:1M þ 6Li2O

þ 3CaO M ¼ Co;Fe;Mnð Þ

During the first charge, all samples exhibited an analogous
charge profiles, indicating similar electrochemical reactions. The
charge profile had no plateau and the slope changed at ∼2.0 V.
The undoped sample exhibited a capacity of 397 mAh g−1 while
the doped samples showed higher capacities of 537 and
518mAh g−1 for Ca3Co3.9Fe0.1O9 andCa3Co3.9Mn0.1O9, respec-
tively. The capacity of Ca3Co3.9Fe0.1O9 was slightly higher than
that of Ca3Co3.9Mn0.1O9, as the above discussion, due to its high
reactivity. In addition, during the first charge/discharge, the
undoped sample showed much higher capacity loss compared
to the doped samples. The losses of capacities are a result of
irreversible components during the first charge/discharge cycle;
59% for Ca3Co4O9, 48% for Ca3Co3.9Fe0.1O9, and 50% for
Ca3Co3.9Mn0.1O9. This could also be observed in other metal
oxide electrodes [3, 4, 37]. In the first charge reaction, the tran-
sition metals (Co, Fe, or Mn) were converted to their oxides. On
the other hand, their oxides were also reduced to their metals in
the subsequent discharge cycles. The charge/discharge reaction

Fig. 2 SEM micrographs of the calcined powders: a Ca3Co4O9, b
Ca3Co3.9Fe0.1O9, and c Ca3Co3.9Mn0.1O9

Table 1 The atomic and weight percents, determined from the EDS
and PIXE techniques, respectively, of Ca3Co4O9, Ca3Co3.9Fe0.1O9, and
Ca3Co3.9Mn0.1O9

Sample EDS (at.%) PIXE (wt.%)

Ca Co Fe Mn Ca Co Fe Mn

Ca3Co4O9 21.0 29.1 – – 34.1 65.9 – –

Ca3Co3.9Fe0.1O9 21.7 27.7 0.6 – 32.9 65.5 1.6 –

Ca3Co3.9Mn0.1O9 21.5 27.8 – 0.7 32.3 66.0 – 1.6
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can be expressed as follows:

3:9Coþ 0:1M þ 6Li2Oþ 3CaO⇔3:9 CoOþ 2Lið Þ
þ A MxOy þ BLi

� �þ CLi2Oþ 3CaO

where A, B, C, x, and y are real numbers which balance the
equation.

Figure 4b–d shows the specific capacities of selected
charge/discharge profiles in the subsequent cycles for clarity.
For the charge profiles, all sample showed the similar curve as
the first charge profile. It has no plateau and changes the slope
at voltage of 2.0 V. This indicates the same oxidation reaction
as the first charge reaction. The specific charge capacities of

the doped samples were gradually to increase with an increase
of cycling number while the capacity of the undoped sample
tended to decrease from the 2nd cycle to 40th cycle and seem
to increase slightly in the 50th cycle. The discharge voltages
could be divided into two regions for all samples. The first
region was the abrupt decrease of voltage from 3.0 to 1.2 V.
The slope profiles were likely to decrease with an increase of
cycles. In this region, the capacities of the undoped and doped
samples were obtained as 25 and 80 mAh g−1, respectively.
The characteristic of this region was also observed in the pre-
vious systems such as Ca3Co4O9 [24], Ca3Co3Fe1O9 [27], and
Co3O4 [7]. It was referred to the formation of intermediate
compounds, for instance, LixCo3O4 or CoO, which were

Fig. 3 The cyclic voltammogram at a scanning rate of 0.2 mV s−1 of the following: a Ca3Co4O9, b Ca3Co3.9Fe0.1O9, and c Ca3Co3.9Mn0.1O9

Table 2 Comparison of the peak
area of the reduction peak (0.4
and 0.8 V) and oxidation peak
(2.0 V) from CV profiles of
Ca3Co4O9, Ca3Co3.9Fe0.1O9, and
Ca3Co3.9Mn0.1O9

No.
of
cycle

Ca3Co4O9 Ca3Co3.9Fe0.1O9 Ca3Co3.9Mn0.1O9

Reduction
peaks
(×10−3 mAV)

Oxidation
peak
(×10−3 mAV)

Reduction
peaks
(×10−3 mAV)

Oxidation
peak
(×10−3 mAV)

Reduction
peaks
(×10−3 mAV)

Oxidation
peak
(×10−3 mAV)

1st 60.5 3.83 342 26.2 335 23.7

2nd 5.85 3.37 145 28.8 144 22.8

3th 57.1 2.46 140 28.1 139 25.2

4th 5.63 2.19 140 33.4 138 23.1

5th 6.52 2.43 136 31.2 138 24.4
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decomposed to Co and Li2O for further reduction [7, 24, 27].
The second region was the gradual decrease of the voltage
from 1.2 to 0.001 V. The specific discharge capacities of the
undoped sample gradually decreased with the number of cy-
cles as shown in Fig. 4b, which is about 13.4% decrease. On
the other hand, Fig. 4c, d shows the stable charge/discharge
capacities of the doped samples over the cycling measure-
ment. This indicates that the partial Fe orMn doping improved
the cycling performance of Ca3Co4O9. In addition, the capac-
ity of Ca3Co3.9Mn0.1O9 was slightly higher than that of
Ca3Co3.9Fe0.1O9 after charge/discharge of 10 cycles. This in-
dicates that the reactivity of Ca3Co3.9Mn0.1O9 might be en-
hanced during subsequent charge/discharge process. The spe-
cific discharge capacities of Ca3Co4O9, Ca3Co3.9Fe0.1O9, and
Ca3Co3.9Mn0.1O9 samples at the 50th cycle were 348, 562,
and 581 mAh g−1, respectively. It could be clearly seen that
the capacities of the doped samples were much larger than
those of the undoped sample, with an increase of over 60%.
When compared between the dopants (Fe and Mn), the differ-
ence in the capacity is not significant in the present study.

Our results showed that the substituted transition metals
could improve the capacity and stability in the Ca3Co4O9

system as anode electrodes for LIBs. The effect of Fe or Mn

doping is a significant factor to improved electrochemical per-
formance. The possible reasons for an improvement of capac-
ity in the doped samples might be due to a few possible con-
tributions. The first contribution is the metal oxide-lithium
conversion reaction. In case of Fe doping, the iron oxide–
lithium (Fe3O4/Li) conversion reaction is a possible reason
for enhanced capacity of Ca3Co3.9Fe0.1O9/Li cell because
the approximate voltage of this reaction is similar to the pres-
ent study [37]. On the other hand, based on the manganese
oxide compounds Mn3O4, Mn2O3, and MnO2, their oxide–
lithium ion (MxOy/Li) is much too low to be a possible reason
for enhanced capacity of Ca3Co3.9Mn0.1O9/Li cell. TheMxOy/
Li conversion reaction exhibited the approximate voltage of
only ∼0.4 V [38–40]. The exception is MnO in the MnO/Li
conversion reaction. The discharge profile of MnO/Li cell
exhibits the voltage plateau of 0.6 V [3], similar to the present
study. Hence, MnO/Li conversion reaction could be a possible
reason for the enhanced capacity of Ca3Co3.9Mn0.1O9/Li cell.
Furthermore, another contribution is the electrochemical reac-
tion of electrode materials. In both cases (Fe and Mn doping),
the reduction of volume change could mainly contribute to the
improvement of the capacity. Co and Fe metals preferred the
oxidation states as CoO and Fe3O4 [27] and the most stable

Fig. 4 The galvanostatic charge/discharge capacities at a rate 0.1 C of Ca3Co4O9, Ca3Co3.9Fe0.1O9, and Ca3Co3.9Mn0.1O9. a The first (solid line) and
50th (dashed line) cycles. The subsequent cycles are shown in b Ca3Co4O9, c Ca3Co3.9Fe0.1O9, and d Ca3Co3.9Mn0.1O9
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oxidation of MnO was expected. The Ca3Co3.9Fe0.1O9/Li and
Ca3Co3.9Mn0.1O9/Li conversion reactions and volume change
could be determined as illustrated in Table 3. The detail of the
calculation is available in the supporting data. The Fe or Mn
doping reduced the volume change and maintained high the-
oretical capacity. As shown in Table 3, the volume changes in
the first discharge reaction were reduced to ∼55%, and further
reduced to 24.5%, and 23.6% in the subsequent cycles for
Ca3Co3.9Fe0.1O9 and Ca3Co3.9Mn0.1O9, respectively.

The galvanostatic charge/discharge cycling results at the
rate of 0.1, 0.2, 0.5, 1, 2, and 5 C are shown in Fig. 5. The
doped samples exhibited the higher charge/discharge capaci-
ties over all range of measurements, indicating a high rate
capability. However, the capacity of Ca3Co3.9Fe0.1O9/Li cell
was rapidly decreased at a rate of 5 C. This indicates that the
capacity of Ca3Co3.9Mn0.1O9/Li cell was better than that of the

Ca3Co3.9Fe0.1O9/Li cell in the high C-rate. In addition, the
coulombic efficiency was higher 93%, indicating a high ratio
of delithiation/lithiation.

Conclusions

Ca3Co4O9, Ca3Co3.9Fe0.1O9, and Ca3Co3.9Mn0.1O9 powders
were successfully synthesized and tested for anode electrode
candidate in LIBs. The transition metal (Fe or Mn) doping
could improve the cycling performance and rate capability
of Ca3Co4O9. The enhancement of capacity resulted from
the higher reactivity, the reduction in volume change, and
the transition metal oxide–lithium conversion reaction. In the
redox reactions, the Co, Fe, and Mn metals were likely to be
oxidized as CoO, Fe3O4, and MnO, respectively. Further

Table 3 The electrochemical conversion reactions, the theoretical capacity, the volume change, and the approximate voltage for metal oxide reaction

Electrochemical conversion reactions Theoretical capacity
(mAh g−1)

Volume
change (%)

Approximate
voltage (V)

1ð Þ Ca3Co3:9Co0:1O9 þ 12Li→3:9Coþ 0:1Coþ 6Li2Oþ 3CaO dischargeð Þ ↔3:9
CoOþ 2Lið Þ þ0:1 CoOþ 2Lið Þ þ2Li2Oþ 3CaO chargeð Þ

643.3 55.0 0.9
31.0

2ð Þ Ca3Co3:9Fe0:1O9 þ 12Li→3:9Coþ 0:1Feþ 6Li2Oþ 3CaO dischargeð Þ ↔3:9
CoOþ 2Lið Þ þ0:03 Fe3O4 þ 8Lið Þ þ1:98Li2Oþ 3CaO chargeð Þ

643.7 55.1 0.9
24.5

3ð Þ Ca3Co3:9Mn0:1O9 þ 12Li→3:9Coþ 0:1Mnþ 6Li2Oþ 3CaO dischargeð Þ ↔3:9
CoOþ 2Lið Þ þ0:1 MnOþ 2Lið Þ þ2Li2Oþ 3CaO chargeð Þ

643.8 55.2 0.9
23.6

(4) CoO + 2Li→Co + Li2O 718 84.2 0.8 [7]

(5) Fe3O4 + 8Li→ 3Fe + 4Li2O 926 83.3 0.8 [37]

(6) MnO + 2Li→Mn + Li2O 755 71.2 0.6 [3]

(7) Mn3O4 + 8Li→ 3Mn + 4Li2O 936 73.9 0.4 [40]

(8) Mn2O3 + 6Li→ 2Mn + 3Li2O 1019 259.0 0.4 [38]

(9) MnO2 + 4Li→Mn + 2Li2O 1230 109.4 0.4 [39]

*The details for calculation of the volume change are available in the supplementary data

Fig. 5 The galvanostatic charge/
discharge capacities and
efficiency of Ca3Co4O9,
Ca3Co3.9Fe0.1O9, and
Ca3Co3.9Mn0.1O9 at the rate of
0.1, 0.2, 0.5, 1, 2, and 5 C. The
half-filled, hollow, and filled
symbols represent efficiency,
charge, and discharge,
respectively
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studies for the research on other metal doping, such as Ni, Cu,
and Zn, are likely to be the key to improve the capacity of this
anode material.
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