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ABSTRACT: As substitutions for transition metal oxides (MOs), transition metal carbonates (MCO;) have been attracting
more and more attention because of their lithium storage ability in recent years. Is MCOj better than MOs for lithium storage?
To answer this question, monodisperse CoCO; and CoO microspindles with comparable structures were synthesized and
investigated as a case study. Excluding its structural effect, we found CoCO; still exhibited reversible capacities and rate
capabilities much higher than those of CoO. The reversible capacity of CoCOj after 10 cycles was 1065 mAh g™, 48.2% higher
than that (~720 mAh g™') of CoO. Furthermore, the greatly different electrochemical behaviors were investigated by analyzing
the discharge—charge profiles, cyclic voltammetry curves, and Nyquist plots in depth. This work can improve our understanding
of the lithium storage advantages of MCOj; against MOs and enlighten us in terms of developing high-performance MCO; with

favorable structures.
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B INTRODUCTION

Lithium ion batteries (LIBs) are currently powerful and
promising devices for increasing the diversity of portable
electric applications because of the high energy and power
density, good safety, and environmental benignity.'~* Tremen-
dous effort has been spent in developing advanced anode
materials to substitute for the commercial graphite anode with a
low theoretical capacity (372 mAh g™' for LiC) and
unsatisfactory rate performance.”~” In 2000, Tarascon’s group
introduced transition metal oxides (MOs) as LIB anodes and
proposed a conversion mechanism in which MOs can reversibly
decompose to M°/Li,O and contribute specific capacities
(generally 700—1100 mAh g') much higher than that of
graphite.8 Henceforth, almost all the potential MOs (M = Co,
Fe, Ni, Cu, Mn, Cr, etc.) were investigated in depth and can
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approach or even exceed their theoretical capacity with the help
of nanotechnology and composite modification.””

If transition metal carbonates (MCO,) are adopted as LIB
anodes, according to the conversion mechanism, MCOj; should
convert to M°/Li,CO; when discharging and contribute a
limited capacity of ~450 mAh g~'. However, more and more
results indicate that MCOj; has much higher potentials for
lithium storage.”>° In our previous work, CoCO;/graphene
exhibited a high reversible capacity of ~930 mAh g~! (after 40
cycles), more than twice the theoretical value based on the
conversion mechanism.>' In multiple analyses of the electro-
chemical behaviors by combining experimental measurements
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and computational simulations, we proposed that Li,CO; can
also participate in lithium storage with the catalytic effect of the
newly decomposed metal nanoparticles from MCO; at
appropriate potentials. On the basis of the novel mechanism,
MCO; can in principle deliver a more promising capacity of
~1300 mAh g' and hence has attracted more and more
attention in recent years.”” >’ For example, rambutan-like
FeCO; hollow microspheres and FeCO; microrhombohedra
exhibited long-term and reversible capacities of ~880 mAh g™
after 100 cycles and 1018 mAh g™' after 120 cycles,
respectively.”>* Furthermore, with the help of high-con-
ductivity materials, CoCO;/polypyrrole composites demon-
strated a reversible capacity of 1070 mAh g™' for 100 cycles,
good rate performances, and a recovery capacity of up to 1787
mAh g7! after 500 cycles at 1-5 C.*° In comparison, the
theoretical values of FeO and CoO were only 746 and 718
mAh g~', respectively. Thus, is MCOj; better than MOs for
lithium storage?

To address this question, we investigated the electrochemical
lithium storage behaviors of CoCO; and CoO as a case study.
To avoid the negative effect of morphology and particle size,
CoCOj; and CoO were designed with comparable structures.
Monodisperse CoCO; and CoO microspindles (~1.4 um in
length and 0.5—0.7 ym in diameter) were synthesized through
a solvothermal route and subsequent sintering. Profiting from
the favorable features, both hierarchical CoCO; and CoO
microspindles presented high reversible capacity and consid-
erable cycling stability. Furthermore, the electrochemical
behaviors were studied in depth by comparing the discharge—
charge curves and the results of cyclic voltammetry (CV), and
electrochemical impedance spectroscopy (EIS). This work can
improve our understanding of the lithium storage advantages of
MCO; versus MOs.

B EXPERIMENTAL SECTION

Material Synthesis. Monodisperse CoCO; and CoO micro-
spindles were fabricated through a facile solvothermal treatment and
subsequent sintering. All the reagents are analytical grade and used
without further purification. In a typical synthesis, 0.299 g of cobaltous
acetate, 1.500 g of urea, and 1.405 g of sodium dodecyl
benzenesulfonate (SDBS) were homogeneously dispersed in 60 mL
of ethylene glycol (EG) under vigorous and ultrasonic agitation for 60
min separately. The suspension was placed to a 100 mL Teflon-sealed
autoclave and maintained at 180 °C in an oven for 24 h. The products
were centrifuged and washed with ethanol and water at least three
times separately and dried at 60 °C. The pink samples were further
changed to CoCOj; microspindles at 300 °C for 4 h in an Ar flow. To
obtain pure CoO microspindles with comparable structures, CoCOj;
precursors were decomposed at a relatively low temperature (400 °C
for 4 h) under vacuum.

Material Characterization. The samples were characterized by X-
ray diffraction (XRD) [Rigaku D/Max III diffractometer with Cu Ka
radiation (4 = 1.5418 A)], scanning electron microscopy (SEM)
(Hitachi S-4700 operated at 15 kV and an FEI Nanosem 430 field-
emission gun scanning electron microscope), and thermogravimetric
analysis (TG-DTA) (Rigaku PTC-10A TG-DTA analyzer). Trans-
mission electron microscopy (TEM), high-resolution transmission
electron microscopy (HRTEM), and selected area electronic
diffraction (SAED) were conducted with Tecnai G®F-30 S-Twin
(operated at 300 kV) and FEI Tecnai G*F-20 field-emission gun
transmission electron microscopes.

Electrochemical Measurements. In the test cells, lithium metal
was used as the counter and reference electrode. The working
electrodes were comprised of active materials, acetylene black (AB),
and polytetrafluoroethylene (PTFE) at a weight ratio of 15:3:2. The
average weight of the working electrodes is approximately 2 mg. The

electrolyte was 1 M LiPF; dissolved in a 1:1:1 ethylene carbonate
(EC)/ethylene methyl carbonate (EMC)/dimethyl carbonate (DMC)
mixture. The cells were assembled in a glovebox filled with high-purity
argon (O, and H,0 at <1 ppm). Discharge—charge measurements of
the cells were performed in the potential range of 0.01—3.00 V (vs Li/
Li*) under a LAND-CT2001A instrument at room temperature. CV
was performed at a scanning rate of 0.1 mV s~ between 0.01 and 3.00
V (vs Li/Li*). EIS was conducted with a Solartron SI1287+SI1260
potentiometer at 25 °C with the frequency ranging from 10 kHz to 10
mHz and an AC signal with an amplitude of 5 mV as the perturbation.

B RESULTS AND DISCUSSION

Monodisperse CoCO; and CoO microspindles were fabricated
through a facile solvothermal route and subsequent sintering.
First, monodisperse CoCOj; was synthesized via a solvothermal
procedure by optimizing the temperatures and Co®* concen-
trations (Figures S1—S3 of the Supporting Information). Then,
the prepared microspindles were further sintered at 300 °C in
an Ar flow to remove the residue H,O and improve the
crystallinity. As shown via TGA (Figures S4 and SS of the
Supporting Information), the small weight loss before 300 °C
corresponds to the removal of the residue H,O, while the steep
slope at ~350 °C indicates the decomposition of CoCO;. As
previously reported, pure CoO can be obtained by decomgos—
ing CoCO; at high temperatures (>700 °C) in Ar.***
However, the microspindles were found to be damaged to a
great extent, which yield make some negative effects on the
comparison of electrochemical behaviors between CoCO; and
CoO. Instead, a low-temperature heating (400 °C) in vacuum
was adopted here to decompose CoCO; to CoO microspindles
with comparable structures and sizes.>*" The preparation can
be schematically illustrated in Scheme 1.

Scheme 1. Illustration of the Preparation of Multilayer
CoCOj; and Porous CoO Microspindles
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Figure 1 presents the XRD patterns of solvothermal products
after two different heating treatments. All the peaks are well
assigned to the standard cards of pure CoCO; and CoO,
indicating no impurity existed. The main peaks of the product
(300 °C) at 25.0°, 32.6° and 53.8° belong to (0 1 2), (1 0 4),
and (1 1 6) planes, respectively, of rhombohedral CoCO,
(JCPDS Card No. 11-0692), while the peaks of the product
(400 °C) at 36.5° 42.4°, 61.5° and 73.7° correspond to (1 1
1), (200), (220), and (3 1 1) planes, respectively, of cubic
CoO (JCPDS Card No. 43-1004).

Figure 2 shows the morphology and inner structure of
CoCOj products. It is clear that CoCO; microspindles possess
a good distribution (~1.4 pm in length and ~0.7 ym in
diameter) without obvious agglomeration (Figure 2A,B).
Furthermore, these microspindles have a rough surface
consisting of thousands of CoCO; nanoparticles (Figure 2C).
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Figure 1. XRD patterns of the solvothermal products after being
heated at 300 °C in Ar (CoCO;) and 400 °C under vacuum (CoO).

Figure 2. SEM (A—C) and TEM (D-F) images of CoCOj;
microspindles.

In fact, TEM images demonstrate that all the CoCO;
microspindles are not solid single crystalline but composed of
some layers full of CoCOj; nanoparticles (Figure 2D—F). To
further confirm this conclusion, CoCO; microspindles were
manually gridded for 2 min and totally changed to very small
nanoparticles (generally 10—-30 nm) (Figure 3A,B), in
agreement with the SEM and TEM results mentioned above.
Note that some research groups have also noticed the
hierarchical multilayer or hollow MCO; microparticles in
recent years and ascribed their formation to the gas templates
and Ostwald ripening process in the solution as well as the
Kirkendall effect during sintering.22’32_37 In this work, the three
factors might function at the same time. (1) Urea in the mixture
solution decomposed into CO, and NHj first. On one hand,
CO, can react with Co** to form CoCOj nanocystals; on the
other, more CO, might absorb on the surface of CoCOj; and
serve as the gas templates for the formation of another CoCO;
layer. (2) Ostwald ripening plays an essential role in the
solvothermal treatment, during which small CoCOj; nano-
cyrstals trend to grow into larger particles and hence enlarge
the space between layers. (3) Both the release of H,O residue
and the increase in the crystallinity during sintering increase the
density of CoCO; and hence benefit the formation of the
multilayer structure.

The prepared CoCO; and CoO microspindles were
assembled into working electrodes and tested at 0.01-3.0 V
(Figure 3C,D). When the microspindles were cycled at SO mA
g~!, the initial discharge—charge capacities were 1875.9 and
1135.4 mAh g~ with a Coulombic efficiency of 60.5% (Figure
3C). The reversible capacity was maintained over 800 mAh g™
during the initial 40 cycles, indicating the Li—CoCOj reaction
exhibits good reversibility and high capability for energy
storage. Even at 200 and 500 mA g, the reversible capacities
after 40 cycles still remained at 638 and 469 mAh g,
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Figure 3. SEM (A) and TEM (B) images of CoCO; microspindles after being ground for 2 min. (C) Charge—discharge profiles at 50 mA g™' and
(D) cycling performance at different current densities of CoCO; microspindles.
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respectively (Figure 3D). The considerable performances can
be attributed to the favorable hierarchical structure of CoCO;
microspindles. (1) Large microspindles consisting of thousands
of CoCO; nanocrystals (10—30 nm) provide a better electron/
Li* transport and a reduced absolute volume variation in
comparison with bulk ones. (2) The multilayer structures can
further accommodate the volume swings during the repeated
lithiation—delithiation processes and hence maintain the
support integrity to a great extent. Similar hollow or multilayer
structures have been widely adopted for the preparation of
high-performance LIB anodes, especially MOs and $nO,.**™*

Does CoCOj; have better lithium storage capability than
Co0O? To obtain comparable CoO structures, CoCO; micro-
spindles were slowly decomposed at a relatively low temper-
ature (400 °C) under vacuum. Along with the gradual release of
CO,, the close-grained CoCOj surface changed to a porous
structure, while the diameter of microspindles decreased to
~0.5 um (Figure 4A,B). TEM images further reveal that

Figure 4. SEM (A and B) and TEM (C and D) images of CoO
microspindles.

multilayer microspindles were totally transformed into porous
microspindles, while CoCOj nanocrystals (10—30 nm) grew
into larger CoO nanoparticles (40—100 nm) (Figure 4C,D).
HRTEM and SAED demonstrated both CoCO; and CoO are
quite crystalline (Figure S6 of the Supporting Information). No
obvious impurities were observed. The variation in morphology
can be attributed to the release of CO, from CoCOj; and the
increasing crystallinity of CoO.***** In summary, CoCO, and
CoO microspindles possess a comparable structure for
comparison of their electrochemical behaviors.

Profiting from similar hierarchical structures, porous CoO
microspindles also presented a high reversible capacity and
considerable stability. At SO mA g, the initial discharge—
charge capacities were 1497.5 and 803.8 mAh g™’ with a
Coulombic efficiency (53.7%) lower than that of CoCO,
(Figure SA). The reversible capacity remained at 528 mAh
g~ ! after 40 cycles. Note that the capacities of both CoCO, and
CoO gradually decreased along with repeated cycling, because
of the unsatisfactory electronic conductivity and the lack of
passivation layers for the huge volume variation. Notable
among these is the fact that the reversible capacity of CoCOj;
after 10 cycles is 1065 mAh g™, 48.2% higher than the value
(~720 mAh g™') of CoO. Also, CoCO; exhibited better
Coulombic efficiency and rate capability. Thus, why does

CoCO; have better lithium storage capability than CoO? The
discharge—charge behaviors were investigated in depth by
comparing the discharge—charge profiles, CV curves, and EIS
spectra (Figure SB—D). The initial discharge profile and
cathodic CV curve of CoCO; and CoO greatly differ from the
subsequent ones, referring to the irreversible formation of the
solid—electrolyte interface (SEI) film that mainly grows durin

the first discharge process below 1.0 V (Figure 5B,C).*~*

Although CoCO; and CoO have similar SEI formation and
irreversible capacities of ~700 mAh g~' in the first discharge,
they presented totally different discharge—charge and CV
curves as well as corresponding redox reactions during the
following cycles. Contrary to the direct conversion from CoO
to Co%/Li,0, the lithiation of CoCOj; can be divided into two
parts. (1) CoCO; decomposes to Co® and Li,CO;. (2) C* in
Li,CO; is further reduced to other low-valence C elements
under the catalytic effect of the newly generated Co’
nanoparticles at appropriate potentials; this process has been
preliminarily confirmed in many reports (Figure S7 of the
Supporting Information).*"**>% Accordingly, the discharge—
charge and CV curves exhibit two couples of potential
platforms and/or peaks at 1.8—2.2 and 1.0—1.4 V. The obvious
potential differences at discharge and charge processes can be
attributed to the great polarization along with electron storage,
which tremendously existed in anode materials, especially
transition metal compounds.*’~* Note that similar catalytic
reactions also exist beyond C* in Li,CO; For example,
Rangasamy et al. reported that the Li;PS, solid electrolyte could
contribute an additional capacity by reducing the valence of P**
to P* in the presence of the LiF catalyst.’® Hu et al. also
reported that LiOH, one of the SEI components, can react with
Li to form Li,O and LiH in the presence of Ru’>"

Note that EIS spectra imply that CoCOj electrodes have
electron transport and Li* ion diffusion similar to or poorer
than that of CoO, especially after cycling (Figure SD, Figure S8
and Table S1 of the Supporting Information). Moreover,
considering the insertion of more Li*, CoCO; should have an
expansion of volume larger than that of CoO, although no
direct data were reported, to the best of our knowledge. Thus,
why did CoCOj; present much higher capacities than CoO? In
fact, the higher lithium storage capability of CoCO; did not
come from a better electron—Li* transfer but was ascribed to its
theoretical value being much higher than that of CoO.
According to the aforementioned electrochemical catalytic
conversion mechanism, CoCOj; theoretically has lithium
storage potentials (1350 mAh g™' for Co*" to Co® and C*
to C’) much higher than that of CoO (718 mAh g™' for Co*"
to Co°). Therefore, the poorer electron—Li" transfer did not
conflict with the conclusion that the electrochemical perform-
ance of CoCOsj is better than that of CoO. By contrast, the
difficulties in the kinetics and volume variation make it clear
that CoCO; has many more lithium storage sites than CoO,
which can satisfactorily explain all the electrochemical behaviors
of CoCOj and CoO in this work. Also, we prepared MCO; and
the counterpart MOs (MnCO;—MnO and FeCO;—Fe,0;) and
compared their electrochemical performances (Figure S9 of the
Supporting Information). Taken together, we believe that
MCO; has higher lithium storage capability than MOs. An
effective strategy for minimizing the electron—Li* transfer
resistance and volume expansion is preparing CoCO; nano-
particles and combining them with high-conductivity materials
such as conductive polymers, pyrolysis carbon, carbon
nanotubes, and graphene."*~
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Figure 5. Comparison on the electrochemical lithium storage behaviors of CoCO; and CoO microspindles: cycling performances at 50 mA g™ (A),
charge—discharge profiles at 50 mA g~' (B), CV curves (C), and Nyquist plots before cycling and after three cycles (D).

Bl CONCLUSION

In summary, to compare the electrochemical lithium storage
behaviors of MCO; and MOs, monodisperse CoCO; and CoO
microspindles with comparable structures were synthesized
through a facile solvothermal treatment and subsequent
sintering. Profiting from the hierarchical multilayer and porous
features, both CoCO; and CoO exhibited a high reversible
capacity and considerable stability. Note that the reversible
capacity of CoCOj after 10 cycles is 1065 mAh g, 48.2%
higher than that (~720 mAh g™') of CoO. Furthermore,
CoCO; and CoO demonstrated greatly different electro-
chemical behaviors, including the discharge—charge profiles,
CV curves, and EIS spectra, indicating that CoCOj; has much
greater capability for lithium storage than CoO. Also, CoCOj;
possesses similar electron—Li" transfer and larger volume
variation during the discharge—charge process than CoO,
which restricts its capacity and cycling stability to a great extent.
Preparing CoCOj; nanoparticles and combining them with
high-conductivity materials can effectively overcome these
shortcomings. This work can improve our understanding of
the lithium storage advantages of MCO; against MOs and
enlighten us in terms of developing high-performance MCO;
with favorable structures.

B ASSOCIATED CONTENT
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XRD patterns, SEM images of the solvothermal products under
different conditions, TGA curves of CoCO;, HRTEM and
SAED of CoCO; and CoO, Nyquist plots and equivalent
circuit, and electrochemical performances of MnCO;-MnO and
FeCO;-Fe,0;. This material is available free of charge via the
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