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Abstract: In this work, CoM004/Co304 hollow porous octahedrons are synthesized
by thermal conversion of a cyanide-metal framework (CMF) compound of
Coy[Mo(CN)s]'xH,O. As anode materials for lithium ion batteries (LIBs), the
CoMo004/Co304 electrodes exhibit a remarkably improved electrochemical
performance in terms of large lithium storage capacity (1175.1 mA h g at 200 mA
g™), high initial coulombic efficiency (86.9%), outstanding cycling stability (96.9%
capacity retention after 100 cycles) and remarkable rate capability (924.2 mA h g at
2000 mA g'l). The excellent electrochemical performance of the CoMoQO4/Co304
composite can be ascribed to the hollow porous structure and the possible synergistic
effect of different components, which could provide more efficient charge storage
sites, shorten ion diffusion and electron transport path, and accommodate the volume
change during cycling. The facile synthesis strategy and excellent lithium storage
performance render the CoMoO4/Co304 hollow porous octahedrons a promising
candidate for high-performance LIBs anode materials.

Keywords: Hollow porous octahedrons; Cyanide-metal framework; CoMo0QOy; Co304;

Lithium 1on batteries

Page 2 of 21


http://dx.doi.org/10.1039/c7ta08868j

Page 3 of 21 Journal of Materials Chemistry A

View Article Online
DOI: 10.1039/C7TA08868J

1. Introduction

Energy problem is always an important factor restricting the development of social
economy.'* Lithium ion batteries (LIBs) has become the most popular generation of
storage battery due to its prominent characteristics of high specific energy, high
voltage and long service life.”® During the process of seeking high performance LIBs,
transitional metal oxides such as C03O4,9'13 MoO3,14’15 FezO3,16'18 FegO4,19'21 MnOz,22
Sn0,, 2% etc. are considered to be the promising anode materials because of their
excellent physical and chemical properties as well as superior theoretical capacities
compared to 372 mA h g'1 of graphite. However, large initial irreversible capacities
and poor cycling stability resulting from volume changes during the lithiation and
delithiation processes usually result in fast capacity fading and further greatly impede
their practical elpplicettion.26’27 Although constructing nanostructured transition metal
oxides with different morphologies is expected to be an effective strategy to improve
their electrochemical performance, many single-metal oxides remain suffering from
poor cycling stability.zg'3 2 Alternatively, ternary transition-metal oxides have attracted
increasing research interest in recent years. The complex chemical compositions and
the synergic effects of various metal elements in these materials lead to their

remarkable electrochemical performance.” Recently, a ternary transitional oxide of
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CoMoO4 has emerged as an attractive anode material due to its feasible oxidation state,
high conductivity and high theoretical specific capacity (980 mA h g™).>**’ During
electrochemical reaction, CoMoO4 quickly converts to Co03;04 and MoO;
nanocomposites dispersed in Li,O matrix, which offers a buffering effect for the
volume change in the charge/discharge process.”®*' Besides abundant oxidation states
of Mo (from +III to +VI), the low potential of conversion reactions can also help to
obtain much higher specific capacity and energy density. For example, Christie et al.
reported CoMoQ, submicrometer particles with a reversible capacity of 990 mA h g
at a current density of 100 mA g'.* Recent studies also demonstrated that
CoMoO4/M;Oy (M = Fe, Co) nanocomposites delivered better electrochemical

properties than pure CoMoQy. Yang et al. prepared Co304/CoMoQO4 hollow spheres
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through one-pot solvothermal method followed by a thermal treatment process, and
the Co304/CoMo0Qy heterostructures exhibited much better electrocatalytic activity for
the oxygen evolution reaction than CoMoO4* Wang er al. synthesized
CoMo0O4/Fe;03 core-shell nanorods by a two-step hydrothermal method, and the
core-shell nanorods as LIBs anode exhibited a high reversible capacity of 1354 mA h
g'1 at 0.2 C rate, which is higher than that of bare CoMoQ;, nanorods.* In addition,
designing electrode materials with hollow porous structures could also enhance the
electrochemical properties of CoMoO, as LIBs anodes.**® Despite some progresses,
to develop simple and effective methods for the fabrication of hollow porous
Mo-based mixed oxides with satisfactory performances still remains a big challenge.
Recently, cyanide-metal framework (CMF) compounds, a class of designable
porous materials with metal ions bridged by cyano-groups, have been demonstrated to
be ideal precursors for preparing various hollow/porous metal oxide materials. This
method firstly synthesizes CMF micro/nanoparticles with specific morphologies, and
then calcinates the CMF precursors in a proper temperature to obtain hollow/porous
metal oxides with a good morphological maintenance. To date, a variety of metal
oxide materials such as Fe,Os; porous microboxes,” Co3O4 porous nanocages,*
Sn0,-Fe, 05 nanocubes,49 Fe;03-CuO porous cubes,50 Zn0O/Co304 nanocomposite
clusters,51 Fe>O3-NiO microﬂowers,52 Mn,Co3.4xO4 porous nanocubes,53 CoFe,04
hollow porous nanocubes,” Fe,0;@NiCo,04 nanocages,” FeCo,04 hollow
nanospheres,56 AFe;O4 (A=Ni, Zn, Co) hollow boxes,57 Mn, gFe; 04 porous
nanocubes ° have been successfully prepared by the CMF precursor method, and they
all show remarkably enhanced electrochemical performances for LIBs anodes. Thus,
the CMF precursor route provides a unique opportunity to develop highly tailorable
new LIBs anode materials. However, to the best of our knowledge, present study on
CMF-based metal oxides mainly focus on hexacyanometallates-based CMF
precursors (Prussian blue and its analogues), in which the metal elements are mainly
limited to the first row transition metals such as Fe, Co, Ni, Zn, Cu and Mn, while the
second and third transition elements can rarely be achieved. In contrast,

octacyanometallates-based CMFs can supply the second and third transition elements,
4

Page 4 of 21


http://dx.doi.org/10.1039/c7ta08868j

Page 5 of 21 Journal of Materials Chemistry A

View Article Online
DOI: 10.1039/C7TA08868J

especially Mo and W. In this regard, the development of Mo-based oxides based on
octacyanometallates-based precursors would be a facile and effective route. However,
hollow/porous Mo-based oxides derived from octacyanometallates-based precursors
have not been reported until now.

Herein, CoM004/Co304 hollow porous octahedrons were successfully synthesized
by using a octacyanometallates-based CMF precursor of Coy[Mo(CN)g]-xH,O.
Benefiting from the hollow porous structure and the synergistic effect of the different
components, the as-prepared CoMoO4/Co3;04 electrode exhibits excellent
lithium-storage performance. This study further demonstrates that the CMF precursor
strategy is a facile and highly effective approach to synthesize a wide range of hollow

porous metal oxides for energy storage applications.

2. Experimental section

Chemicals. Poly(vinyl pyrrolidone) (PVP, K-30; average M, = 40000), CoCl, 6H,0,
acetone and absolute ethanol were of analytical grade and purchased from Shanghai
Chemical Reagent Co., Ltd (China). All of them were used without further
purification. Double distilled water was wused in all the experiments.
59, 60

K4[Mo(CN)g]-2H,0 was prepared according to literature procedures.

Synthesis of CoM004/C0304 hollow porous octahedrons. In a typical procedure,

Published on 08 December 2017. Downloaded by University of Florida Libraries on 09/12/2017 05:58:04.

0.043 g (0.18 mmol) of CoCl, 6H,0 and 2 g of PVP (K-30) were dissolved in 60 mL
water to form a clear solution A. Meanwhile, 0.045 g (0.09 mmol) of
K4[Mo(CN)g]-2H,0 was dissolved in 30 mL water to form another clear solution B.
Then, solution B was slowly added into A under magnetic stirring. After stirring at
30 °C for 1 h, an orange suspension solution was obtained. 30 mL of acetone were
then added to precipitate the precursor Co,[Mo(CN)g]-xH,O. Subsequently, the
precursor product was collected by centrifugation, washed several times with absolute
ethanol then dried in air. To get the final CoM00O4/Co0304 hollow porous octahedrons,
the as-obtained precursor were annealed at 450 °C for 2 h in air with a heating rate of
2 °C min™,

Material characterization
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The structure, morphology and size of obtained products were characterized by X-ray
diffraction (XRD) (Shimadzu XRD-6000 diffractometer) using Cu-K, radiation (A=
1.5406 A), field emission scanning electron microscopy (FE-SEM, ZEISS Merlin
Compact) and transmission electron microscopy (TEM, JEM-2100). The
compositions of the products were analyzed by energy-dispersive X-ray spectrometry
(EDX) attached to the FESEM and X-ray photoelectron spectroscopy (XPS, Thermo
ESCALAB 250). Raman scattering was performed on a DXR Raman spectrometer
using a 532 nm laser source. The specific surface areas and pore size distributions
were measured by Micromeritics ASAP2020 using N, adsorption-desorption
isotherms at liquid nitrogen temperature of 77 K. Thermo-gravimetric (TG) analysis
was performed using a Perkin-Elmer Diamond TG/DTA instrument at a heating rate
of 10 °C min™ in air.

Electrochemical measurements

The Li-storage performances of the sample were tested on a LANDCT2001A test
system using CR2032 coin-type half cells. The working electrodes were prepared by
mixing 70 wt% of CoMo004/Co0304, 20 wt% of Super P and 10 wt% of sodium
carboxymethyl cellulose (CMC) in water. The resulting slurry was pasted onto copper
foil, then dried in a vacuum oven at 80 °C overnight. Lithium foil and microporous
polypropylene film were used as the counter electrode and separator, respectively. 1
M of LiPF¢ in ethylene carbonate/diethyl carbonate (1:1 v/v) was used as electrolyte.
The active mass loading on the electrode was about 0.89 mg cm™. The cell assembly
was carried out in an Ar-filled glovebox with moisture and oxygen concentrations
below 1ppm. The charge/discharge characteristics were determined through cycling in
the potential range of 0.01-3 V at diverse current densities. Cyclic voltammetry (CV)
measurements were performed on an electrochemical workstation (Autolab
PGSTAT302N) between 3.0 and 0.01 vs (Li/Li")/V at a sweep rate of 0.2 mV s
Electrochemical impedance spectroscopy (EIS) tests were recorded from 100 kHz to

0.01Hz with ac amplitude of 10 mV.
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3. Results and discussion

The strategy to synthesize CoM004/Co0304 hollow porous octahedrons is depicted in
Fig. 1. Coy[Mo(CN)g]-xH,O octahedral micro-crystals were firstly prepared by the
reaction of Co*" and [Mo(CN)s]** with the assistance of PVP. CoM004/Co30, hollow
porous octahedrons were then achieved by thermal decomposition of
Coy[Mo(CN)s]-xH,O precursor at 450 °C for 2 h. The phase structure of as-prepared
Coy[Mo(CN)s]-xH,O micro-crystal precursor is inspected by XRD in Fig. 2a. All the
diffraction peaks can be assigned to the tetragonal system of Coy[Mo(CN)g] xH,0.%!
Thermogravimetric analysis of Co,[Mo(CN)g]-xH,O indicates two main weight-loss
processes (Fig. 2b). The first weight loss of 24.70 wt% from room temperature to
190 °C can be ascribed to the loss of crystal water and adsorbed water molecules in
the porous framework structure. The second weight loss of 23.94 wt% from 190 °C to
400 °C can be attributed to the breakdown of the cyanide-metal framework. Above
400 °C, no weight loss is observed until 800 °C. Based on the above TG results,
450 °C is chosen as the annealing temperature for the formation of CoMo0Q04/Co304

hollow porous structure.

Published on 08 December 2017. Downloaded by University of Florida Libraries on 09/12/2017 05:58:04.
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Fig.1 Schematic illustration of the formation process of CoMoO,/Co3;04 hollow porous

octahedrons.
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Fig. 2 (a) XRD pattern and (b) TG curve of the as-prepared Co,[Mo(CN)sg]-xH,O precursor.
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Fig. 3 (a) XRD pattern and (b) EDS spectrum of CoMo00,/Co3;04 hollow porous octahedrons.

The typical XRD pattern of final calcination product is shown in Fig. 3a. All the

diffraction peaks can be indexed to monoclinic CoMoO, (JCPDS No: 21-0868) and

8
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tetragonal Co304 (JCPDS No: 43-1003). This result confirms that the annealing
product is a composite of CoMoO, and Co3;04. Furthermore, energy dispersive
spectroscopy (EDS) of CoM004/Co304 (Fig. 3b) reveals that the molar ratio of Co to
Mo is about 2:1 (Table S1), which is well consistent with the composition of the
Co;[Mo(CN)g]-xH,O precursor. The Pt and C peaks in the EDS spectrum come from

the Pt film and the carbon substrate in the SEM measurement.

* CoMoOy
2672 o (o0, *036

Intensity (a.u.)

Relative Intensity (a.u.)

400 500 600 700 800 900 1000 1000 800 600 400 200 0
Raman shift (cm™) Bind energy (eV)

Intensity (a.u.)
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Fig. 4 (a) Raman spectra of CoMo00,/Co;04. (b) XPS survey scan of CoMoQO4/Co;0,.
High-resolution XPS spectra of (c) Mo 3d and (d) Co 2p.

The structural and constitution information of the as-obtained porous
CoMo004/Co304 products were further studied by Raman spectroscopy and X-ray
photoelectron spectroscopy (Fig. 4). As shown in Fig. 4a, the peaks at 473, 521, and
672 cm’ correspond to E,, Fag, and Aj, models of Co30s4, respectively.62 The other
bands at 816, 872 and 936 cm™ can be ascribed to CoMo004.** Fig. 4b displays the

full-survey-scan XPS spectrum of the CoM004/Co304, which indicates the presence

9
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of Co, Mo, O and C elements. As shown in Fig. 4c, the splitting doublet of Mo 3d;/,
and Mo 3ds; at 232.1 and 235.3 eV with the region width AMo 3d = 3.2 eV is
characteristics of the Mo (VI) oxidation state in CoM0O4.* The Co2p XPS spectrum
(Fig. 4d) presents two major peaks centered at 796.3 and 780.4 eV, which can be
attributed to Co2p;» and Co2psp, respectively. The Co2psn peaks can be further
deconvoluted into two peaks at 780.3 and 781.9 eV, corresponding to Co(Il) and
Co(I1I), respectively,** which is consistent with the composition of CoM0O4/C030s.
The Ols spectrum (Fig. S1) exhibits one peak at 529.9 eV, corresponding to the lattice
oxygen. ** Therefore, the Raman and XPS results further prove that the as-synthesized
product is CoM0Q4/Co0304.

200 nm

Fig. 5 FESEM images of (a, b) Coy[Mo(CN)g]-xH,O octahedrons and (¢, d) CoMoO,/Co;04
hollow porous octahedrons.

The morphologies and sizes of the as-prepared samples were inspected by

field-emission scanning electron microscopy (FESEM) (Fig. 5). As can be seen from
10
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Fig. 5a and 5b, Co[Mo(CN)s]-xH,O exhibits well-defined octahedral morphology
with a smooth surface and an average side-length of ca. 1.2 um. FESEM images (Fig.
5¢ and 5d) of CoMo0O4/Co304 reveal that the octahedron-shaped morphology is
maintained after the calcination, while the size is reduced to ca. 1 pm in side-length
with a rather rough surface due to the decomposition of CN" to CO, and N,Oy gases.
It can be clearly seen from Fig. 5d that the rough surface is composed of numerous
interconnected nanoparticles (50-60 nm in diameter). TEM was conducted to clarify
the interior structures of these octahedrons. As shown in Fig. 6a and 6b, most of the
CoMo04/Co304 octahedrons exhibit well-defined hollow structures with loaded
nanoparticles (Fig. 6a, inset). For a few particles, the hollow structures cannot be
clearly observed, which is probably because the electron beam cannot penetrate them
completely due to their big size or thick shell. The high-resolution TEM (HRTEM)
image (Fig. 6¢) shows clear lattice fringes with spacings of 0.336 and 0.243 nm,
which correspond to the (002) plane of CoMoO4 and the (311) plane of Co3;04,

respectively.
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Fig. 6 (a, b) TEM and (c) HRTEM images of CoMo0O,/Co;0,. (d) N, adsorption/desorption

isotherms (77 K) and pore size distributions (inset) of CoM0O,/Co;0,.

The nitrogen adsorption-desorption isotherms are measured to obtain the specific
surface area and pore size distribution of CoM004/Co0304. As shown in Fig. 6d, the
material shows a type-IV isotherm with a distinct hysteresis loop, indicating the
presence of mesoporous structure. The CoMo00O4/Co304 hollow porous octahedrons
have a much higher specific surface (33.81 m’ g'1 ) than that of Coy[Mo(CN)g]-xH,O
precursor (10.57 m’ g'l, Fig. S2). The typical pore size distribution (Fig. 6d, inset)
calculated from BJH method shows a multiple distribution with a wide pore-size
distribution between 2 and 25 nm and a narrow distribution centered at 1.8 nm, which
indicates the micro/mesopore porous shell. Such a micro/mesopore structure could
effectively provide more charge storage sites, shorten ion/electron diffusion distance

and accommodate the stress relaxation during the repeated Li" charge-discharge

12
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Fig. 7 Electrochemical performances of CoMo0O,/Co3;0, hollow porous octahedrons as anode
materials for LIBs: (a) representative CVs in the voltage range of 0.01-3.0 V vs. Li/Li" at a scan
rate of 0.2 mV s™. (b) discharge-charge voltage profiles at a current density of 200 mA g'l. (c)
cycling performance over 100 cycles at 200 mA g'. (d) rate capability at different current

densities.

The electrochemical performances of CoMo00O4/Co3;04hollow porous octahedrons
as anode for LIBs were investigated by a standard half-cell testing system. As
expected, CoM004/Co30; electrode exhibits excellent electrochemical performance.
Fig. 7a shows the CV curves of CoM004/Co304in the first three cycles at a scan rate
of 0.2 mV s in the potential range of 0.01-3 V vs. Li/Li". In the first cathodic scan,
two reduction peaks around 1.6 and 0.8 V can be assigned to the reduction of Co3;04
and CoMoOy to metallic Co and Mo.”** Another cathodic peak at 0.3 V was usually

related to the formation of irreversible solid electrolyte interphase (SEI) layer, which
13
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disappeared during the following cycles.”®” During the anodic scan, two major
oxidation peaks at 1.5 and 1.8 V can be related to the oxidation of Co’ and
Mo”7 After the first cycle, the main cathodic peak appeared at around 1.1 and 0.5 V,
indicating the different reduction mechanisms from the first one, which might be
attributed to the sequential insertion of Li" ions into to CoO and MoOs 343542 Good
reproducibility of CV curves from the 2™ cycle manifests good reversibility of the
CoMo004/Co304 electrode. Based on the CV measurements and the storage
mechanisms of Co3;04 and CoMoOQy, the probable electrochemical reactions are listed
as follows:

CoMoO, + 8Li" +8e'—4Li,0 + Co + Mo (1)

Co304 + 8Li" + 8¢ «»3Co + 4Li,0 )
Co + Li,0 <> CoO + 2Li" + 2¢ (3)
Mo + 3Li,0 «<>MoOs+ 6Li" + 6¢” 4)

Fig. 7b exhibits the 1%, 2™, 3™ and 10™ discharge-charge curves of
CoMo00,4/Co;04 electrode at a constant current density of 200 mA g'l. There is an
apparent plateau at around 0.8 V in the first discharge curve, indicating the reduction
of Mo®, which is well consistent with the CV results. From the second discharge
curve, the voltage flat plateau is substituted by a short plateau (~1.45 V) due to a
heterogeneous reaction mechanism between Li" and the electrode materials.***> The
initial discharge and charge capacities are 1175.1 and 1021.3 mA h g, respectively.
It is worth noting that CoMo004/C0304 electrode shows relatively low irreversible
capacity loss in the initial cycle with the coulombic efficiency of 86.9%. The capacity
loss in the first cycle is attributed to the SEI formation. The 2" 3 and 10"
discharge/charge capacities of the CoMoO./Co3;04 electrode are 1092.5/1073.2,
1096.1/1081.6 and 1112.7/1103.2 mA h g, respectively, indicating a high capacity
performance and excellent capacity retention.

The long cycle life and high rate capability are both important targets for LIBs in
practical applications. Fig. 7c shows the cycling performance of the CoMo00O4/Co304

electrode at 200 mA g'l. The capacity shows a gradual increase after the second cycle

14
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and then declines after about 50 cycles. At the 100" cycle, the CoMo004/Co304
electrode still maintains a reversible capacity of 1050.3 mA h g with good capacity
retention of 96.1%, which is higher than previously reported CoMoQOy-based
electrodes (Table S2), indicative of the advantages of the CoMo0QO4/Co3;04 composite
over single CoMoO, anodes. The coulombic efficiency shows a slight decrease after
around 50 cycles, which may be related with the decreasing capacity after 50 cycles,
suggesting a possible decay in charge-discharge reversibility. Rate performance of
CoMo004/Co304 electrode was also explored at different current densities. As shown
in Fig. 7d, the electrode exhibits great rate performance with average discharge
capacities of 1163.5, 1161.7, 1149.9 and 1108.8 mAh g at current densities of 100,
200, 500 and 1000 mA g, respectively. Even at a high current density of 2000 mA g
! the discharge capacity is still retained at 9242 mA h g'. What’s more, the
discharge capacity quickly recovers to around 1200 mA h g™ once the current density
returns to 100 mA g'. Such an outstanding rate performance would endow
CoMo004/Co;304 promising application in high-power LIBs. It is interesting to note
that the capacities at the current density of 200 mA g'1 are almost no reduction
compared to those at 100 mA g, which could result from the gradual increase in
capacity during cycling at 100 mA g due to the activation of the porous hollow

structure (Fig. S3). It should be noted that the theoretical capacities of CoMoO,and

Published on 08 December 2017. Downloaded by University of Florida Libraries on 09/12/2017 05:58:04.

Co304 are 980 mA h g’ and 890 mA h g, respectively.'®** Compared to the
theoretical values of CoMoO4 and Co304, the CoMo04/Co3;04 hollow porous
octahedrons in our work exhibit higher reversible capacity of 1050.3 mA h g at 200
mA g after 100 cycles. The lithium storage performance of CoM004/Co030; is also
superior to some previously reported pure Co3O4 and MoOs3 (Table S3), demonstrating
the advantages of ternary oxides over binary oxides as anode materials. The excellent
lithium storage performance of CoMo00./Co304 can be ascribed to the unique hollow
porous structure and the synergistic effect between CoM0O,4 and Co3;04 components.
Firstly, the hollow porous structure can not only shorten ionic diffusion pathway and
increase the contact area with electrolyte, but also accommodate the strain for volume

expansion during cycles.”'** Secondly, during cycles, two components can achieve
15
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better performance through a reinforcement or modification each other.””> When
CoMoO, or Mo react with Li*, the Co3O4 or Co can serve as “buffer” to mitigate the
stress and accommodate the large volume expansion. Thirdly, metallic Co and Mo
nanoclusters can effectively enhance the electrical conductivity of the porous

composite, resulting in an excellent rate performance.*

—m— Before cycle
—eo—100" cycle

o
© apfamdh

20 40 60 80 100 120 140 160 180
Z' (ohm)

Fig. 8 Electrochemical impedance spectroscopy of the CoM00,4/Co;04 electrode before and after
100 cycles.

To further understand the fundamental electrochemical behavior of the electrode,
EIS analyses of CoM00.4/Co0304electrode before and after 100 cycles were measured
and the corresponding Nyquist plots are shown in Fig. 8. Both plots show a
quasi-semicircle at high frequency region and a sloping line in the low frequency
region. The intercept at the Z-real axis at high frequency corresponds to the ohmic
resistance (Rq), which represents the total resistance of the electrolyte, separator, and
electrical contacts. The semicircle in the middle frequency range indicates the charge
transfer resistance (R.;) of the CoM0Q4/Co304 electrode/electrolyte interfacial region,
and the inclined line in the low-frequency range represents the Warburg impedance,
which represents the electrolyte diffusion in the porous electrode and proton diffusion

in host materials.”'””® The smaller the diameter of the semicircle 1s, the lower the

16
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charge transfer resistance and better electrochemical dynamic action. It is clearly seen
that CoM00,/Co304 electrode shows a smaller charge transfer resistance at the 100th
cycle than the initial cycle, which are 50.2 and 81.3 Q, respectively, based on the
equivalent circuit (Fig. 8, inset), indicating improved electrical conductivity after
cycles. This result further confirms the structure stabilizing role in the electrode. In
conclusion, the CoMo004/Co304 material as anode for LIBs exhibits excellent lithium

storage capacities, cycling stability and rate capability.

4. Conclusions

In summary, CoM00O4/Co3;04 hollow porous octahedrons have been successfully
synthesized through a facile thermolysis of CMF precursor. The as-synthesized
CoMo004/Co304 exhibits a large lithium storage capacity of 1175.1 mA h g'1 at 200
mA g, high initial coulombic efficiency of 86.9%, outstanding capacity retention of
96.9% after 100 cycles, and remarkable rate capability of 924.2 mA h g at 2000 mA
g'l. The excellent electrochemical performance of the CoMo00O4/Co;04 composite can
be ascribed to its hollow porous nanostructures and the possible synergistic effect
between CoMoO,s and Co304 in the composite. This study demonstrates that the

hollow porous CoMoQO4/Co3;04 is a promising anode material for LIBs, and the

Published on 08 December 2017. Downloaded by University of Florida Libraries on 09/12/2017 05:58:04.

octacyanometallates-based CMF compounds are a promising class of precursors for
the fabrication of novel hollow porous metal oxides with diversiform morphologies
and fascinating compositions for electrochemical energy storage and other

applications.
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