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Abstract:  Ultrafine transition metal oxides have great potential for efficient lithium storage but some key problems, such as a
strong tendency to aggregate and poor electrical conductivity, need to be solved for their possible application. Here, hybrid nanopar-
ticles of CoMoO, and N-doped carbon were formed in a petroleum asphalt-based porous carbon prepared by a template method. A
Co-based zeolitic imidazolate framework (ZIF-67) was then synthesized in-situ in its pores from Co(NO; ), -6H,0 and 2-methylim-
idazole. The porous carbon was impregnated with Na,MoO, -:2H, O and polyvinyl pyrrolidone, followed by solvothermal treatment
at 180 C for 24 h and finally calcination to convert the loaded components into hybrid nanoparticles of CoMoO, and N-doped car-
bon. Results indicate that the N-doped carbon boosts the electron transport ability of CoMoO, and efficiently prevents its aggrega-
tion. At an optimal CoMoO, loading the composite was used as an anode material in a lithium ion battery and delivered a reversible
specific capacity of 818 mAh g" at 1 A g, an initial coulombic efficiency of around 70%, and outstanding cycle and structural sta-
bility during cycling. The strategy reported here may open up a new avenue for the rational design and construction of well-designed
electrode materials for energy storage.
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1 Introduction

The overuse of fossil fuels in past decades has
aroused growing concerns about energy shortage and
environment pollution''?’. The exploration of renew-
able and sustainable energy has been suggested as the
most efficient technology to address these issues. Un-
like the fossil fuels, these renewable sources are inter-
mittent and the reliable use of them is in desperate
need of robust energy storage systems. With the ad-
vantages of safety, high energy density, and excellent
cycle stability“’ﬂ , lithium ion batteries ( LIBs) have
been the dominating energy storage devices in today’ s
market. However, the practical performance of the
current LIBs can not meet the increasing demand of
many current and emerging applications because of
the limitations from the electrode materials. For ex-
ample, the commercially available graphite anode has
a low specific capacity and slow ion diffusion rate'®’.
As a result, the searches for alternative anode materi-
als with high specific capacity and fast ion diffusion
rate are urgently required ™.

With the possibility of reacting reversibly with
Li* ions, transition metal oxides ( TMOs) afford a
much  higher  theoretical  capacity ( 600-
1 000 mAh g') than graphite anodes, thus attracting
worldwide attention recently''>"***!  Previous resear-
ches indicate that the single metal oxides, such as
Fe,0,, MoO,, CuO, Co,0,, TiO, and SnO, "',
usually suffer from pulverizations of primary parti-
cles, low initial coulombic efficiency (ICE) and poor
cycling performance due to large volume expansion
during lithiation/delithiation'***!. To address these
issues, tremendous efforts have been devoted to
mixed transition metal oxides ( MTMOs) where the
synergic effects rising from different metal elements
can contribute to improved performance >, Typical
examples include stannates, ferrites, cobaltates, nick-
elates and so on'>?/.

To further enhance the competitiveness of MT-
MOs, a myriad of modification strategies have been
proposed, including construction of ultrafine particles
as well as hybridization with nanocarbons' >,
Among them, CoMoO, has been widely used as elec-
trode materials for LIBs owing to its high theoretical
capacity (980 mAh g"') and feasible oxidation state,
such as CoMoO,/Fe, O, core-shell nanorods'**' | hier-
archical CoMoO, ', fully conversion of MoO, by
the introduction of CoMoO,**'. However, CoMoO,
still suffers from low conductivity and particle aggre-
gation. Through rationally hybridizing with porous
carbon frameworks and/or optimizing the particle size

of CoMoO,, these drawbacks can be essentially over-
come.

Hybrid structured CoMoO,-carbon materials,
such as CoMoO, nanorods-graphene'*’, CoMoO, @
Co,0, on flexible carbon fabric'**' | electrospun lotus
root-like CoMoO, @ graphene nanofibers'*’ | coaxial
CoMoO, nanowire on carbon cloth'*’ | have been re-
ported with improved lithium storage performance.
On the one hand, the reduced particle size can con-
tribute to a shortened Li" ion diffusion length. On the
other hand, loading the ultrafine CoMoO, on conduc-
tive carbon particles can improve the local electron
transport rate. Zeolitic imidazolate framework (ZIF)
is a branch of metal organic frameworks ( MOFs)
which consists of metal ions or clusters combined with
organic linkers/ligands through strong coordination
bonds. Meanwhile, ZIFs are thought to be desired
porous carbon precursors'***/. Furthermore, imidaz-
oles in ZIFs can provide N heteroatom-doping owing
to its high nitrogen content, which improves electron
conductivity by modifying electron density'**’.

Petroleum asphalt, as a residual product in pro-
cessing of crude oil, has been used in water-proofing,
paving roads or fuels for quite a few years'”*’). Nev-
ertheless, these applications are still of low value and
how to realize its value-added utilization is meritori-
ous. Taking this into consideration, asphalt is promis-
ing to serve as anode precursors of LIBs and electrode
materials of supercapacitors because it is abundant in
aromatic ring and available in massive production.
Though a lot of work has been done to realize this
goal, asphalt based carbon materials still have room
for improvement'****/.

Herein, we report the dual carbon hybridizing
technology to fabricate ultrafine MTMO, namely Co-
MoQO, , and carbon composites for robust lithium stor-
age. Starting from 3D asphalt-derived porous carbon
framework, ZIF-67 nanoparticles are firstly loaded on
the carbon frameworks with the help of oxygen con-
taining functional groups, such as —OH, —COOH.
Because of the different diffusion rates of metal ion in
a mixed solvent, the coordinative Co**in-situ has met-
al ion exchange reaction with MoO;] to convert into
ultrafine CoMoO, @ carbon nanoparticles loaded on
carbon framework. The ultrafine CoMoO, is firstly
embedded into the ZIF-derived carbon nanoparticles to
prevent the tendency of CoMoO, aggregation. The 3D
porous carbon framework can secure the efficient elec-
tron transfer. When evaluated as anode materials for
LIBs, such a nanohybrid delivers a reversible specific
capacity of 818 mAh g and long-term stability of
over 450 cycles.
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2 Experimental

2.1 Chemicals

Petroleum asphalt was obtained from China Na-
tional Petroleum Corporation. 20 nm 7y-Fe,O, nanop-
articles was purchased from Macklin Biochemical
Co. , Ltd. HCI (36 wt. % -38 wt. % ) was purchased
from Sinopharm Chemical Reagent Co., Ltd. Co
(NO,),-6H,0 (99 wt. % ), Na,MoO, -2H,0 (99
wt. % ), polyvinyl pyrrolidone ( PVP, average MW
58000, K29-32) and 2-methylimidazole (98 wt. % )
were purchased from Aladdin Industrial Corporation.
All chemicals were directly used without further puri-
fication.
2.2 Synthesis
2.2.1 Synthesis of 3D carbon framework ( CF)

The 3D carbon framework was prepared accord-
ing to our previous work . 50 g of petroleum as-
phalt was loaded in a 100 mL high-pressure autoclave
for thermal pre-treatment at 380 C for 14 h in nitro-
gen atmosphere. The pre-treated petroleum asphalt
was collected after cooling down to room temperature
naturally. Subsequently, 2 g of pre-treated product
was dissolved in 80 mL toluene. Then 6 g of y-Fe,O,
nanoparticles were added into the aforementioned so-
Iution. After that, the solvent was fully evaporated
and the as-obtained mixture was carbonized at 800 C
for 1 h under N, atmosphere with a heating rate of 5
C/min . Finally, the obtained black powder was
then washed with 4 mol/L HCI and deionized water
sequentially before drying at 60 ‘C overnight. Then
as-prepared product was denoted as carbon framework
(CF).
2.2.2 Preparation of CoMoO,@ CP/CF

Firstly, 0.2 g of CF was added into a mixture of
15 mL methanol and 15 mL isopropanol under stirring
followed by sonication for 15 min. Next, 1 mmol
Co(NO,;), - 6H,0 was dispersed in above mixture
(denoted as solution A). Then, 2 g of 2-methylimid-
azole was dissolved in a mixture ( denoted as solution
B) of 5 mL methanol and 5 mL isopropanol followed
by sonication for 10 min. Solution B was poured into
solution A and mixed thoroughly by vigorous stirring.
Finally, 1 mmol Na,MoO, -:2H,0 and 0.5 g of PVP
were added to the resulting solution mixture before
sonication for 30 min. The solution was vigorously
stirred for 24 h. Then, the dispersion was transferred
into a 50 mL Teflon-lined autoclave, heated to 180 C
and kept for 20 h. At last, the black powder was col-
lected by centrifugation and dried in air overnight be-
fore calcination at 500 C for 3 h under N, atmosphere
with a heating rate of 2 C min™ ( denoted as precursor
of CoMoO,@ CP/CF). For comparison, CoO@ CP/

CF and CoMoO,/CF were prepared using a similar
procedure without adding Na,MoO, - 2H,O and 2-
methylimidazol, respectively.

In addition, the sample was also calcinated at
different temperatures (400, 500, 600 C, and deno-
ted respectively as 400, 500, 600) to investigate the
effect of temperature on the material. After exposed
in air for several days, the precursor of CoMoO, @
CP/CF was further calcinated at 400 C with a heating
rate of 3 C min" under N, atmosphere ( denoted as
CoMoO, @ CP/CF). The precursor of CoMoO, @
CP/CF was also further calcinated at 300 and 400 C
for 3 h with a heating rate of 3 C min” in air ( deno-
ted as 500-300-Air, 500-400-Air). Besides, different
mass loadings of CoMoO, on CoMoO,@ CP/CF were
investigated by a similar preparation method except
for adding 0. 5 mmol Co (NO, ), -6H,0 and 0. 5
mmol Na,MoO, -2H,0, and 2 mmol Co (NO,), -
6H,0 and 2 mmol Na,MoO, -2H,0, and denoted as
0.5-CoMoO, @ CP/CF and 2-CoMoO,@ CP/CF, re-
spectively.

2.3 Characterization

The crystal structure of different samples was de-
tected by X-ray diffraction ( XRD, X “Pert PRO
MPD) worked at 40 kV and 40 mA (Cu Ka, A =
0. 154 066 nm). Morphologies of the as-made sam-
ples were obtained by field emission scanning electron
microscopy ( FESEM, Hitachi S-4800). Transmis-
sion electron microscopy ( TEM), energy dispersive
spectroscopy (EDS), and selected area electron dif-
fraction (SAED) were tested on a JEM-2010 system
at 220 kV. The specific surface area and pore struc-
ture were investigated by nitrogen sorption ( Microme-
ritics, ASAP2020, America). Raman spectra were
tested on a Jobine Yvon Labram-010 Raman spec-
trometer. X-ray photoelectron spectroscopy ( XPS)
analyses were carried out on a PHI 5 000 VersaProbe
instrument (ULVAC-PHI, Japan).

2.4 Electrochemical measurements

The as-made material (70 wt% ), acetylene
black (20 wt% ), binder (CMC, 10 wt% ) were
mixed and dispersed in N-methyl-2-pyrrolidinone.
Then, the slurry was coated on the copper foil and
dried at 80 C for 12 h in a vacuum oven. The mass
loading of each electrode was 1. 1-1. 2 mg cm”.
Then, CR2032 coin type half cells were assembled in
an Ar-filled glove box, with Li foil as the counter and
reference electrodes, Celgard 2400 film served as a
separator, and 1mol/L LiPF, in (1:1, v/v) ethylene
carbonate and dimethyl carbonate (EC/DMC) as an
electrolyte. The galvanostatic charge-discharge results
were obtained on a Land CT2001 A battery test system
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under a potential range of 0. 01-3V (vs. Li*/Li).
Cyclic voltammetry ( CV ) curves ( scan rate:
0.2 mV s') and electrochemical impedance spectra
(EIS) at a frequency range of 100 kHz to 0. 01 Hz
with an AC amplitude of 5 mV were conducted on a
CHI760E ( CH Instruments, Shanghai, China) elec-
trochemical workstation.

3 Results and discussion

Fig. 1 depicts the fabrication process of CoMoO,
@ CP/CF. Firstly, 3D porous carbon framework was
made according to our previous report™''. What is
worthy to mention is the use of y-Fe,O,, as y-Fe,O,
is magnetic which contributes to the formation of a

ZIF-67 nanoparticle

ZIF-67 adsorption

[ sy

Asphalt porous carbon

framework

connected porous carbon framework when the mixture
is stirred with magneton, while a-Fe,O, is non-mag-
netic. The formation of pores are caused by removal
of y-Fe,O, template by strong acidic HCI. Then,
ZIF-67 nanoparticles were loaded on these porous car-
bon frameworks with the help of oxygen containing
functional groups, such as —OH, —COOH. The
function of PVP mainly lies on controlling the particle
size of ZIF-67 to prevent formation of bulky ZIF-67
particle. Finally, due to the faster diffusion rate of
coordinative Co”* and slower diffusion rate of MoO;
in the mixed solvent, metal ion exchange reaction oc-
curred. Thus, the ZIFs-67 mediated CoMoO, precur-
sor was formed by a one-pot solvothermal method be-
fore being calcinated to obtain CoMoO,@ CP/CF.

CoMoO,

nanoparticle

CoMoO, growth
Solvothermal,
Calcination

CoMoO,@CP/CF

Fig. 1 Schematic illustration of the preparation process of CoMoO,@ CP/CF.

As shown in Fig. 2a, the XRD patterns of CoO
@ CP/CF and CoMoO, @ CP/CF show metal phases
of materials. It can be seen that CoO@ CP/CF has
several peaks, which are well corresponding to CoO
standard peaks and there is no other phase of Co metal
observed. In terms of CoMoO,@ CP/CF, the sample
was calcinated twice to improve the crystallinity of
CoMoO,. The main peaks of CoMoO,@ CP/CF cor-
respond to standard CoMoO, and the peak with high-
est intensity fits standard CoMoO, very well. Be-
sides, two weak peaks belonging to CoMoO, and
Co,C are also observed. This phenomenon is ascribed
to the reduction reaction of metal oxides under carbon
atmosphere.

In order to investigate temperature effect on the
material, we also prepared samples at different calci-
nating temperatures which are shown in Fig. Sla.
The pattern in the 400 sample which mainly contains
MoO,; is totally different from the 500 and 600 sam-
ples while the 500 and 600 samples are similar and
have some metal phase of CoMoO, and some other
impure metal phases of Co and Mo. This may be re-

sulted from unsuccessful metal phase transformation
under relative low temperature, so CoMoO, metal
phase can not be formed. Fig. S1b shows two peaks
of CF at 23. 9° and 43. 2°, which are ascribed to
amorphous carbon and graphitic carbon, respective-
ly'*). Meanwhile, it proves that Fe,O, has been re-
moved because no peaks of Fe,O, can be found. As
shown in Fig. S2, we conducted XRD analysis of the
precursors of CoMoO, @ CP/CF further calcinated in
air for a better understanding of secondary calcination
effect on the precursor. There is no obvious metal
phase change when the precursor of CoMoO, @ CP/
CF was calcinated once more at 300 C in air, where-
as, a high purity metal phase of CoMoO, was formed
when the precursor of CoMoO, @ CP/CF was calci-
nated at 400 C in air. And the XRD result of Co-
MoO,@ CP/CF calcinated twice at 400 C in N, at-
mosphere matches well with that of CoMoO,/CF.
This phenomenon confirms that a second thermal
treatment at 400 C is favorable for the phase transfor-
mation of precursor while it is not at 300 C. While
the precursor of CoMoO,@ CP/CF was exposed to air
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for several days to adsorb enough oxygen and then
further calcinated at 400 C under N, atmosphere to
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prevent the carbon element of CoMoO,@ CP/CF from
losing when it was calcinated in air.
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(a) XRD patterns, (b) Raman spectra, (c¢) nitrogen adsorption-desorption

isotherms and (d) pore size distribution of CoMoO, @ CP/CF.

Raman spectra are shown in Fig. 2b. In view of
CoMoO, @ CP/CF, peaks observed at 352, 667,
870, 932 cm™ are ascribed to CoMoO,, and this re-
sult agrees well with the XRD analysis'**'. Besides,
D band (1 356 cm™) from structural defects and G
band (1 596 cm™) from the vibration of sp*-bonded
graphitic carbon atoms can be seen in the Raman
spectra' ', CoMoO, @ CP/CF shows a larger I,/I
ratio than that of CF, because further calcination can
provide more defects which are essential for carbon-
based electrodes. Additionally, pore structure was in-
vestigated by nitrogen adsorption. In Fig. 2c, a typi-
cal type-IV isotherm of CoMoO, @ CP/CF with an
apparent hysteresis loop is clearly obtained. The
CoMoO,@ CP/CF has a BET surface area of
196.6 m* g and this relatively smaller specific sur-
face area may be resulted from ultrafine carbon nano-
particles formed in pyrolysis of ZIFs covering on the
pores of substrate CF. Micropores and mesopores
dominated pore size distribution of CoMoO,@ CP/CF
is shown in Fig. 2d. Micropores and mesopores are
clearly observed in the pore width distribution curve.

This hierarchical pore structure plays a key role in of-
fering more active sites and reservoirs for Li" storage.
The CoMoO,@ CP/CF delivered an average pore size
of 13. 12 nm. A part of mesopores are a little bit
smaller than the template because micropores origina-
ted from ZIFs cover on/in mesopores. Some meso-
pores are bigger than the template because of the ag-
gregation of the template.

—CF
100+ ——CoO@CP/CF
——CoMo,@CP/CF
80|
;\o‘
B 601
o
5
2 40¢
[
=
201
of

0 100 200 300 400 500 600 700
Temperature (°C)

Fig. 3 Thermogravimetric curves of CF,
CoO@ CP/CF and CoMoO, @ CP/CF.
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In the Fig. 3, thermogravimetric analysis was
applied to measure the metal content of CoMoO, @
CP/CF and CoO@ CP/CF after oxidation at 800 C in
air with a heating rate of 5 C/min. As shown, the
thermogravimetric curve of CF indicates that they start
to lose weight starts at 290 ‘C and the weight loss stop
at 490 C. This may be resulted mainly from the car-
bon loss in the form of CO,. The CoMoO,@ CP/CF
has a 78% residue derived from CoMoO,, and CoO
@ CP/CF has a 59% residue of CoO.

The morphology and structure were investigated
by scanning electron microscopy ( SEM) and trans-
mission electron microscopy ( TEM). As the SEM
images of ZIF-67/CF shown in Fig. S3, ZIF-67 an-
chored on CF is in a standard octahedron shape. In
addition, numerous pores are visible in SEM images
of CF (Fig. S4a) due to the removal of the template.
When CF is combined with ZIFs-67 followed by cal-

(01 <
0:35nm N
CoMoO . Carborr
4 nanoparticle
layer

Carbon
hanoparticle
layer
(021
L. 0.38nm
CoMoO,

cination, we can see a lot of linked nanoparticles an-
chored on CF and the pore structure of CF is hardly
observed in the SEM image of CoO@ CP/CF. Fur-
thermore, interconnection of ZIFs is clearly seen due
to the formation of strong coordination bonds between
metal ions and organic linkers ( Fig. S4b). In the
SEM images of CoMoO,@ CP/CF (Fig. 4a-c), itis
obvious that the mass loading of CoMoO, increases
with the amounts of cobalt salt and molybdenum salt.
No aggregation phenomenon is detected, at the same
time, pores and nanoparticles can be clearly seen.
This uniform distribution of CoMoO, nanoparticles
contributes greatly to the well electrochemical per-
formance because of its abundant active sites. Be-
sides, the TEM images of CF also prove that pores
are formed after the removal of the template ( Fig.
S4c and S4d).

[200

Fig. 4 SEM images of (a) 0.5-CoMoO,@ CP/CF, (b) CoMoO,@ CP/CF, (c) 2-CoMoO,@ CP/CF,
(d-f) TEM images and high-magnification TEM image of CoMoO,@ CP/CF and (g) TEM image
of CoMoO, @ CP/CF and the corresponding elemental mappings of C, N, Co and Mo.

However, less pores are seen in TEM images of
CoMoO,@ CP/CF (Fig. 4d, 4e). This phenomenon
may be resulted from Co™ linked by the micropores-
dominated ZIFs and carbon nanoparticles coated on
the surface of CF network. In further analysis, TEM
image of CoMoO, @ CP/CF shows smaller CoMoO,
clusters successfully anchored in the carbon frame-
work, which are presented in the form of dark pots,
and carbon nanoparticle layer surrounded CoMoO,
clusters are clearly observed (Fig. 4d). HRTEM of
CoMoO, @ CP/CF clearly shows the crystal lattice of
CoMoO, clusters with a size of 5-10 nm and this is

similar to Yao’ s work' ™' (Fig. 4f). The lattice
fringe is around 0. 38 nm and 0. 35 nm, correspond-
ing to the spacing of (021) and (201) planes of Co-
MoO,. SAED result with a ring pattern shows low
crystallinity due to ultrafine carbon nanoparticles de-
rived from ZIFs surrounding around CoMoO, particles
(inset of Fig. 4f). Meanwhile, elemental mapping
analyses are carried out to demonstrate element disper-
sion, and we can clearly see that C, N, Co and Mo el-
ements are dispersed uniformly in CoMoO,@ CP/CF.
X-ray photoelectron spectroscopy ( XPS) is also
used to further investigate elemental components of
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samples. Fig. 5a clearly shows the presence of C, N,
O, Co and Mo elements in CoMoO, @ CP/CF, but
only C and O elements exist in CF. This result well
proves that compounds containing Co, Mo, N grow
on CF network. In comparison, only Co element is
obtained in the sample of CoO@ CP/CF, which agrees
well with the XRD result. The high-resolution C 1s of

— CF
@ —— CoO@CPICF
—— CoMoO,@CP/CF
o & -
- < 48§ =
5 o g o G
s 8 &
]
‘@
c
L
=
e
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Binding energy (eV)
(© Co2p
Co*2p,,
Co*2p,,

£ Satellite
&
= Satellite
2
L
=

775 780 785 790 795 800 805 810
Binding energy (eV)

CoMoO, @ CP/CF indicates some functional groups
(—OH, —COOH) on CF, which may help CoMoO,
grow on carbon network due to hydrogen bonding or
van der Wall’ s intercalation (Fig. S5) '*'. The peaks
centered at 232.5 and 235.5 eV belong to Mo 3d;,, and
Mo 3d,,, of Mo®™ , respectively, which demonstrate the
existence of MoO? (Fig. 5b)'*/.

Mo 3d
&) Mo 3d,,

f;, Mo 3d3/2
8
ey
‘@
c
L
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Binding energy (eV)
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frees
=
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=
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Fig. 5 XPS spectra of (a) CF, CoO@ CP/CF, CoMoO,@ CP/CF, (b) Mo 3d spectrum, (c) Co 2p
spectrum and (d) N 1s spectrum of CoMoO, @ CP/CF.

In terms of Co™ spectrum, peaks at 781.3 and
797.0 eV originate from Co™ 2p,, and Co™ 2p,,,,
respectively. The other two satellite peaks (at 786.3,
803.2 eV) are shakeup-type peaks of Co at the high
binding energy side of the Co 2p,,, and Co 2p,,, edges
(Fig. 5¢)*) The N Is peak can be divided into
three types of N element, including pyridinic N, pyr-
rolic N and graphitic N ( Fig. 5d)""". Especially,
the existence of graphitic N is favorable for electrode
materials because of it can tune the electronic proper-

ties and improve electronic conductivity of carbon"**’ .

In addition, element concentrations are also character-
ized in Table 1. The concentration of N element is
obviously increased by introducing ZIFs and the per-
centages of Co (1.87% ) and Mo (2.33% ) demon-
strate the metal content of CoMoO, @ CP/CF in de-
tail. For the ratio of Co and Mo atoms (0. 8) is close
to the stoichiometry of CoMoO,. The result is in ac-
cordance with the XRD pattern and Raman result,
which show strong crystallinity of CoMoO,.

Table 1 Elemental contents and concentrations of nitrogen species in CF, CoO@ CP/CF
and CoMoO, @ CP/CF analyzed by XPS measurements.

C(at. %) N(at.%) O(at.%) Co(at.%) Mo(at.% ) Pyrrolic N(% ) Piridinic N(% )  Graphitic N( % )
CoMoO, @ CP/CF 54.08 8.53 25.19 5.87 6.33 36.83 36. 64 26.52
CoO@ CP/CF 71.06 8.79 14. 86 5.29 / 58.78 23.16 18.06
CF 91.09 0.37 8.54 / / / / /

Electrochemical properties of as-made materials

were investigated by assembling 2032 coin-type half
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cells with Li metal. It is implied that the reaction

mechanism can be followed by several equa-
tions' %7 .

CoMoO, + 8Li"+ 8¢ ——Co +Mo+ 4Li,O (1)

Co + Li,O<—Co0O + 2Li" + 2¢ (2)

Mo+ 3Li,0<—MoO, +6Li"+ 6e’ (3)

C (porous carbon) + xLi'+ xe«—Li C (4)

Fig. 6a depicts the CV curve of CoMoO,@ CP/

CF. Three peaks (at0.15, 1.68 and 2.0 V) are ob-

served in the first cathodic scan. Two sharp peaks at

1.68 and 2. 0 V belonging to decomposition of Co-

MoO, in the first cathodic scan prove that CoMoO,

exists in CoMoO,@ CP/CF. The peak at 0. 15 V may

come from the formation of solid electrolyte inter-

phase ( SEI)!*#13) In the subsequent cycles,

peaks centered at 0. 6 and 1.43 V correspond to de-
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Fig. 6

struction of the crystal structure of CoMoO,accompa-
nied with complete reduction to Co’ and Mo’"**’. For
the first anodic scan of CoMoO, @ CP/CF, three
peaks (at 1.27, 1.82 and 2.40 V) are observed. A
broad weak peak at 1.27 V and an obvious peak at 1.
82 V belong to the oxidation of Mo to Mo* and Co to
Co™, respectively, while the peak at 2. 40 V may
correspond to Li" extraction from interfacial storage
sites”*"'. In the subsequent cycles, nearly overlapped
curves prove that the reaction is highly reversible.
The peak at 2.40 V disappears and the peaks centered
at 1.36 V and 1. 82 V correspond to the reactions in
the eq (2) and eq (3), respectively, which prove
that the reaction is fully reversible. All above prove
that CoMoO, is successfully formed in CoMoO, @

CP/CF"*3,

s
2nd
3I’d
5“\
s
(4]
>
8
=)
>
00! ; S~ ;
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Capacity (mAh g7)

(a) CV curves at a scan rate of 0.2 mV s for CoMoO,@ CP/CF and (b) galvanostatic charge and

discharge profiles at a current density of 100 mA g for CoMoO, @ CP/CF.

In addition, discharge/charge and voltage curves
of CoMoO, @ CP/CF were obtained by galvanostatic
tests in Fig. 6b. The test was carried out at a current
density of 100 mA g' between a voltage range of
0.01-3 V vs. Li*/Li. For the first charge/discharge
process of CoMoO, @ CP/CF, it has a discharge ca-
pacity of 1 838 mAh g’ and a charge capacity of
1 050 mAh g in the first cycle. Moreover, two volt-
age plateaus (1.68 V and 2.0 V) in the first dis-
charge process and 1.27 V in the first charge process
are in accordance with the corresponding CV curves.
In the subsequent charge/discharge plots, well over-
lapped curves demonstrate a high reversibility of reac-
tions.

The cyclability and rate performance of as-made
materials were further investigated. Fig. 7a depicts
cycling performances of CF, CoO@ CP/CF and Co-
MoO, @ CP/CF while CoMoO, @ CP/CF exhibits the
highest specific capacity of 818 mAh g after cycling
for 450 times. As shown, there is an obvious tenden-
cy of going up for both CoO@ CP/CF and CoMoO,
@ CP/CF which may be caused by the activation

process of electrode materials in the initial tens of cy-
cles. After that, reversible capacities of CoO@ CP/
CF and CoMoO,@ CP/CF tend to drop resulting from
SEI film formation and irreversible “dead Li” forma-
tion. Moreover, the fluctuation of CoMoO,@ CP/CF
may come from the partially ununiform dispersion of
metal clusters. Remarkably, the specific capacity of
CoMoO,@ CP/CF climbs up to ~818 mAh g after
reaching a capacity valley of ~635 mAh g"'. Since
the 200" cycle, the capacity of CoMoO, @ CP/CF
maintains at 818 mAh g over 450 cycles with a ca-
pacity retention rate of 74% . In detail, this phenome-
non may be originated from the reversible growth of a
polymeric gel-like film resulting from kinetically acti-
vated electrolyte degradation with the increase of cyc-
ling numbers"****). The going down and up feature is
pretty common in petroleum-based carbon materials
due to the gradual activation process, more specifical-
ly, more and more electrolyte goes into interlayers of
active materials. The same phenomenon is observed
in samples of CoO@ CP/CF and CF, since carbon
framework is involved in all of them. Meanwhile, CE
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of CoMoO, @ CP/CF is also presented. Remarkably,
the initial CE of CoMoO, @ CP/CF is up to 70.3%
while the first discharge capacity is 1 101 mAh g" and
the first charge capacity is 774 mAh g, which fur-
ther proves a high reversibility of CoMoO,@ CP/CF.
For CoO@ CP/CF, the material delivers a reversible
of specific capacity of 530 mAh g over 450 cycles
with a capacity retention rate of 71% , and this inferi-
or electrochemical performance may be ascribed to the
low theoretical capacity of CoO (750 mAh g"). In
the meantime, the cycling tendency of CoO@ CP/CF
also presents a minor upward trend caused by the acti-
vation process and a slow decay derived from the sta-
ble SEI film formation ™.

In view of the bare CF, CF exhibits a reversible
specific capacity of 453 mAh g with a capacity reten-
tion rate of 38% . The cycling trend of CF consists of
two segments including a weak downward part and a
upward part, which comes from a partial crystallinity
degradation from graphitic carbon to a more disorder-
ed one after more active sites are exposed for lithium
storage''”. In addition, we also investigated the
effect of temperature and other factors on cycling per-

formance in Fig. S6. In the cycling performance
curves of various thermal treatment process, we found
that the first calcination temperature in 500 C exhibits
the best performance with a reversible capacity of 583
mAh g'and the capacity retention rate around 73%
over 300 cycles. The sample 400 shows a specific ca-
pacity of 535 mAh g with a capacity retention rate of
69% and the sample 600 affords a specific capacity of
558 mAh g with a capacity retention rate of 71%.
The similarity in different samples is attributed by the
fact that carbon framework occupies remarkable ratio
in as-made materials and dispersion of metal oxides
may be un-uniform because pores on carbon frame-
work are more or less uneven. Calcination tempera-
ture has a great influence on crystallinity degree of
metal oxides and on carbonization of petroleum-based
carbon materials. Additionally, we made a compari-
son of the electrochemical performances of previously
reported CoMoO,-based anode materials with our
work in Table 2 and the as-made material exhibits a
considerable long-cycle life with an excellent reversi-
ble specific capacity.

Table 2 Comparison of the electrochemical performances of
previously reported CoMoO,-based anode materials with our work.

Current density

Cycle number

Reversible capacity

Sample (mA 1) (Times) (mAh g") Journal Ref.
CoMoO, @ CP/CF 1000 450 818 This work
CoMoO, -G 100 40 968 Tonics [35]
lotus like CoMo0O, /Graphene nanofiber 100 200 735 Electrochimica Acta [36]
ultrathin CoMoO, on carbon fabric 100 150 1128 New J Chem [24]
interconnected CoMoO, 100 50 990+10 ACS AMI [52]
CoMo0,/Co, O5 hollow octahedrons 200 100 1050 Mater Chem A [23]
hierarchically porous CoMoO, 500 100 758 Nanoscale [33]
CoMoO, /Fe, O, core-shell nanorods 500 80 990 J Alloys Compd [32]
CoMoO, NP/rGO 740 600 620 ACS AMI [44]
coxial CoMoO, nanowire on carbon cloth 1200 1000 764 Journal of Power Sources [49]
1000 100 875
P-Mo-Co-HMs 1500 100 751 ACS Nano [34]
2000 587 587

Fig. 7b shows the cycling performances of the
CoMoO, @ CP/CF samples with different loadings of
CoMoO,. CoMoO, @ CP/CF gives the best result
among these samples while 0. 5-CoMoO, @ CP/CF
has a 652 mAh g reversible capacity with a capacity
retention rate of 61. 1% . However, 2-CoMoO,@ CP/
CF suffers a severe drop during cycling and then in-
creases to a capacity of 626 mAh g with a capacity
retention rate of 59.7% , which may be caused by ac-
tivation process of massive transition metal oxides.
Fig. 7c shows the rate performances of CF, CoO@

CP/CF and CoMoO, @ CP/CF at current densities of
0.1,0.2,0.5,1,2 A g'. The CoMoO,@ CP/CF
delivers reversible capacities of 1 035, 992, 828,
670, 415 mAh g', CF delivers reversible capacities
of 620, 551, 436, 322, 210 mAh g"'and CoO@ CP/
CF presents reversible capacities of 633, 555, 396,
272, 159 mAh g' at0.1,0.2,0.5, 1,2 A g", re-
spectively. Especially, the as-made material of Co-
MoO,@ CP/CF can still maintain an initial capacity
of 1 035 mAh g' after a higher current density of
2 A g' is suddenly switched to a lower density of
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0.1 A g', indicating that as-made material has a
structural integrity and excellent reversibility at high

current densities.
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Fig. 7 (a) Cycling performances of CF, CoO@ CP/CF, CoMoO,@ CP/CF and coulombic efficiency of CoMoO, @ CP/CF,

(b) cycling performances of 0. 5-CoMoO, @ CP/CF, CoMoO,@ CP/CF, 2-CoMoO,@ CP/CF, (c) rate performances
of CF, CoO@ CP/CF and CoMoO,@ CP/CF, (d) rate performances of 0.5-CoMoO, @ CP/CF, CoMoO,@ CP/CF,
2-CoMoO, @ CP/CF and (e) electrochemical impedance spectra of CF, CoO@ CP/CF and CoMoO, @ CP/CF.

In the Fig. 7d, it shows the rate performance of
samples with different mass loadings of CoMoO,.
CoMoO, @ CP/CF has the most appropriate loading
compared with the other samples while 0. 5-CoMoO,
@ CP/CF delivers 783, 687, 544, 433, 315 mAh g’
and 2-CoMoO, @ CP/CF presents 718, 552, 411,
339,281 mAh g' at0.1,0.2,0.5, 1,2 Ag", re-
spectively. Apart from the above electrochemical per-
formance, electrochemical impedance spectroscopy
was also applied to further explain the outstanding
performance delivered by CoMoO, @ CP/CF. As
shown in Fig. 7e, electrochemical impedance spectra
consist of two parts: a semicircle in high frequency
region which represents SEI film resistance and charge
transfer resistance, and an upward slope line in low
frequency region which represents Li* diffusion capa-
bility. In comparison of CF, CoO@ CP/CF and Co-
MoO, @ CP/CF, CoMoO, @ CP/CF has the lowest
semicircle radius and highest slope indicating that Co-
MoO, @ CP/CF possesses a superior electronic con-
ductivity and fastest Li" diffusion ability among these

samples''***' . This result is mainly attributed to car-

bon particles on the surface of CoMoO, that facilitate
the electron transfer ability and Li* diffusion rate. At
the same time, the N-doped carbon framework also
gives a positive contribution to the electron transfer by
tuning electronic property of carbon substrate.

The structural integrity of CoMoO, @ CP/CF
electrode material was further investigated by SEM
images before and after cycling at a current density of
1 A g'. Before cycling, a few CoMoO, particles are
observed and other pieces of particles are ascribed to
additives of acetylene black and CMC in Fig. S7a.
The SEM image of CoMoO,@ CP/CF electrode after
cycling for 450 times is shown in Fig. S7b, it is
found that an integrated porous carbon framework is
clearly shown and a few CoMoO, particles exist in the
porous carbon network. This phenomenon may be
caused by transformation of crystalline CoMoO, parti-
cles to amorphous ones. In addition, there are a lot of
pores which help store more Li* and no apparent
cracking of the carbon framework is observed. Thus,
the well retained structural integrity of the material en-
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