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Recently, many efforts have been made in order to develop
advanced anode materias in lithium ion batteries (LIBS).
Particularly, transition-metal oxides, such as TiO,, Fe0s,
Co0 and WOs., have been intensively investigated as pro-
mising anode candidates for LIBs. It has been reported that
such materials have the merits as anodes in LIB, such as
cheap material cost, high capacity and high material density.
Because of intrinsically low electric conductivity of these
metal oxides, however, nanocomposite formation with carbon
has been tried in order to provide better electrical pathway
through carbon phase.2"1%% Especialy, nanocomposites
between transient metal oxides and ordered mesoporous
carbon (OMC) have become more attractive due to their
beneficia characteristics: i) abundant lithium storage sites
and fast lithium diffusion in nanosized metal oxides and
OMC; ii) facile electrolyte penetration owing to ordered
mesopores iii) higher electric conductivity through carbon
framework 2171920

As a novel metal-oxide anode candidate, molybdenum
oxides (MoOy, x = 2-3), which possess a theoretical specific
capacity of 840-1100 mAh g based on the mechanism of
conversion reaction, have attracted considerable interest as
anode material materials in LIBs.3>* However, it has been
elucidated that in bulk MoOx electrodes, only addition-type
lithium storage reaction happens rather than conversion
reaction, which leads to quite limited specific capacity and
their intrinsically low eectric and ionic conductivity retards
their rate performance.*® Accordingly, nanostructured MoOy
anodes of various forms (nanobelts, nanorods and nanopor-
ous structures) have been prepared and great improvement
has been observed.*® Particularly, the ordered mesoporous
MoO; templated from the KIT-6 silica has been reported,
which exhibited largely enhanced anode performance.®
Nevertheless, the employed preparation was based on the
high-cost and environmentally unfriendly hard templating
method, which required multi-step procedures including the
hazardous hydrofluoric acid etching. Furthermore, a meso-
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Figure 1. Schematic explanation of the ordered mesoporous MoO.-
carbon nanocomposite showing advantageous features for anode
material in lithium ion batteries.

porous carbon-M o0, nanocomposite has been recently pre-
pared by the traditional post-addition method.” Although
better electrochemica performance was observed, this pre-
parative method was still tedious and more importantly, the
post-added metal precursors were difficult to be localized in
theinner pores during a high-temperature cal cination, which
resulted in crystal aggregation and relatively inhomogene-
ous dispersion of MoO, within the OMC matrix.”
Tricongtituent co-assembly, which utilizes the strong mole-
cular interaction between carbon precursor, inorganic pre-
cursor and surfactants, has been recognized as an attractive
strategy to prepare the OMC/various transient metal oxide
composites within one step. In our previous work, tricon-
stituent co-assembly method has been successfully employ-
ed to prepare OMC/M 00O, nanocomposite, namely triconsti-
tuent ordered mesoporous carbon-MoO, nanocomposites
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Figure 2. The pore size distribution of TM series calculated by the
Barrett-Joyner-Haenda method based on the experimenta N>
sorption isotherms. 26

(TMs).2® However, their anode performance in lithium ion
batteries remains unknown. To the best of our knowledge,
thisis the first report on the one-step etching-free synthesis
of ordered mesoporous carbon-M o0, nanocomposite for the
application to anode materialsin lithium ion batteries.
Figure 1 schematically demonstrated the merits of the
prepared TM materials with ahexagonally ordered mesopor-
ous structure as LIB anodes. As seen, two lithium-storage
sites, carbon and MoO,, exist together in the TM materials.
It is expected that the mesoporous structure provides the
high electrolyte penetration through the tubular-like nano-
pores and short lithium diffusion paths within the nanosized
wall, and meanwhile the carbon wall functions as a con-
ductive framework.2192° Aslisted in Table 1, adsorbed N,
volume became gradually smaller with an increase of MO,
fraction, which resulted in the decrease of measured BET
surface areas from 640 to 381 m?g™. The pore size di-
stributions (PSDs) for TM series were estimated from the
BJH method, which are displayed in the Figure 2. A
monodispersed PSD was obtained in TM-0.5 materials with
a diameter of 3.4 nm, which was similar to soft-templated
OMCs with F127 as the structure-directing agent.>%° How-
ever, broadening of PSD was observed in an accordance
with an increase of MoO; fraction, athough similar pore
sizes were observed. This indicated that a possible structura
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Figure 3. XPS spectra of TM series (@) Mo 3d spectraand (b) Mo
3p spectra.

collapse occurred for addition of more Mo precursors, which
was confirmed by the XRD and TEM analysis later. As
shown in Figure 1, the small-angle XRD patterns, one
distinctive peak (100) near to 26 = 1.0° and one shoulder
peak (110) near to 20 = 1.5° were observed in TM-0.5,
implying a hexagona pore packing (space group of P6mm)
with lattice parameter of about 9 nm.”*® Similar diffraction
peaks were exhibited for other TM samples while the peak
intensity was gradually decreased and even only one
shoulder pesk appeared for TM-3.1° Such changes were
caused by two possible reasons. i) mesostructure collapse
happened; ii) more crystalline MoO, phases adsorbed X-ray
which decreased the relative contrast between pores and
amorphous carbon.

In Figure 3, X-ray photoel ectron spectroscopy experiment
has been conducted in order to determine the Mo oxidation
states. As shown in Figure 3(a), Mo 3d spectra, typicaly
consisted of two envelopes (Mo 3ds, and Mo 3ds.), are
employed to estimate the distribution of Mo oxidation states.
In the Mo 3d spectra, well-resolved doublet with little defect
for Mo 3ds; a 229.1 eV and Mo 3ds, 232.3 €V can be easily
assigned to Mo*" 21121 Note that the negligible defect site at
around 227 €V is attributed to either the intermediate bet-
ween Mo* and Ma® or Ma®.? Also, Figure 3(b) displayed
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Table 1. Physica properties and anode performance of TM
materias

TM-0.5 T™-1 T™-2 T™-3
Xcarbon (Wt 0/0) 91 83 71 62
Xnmooz (Wt %6)2 9 17 29 38
Aser (MPg )P 640 589 424 381
Vass (Cmg3)° 0.37 0.32 0.22 0.21
Cas(MAh g 3)¢ 581 512 514 571
IE (%)° 45 47 52 57
Rate (%) 234 419 421 30.6
Cycle (%) ¢ 525 56.6 68.7 64.1
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Figure 4. (a) Gavanostatic charge-discharge profiles of T™M
electrodes; (b) Differential discharge capacity per voltage patterns
derived from the galvanostatic charge-discharge profiles; (c) Rate
capability comparison between TM electrodes; (d) Cycle life and

Coulombic efficiency comparison (up to 30 cycles) between TM
series.

that the Mo 3p doublet spectrawith Mo 3pa, peak a around
394.8 eV and Mo 3pz» peak a around 413.5 eV further
confirms the presence of MoO; in the nanocomposites.*8
The reduction to Mo* was possibly attributed to the use of
reductive ethanol solvent and/or the high-temperature calci-
nation confined reductive carbon phase.'*’ Because XPS
signa was obtained within materia surface, therefore, blue
shift in Mo 3p spectra according to decrease of the Mo
fraction indicated that Mo species located on the surface
became more labile to be exposed by reducing atmosphere.
Also, one can expect that electrical conductivity became
higher due to higher reduction state of Mo. However, the
influence of more reduced Mo species on electrical con-
ductivity is expected to be less effective due to highly con-
ductive carbon framework considering the large fraction of
conductive carbon phase (above 60 wt %) aslisted in Table 1.

Figure 4(a) displays the galvanostatic charge-discharge
profiles of the TM electrodes. Because both OMC and
MoO;, are electrochemicdly active for Li* storage, their
contributions to the anode capacity should be considered
jointly. In OMC materials, it is well-known that Li* storage
capacity is proportional to the surface area and the pore
structures.™ In the literature, the OMC electrodes that was
prepared by a very smilar method to our TM materias
exhibited a discharge capacity varied between 300 and 1000
mAh g, which was highly dependent on the surface area
(650 and 2390 m? g, respectively).®** Aslisted in Table 1,
the discharge capacity (Cgs) of TM-0.5, -1, -2 and -3
electrodes was 581, 512, 514 and 571 mAh g, respectively,
in spite of the low surface area (640-381 m? g%). For TM-1
and 2 anodes, decrease of Cgis Was probably due to co-effect
originated from reduction of Li* storage sites within carbon
induced by the surface area decrease and capacity rise in
TM-3 was attributed to MoO; fraction increase. In addition,

4weight fraction of carbon and MoO; obtained by ICP method. "BET
surface area. adsorbed N volume from N sorption analysis. “reversible
capacity of anode materials. initid efficiency at first charge-discharge.
frate capability measured by capacity ratio between 0.1 C and 2 C rate.
Ycapacity retention at 30 cycle.

the initial efficiency (IE) of OMC anodes remained almost
constant (approximately 30%) irrespective of the OMC
preparation methods.>*3** The IE of our TM materials (45-
57%) was higher than the pure OMC, which should be
related with the embedded MoO. nanophases. As listed in
Table 1, increase of |E was attributed to decrease of surface
area and increase of MoO:; fraction because electrolyte de-
composition on carbon surface can be mgor irreversible
reaction during initial charging. In addition, it ishighly prob-
able that the irreversible oxygen reaction during conversion
reaction of MoO, can contribute the observed low |E of TM
electrodes. However, this irreversible reaction can be a
smaller contribution in total | E than other two factors because
|E became larger according to increase of MoO, amount as
listed in Table 1.

Note that discharge capacity contribution by MoO; itself
for TM-3 anode was estimated to be above 900 mAh g
under assumption of 300 mAh g Cgs of carbon, indicative
of conversion based full Li* uptake (838 mAh g for 4 Li*)
in MoO; nanocrystals (see equation in Fig. 1).° In Figure
4(b), differential discharge capacity patterns are plotted,
which demonstrates that the conversion reaction by MoO;
near 1.2 V vs. Li/Li* was dominantly observed in TM elec-
trodes, indicative of low overpotentia (0.4 V) from theore-
tical reaction voltage (1.6 V vs. Li/Li*).*>* This further
supports the conversion reaction in the MoO, nanoparticle
embedded within carbon wdls in TM materials. As shown
in Figure 4(c), high rate capability (43% capacity retention
at 2C current rate) was observed in TM-1 and 2 electrodes
while the other two electrodes exhibited relatively low rate
capability. Thisis attributed to optimized Li* transport in the
pore wall and fast €lectrolyte transport within highly ordered
mesopores in TM-1 and 2 electrodes. When compared with
conventional MoO, e ectrodes which showed sluggish con-
version reaction, our TM electrodes exhibited a highly ad-
vanced rate capability.” However, the gradual capacity decrease
in every electrode was observed in Figure 4(d) and Table 1,
which was mostly ascribed to the characteristic capacity
decay in the ordered mesoporous carbon electrode™ The
cycle performance of TM-2 exhibited the best result, which
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was probably dueto highly stabilized structure by optimized
interaction between MoO, and carbon framework. In addi-
tion, as shown in theinset figure of Figure 4(d), the Coulom-
bic efficiency of al the TM anodes quickly ramped to nearly
100% after initia cycle, indicative of no further irreversible
consumption of Li*. To sum up, the improved anode perfor-
mance in TM materidls was ascribed to complete nano-
composite formation between MoO, and carbon with high
mesoporosity remained.

In conclusion, the ordered mesoporous carbon-MoO.
nanocomposites were synthesized based on tri-constituent
co-assembly using MoCls, resols and acommercial tri-block
co-polymer F127. Low-crystdlinity MoO. nanophases have
been successfully confined within pore walls of the ordered
mesoporous carbon matrix. As novel anode materias, en-
hanced capacity, better initial efficiency and improved rate
capability were observed in the composite materias, due to
the beneficial effect of high electrical conductivity, short Li*
diffusion length and high el ectrolyte transport.

Experimental

Preparation of TM materials has been reported in our
previous work.® Briefly, sdf-made oligomeric resols, acheap
MoCls and the commercialized surfactant (Pluronic® F127)
were utilized to introduce an evaporation-induced self-
assembly (EISA) reaction. With MoCls reacting with the
solvent ethanol, Mo=0 bond forms, which enables the formation
of hydrogen bonds between Mo-containing compound and
the hydroxyl groups (-OH) of resols and the hydrophilic
parts of F127.%%° The initial green color of MoCls ethanol
solution was turned into brown during the reaction with
resols which was then converted to black after evaporation,
reflecting the strong interaction between the reactant mole-
cules®® After calcination in an inert atmosphere at 600 °C,
TMs, were obtained. Initialy, 0.137 g (0.5 mmal), 0.273 g (1
mmol), 0.546 g (2 mmol) and 0.820 g (3 mmol) of MoCls
was reacted with 1 g of resol and 1.6 g of F127, and the
corresponding samples were denoted as TM-0.5, TM-1,
TM-2 and TM-3, respectively. The weight fraction of MoO,
of the TM samples was determined by inductively coupled
plasma (ICP) mass spectroscopy.

For the preparation of composite anodes, TM materias
were mixed with a conducting agent (Super P) and poly-
vinylidene difluoride (PVDF) binder with a weight ratio of
8:1:1. The mixture was then dispersed in N-methylpyrroli-
done (NMP) and spread on Cu foil (apparent areas of 1 cm?),
followed by pressing and drying at 120 °C for 12 h. Typical
electrode loading and thickness was about 1.5 mg cm™ and
50 um, respectively. The half-cell characteristics were
analyzed with a coin-type (CR2016) two-electrode cell in

Notes

which lithium foil (Cyprus Co.) was used. The electrolyte
was 1.0 M LiPFs in 1:1 (viv) ethylene carbonate (EC)/
dimethyl carbonate (DMC) (Tomiyama Co.). To investigate
the anode performance in a LIB, gavanostatic charge-
discharge testing in a voltage range of 2.5t0 0 V vs. Li/Li*
was conducted. For the rate performance measurement, the
current was varied from 0.1 to 2 C. The cycle performance
for 30 cycles was recorded a a 0.1 C rate. All of the
electrochemical measurements were conducted using a
WBCS-3000 battery cycler (WonATech Co.)
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