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Sb-MO,-C (M = Al, Ti, and Mo) nanocomposites have been synthesized by a mechanochemical
reduction of Sb,O;5 with, respectively, Al, Ti, and Mo, in the presence of carbon (acetylene black).
X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), transmission electron micro-
scopy (TEM), and scanning transmission electron microscopy (STEM) data reveal that these
nanocomposites are composed of uniformly dispersed nanostructured antimony in the amorphous
Al,O3, TiO,, or MoO5; matrix, along with conductive carbon. These composite electrodes exhibit
excellent electrochemical cycling performance and rate capability in lithium cells, compared to
pure antimony. Among the three Sb-MO,-C systems studied, the M = Al system with Al,O5 as the
amorphous phase exhibits the best electrochemical performance, offering a capacity of >430 mAh/g
after 100 cycles. The improvement in the cycling performance, compared to that of pure antimony, is
attributed to a homogeneous distribution of the electrochemically active Sb nanoparticles within the
ceramic oxide and conductive carbon matrix, resulting in good electrical contact with the current
collector, as well as a mechanical buffering effect on the volume expansion—contraction that occurs

during cycling.
Introduction

Lithium-ion batteries are being widely used as power
sources for portable electronic devices such as cell phones,
laptops, and personal digital assistants (PDAs). They are
also pursued intensively for plug-in hybrid electric vehicle
applications. However, the currently used layered Li-
Co0O, cathode and the carbon anode have the drawbacks
of limited energy density and safety concerns. Particu-
larly, chemical instability arising from an overlap of the
Co:3d band with the top of the O:2p band in the LiCoO,
cathode, the formation of solid—electrolyte interfacial
(SEI) layer by a reaction of the carbon anode surface
with the electrolyte, and lithium plating in carbon anode
arising from a charge/discharge potential close to that of
Li/Li" pose serious safety concerns. These difficulties have
created enormous interest in the development of alternate
cathode and anode materials for lithium-ion batteries.' >

With respect to alternative anodes, antimony alloys are
appealing, because they offer high theoretical capacity
(gravimetric and volumetric) and an operating voltage
well above that of metallic lithium. Unfortunately, the
reaction of antimony with lithium to form Li;Sb is
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accompanied by a large volume change of 137%.,*®
which results in cracking and crumbling of the alloy
particles, disconnection of the electrical contact between
the particles and current collectors, and consequent ca-
pacity fade during cycling.>'° To alleviate this problem,
antimony-containing intermetallic compounds such as
Cu,Sb,!'" CoSb,'? CrSb,"* and MnSb'* (in which only Sb
is electrochemically active), SnSb,” "7 [nSb,'® Zn,Sbs, "’
and AISb,? in which both the metals are electrochemically
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active with different lithium reaction mechanisms, have
been pursued. However, most of these intermetallic alloy
anodes still exhibit capacity fade.

Here, we present a new class of Sb-MO -C (M = Al, Ti,
or Mo) nanocomposite anodes that offer several advan-
tages: (i) dispersion of ultrafine antimony metal particles
in the MO ,-C ceramic matrix, which acts as a buffer to
alleviate the volume expansion and (ii) low irreversible
capacity loss in the first cycle as the formation of Li,O is
avoided. The Sb-MO,-C nanocomposites are prepared
by a simple high-energy mechanical milling (HEMM)
of Sb,O3 with M (M = Al, Ti, or Mo) and C. The ultrafine
antimony particles dispersed in the MO,-C ceramic ma-
trix are characterized by X-ray diffraction (XRD), trans-
mission electron microscopy (TEM), X-ray photoelec-
tron spectroscopy (XPS), and electrochemical charge—
discharge measurements including impedance analysis.

Experimental Section

The Sb-MO,-C (M = Al, Ti, or Mo) nanocomposites were
obtained by a reduction of Sb,O3 (99.6%, Alfa) by aluminum
(99.9%, 20 um, Aldrich), titanium (99.9%, 150 um, Aldrich), or
molybdenum (99.9+%, 2 um, Aldrich) metal powders in the
presence of carbon (acetylene black) with a high-energy me-
chanical milling (SEPX vibratory mill) process at ambient
temperature, as illustrated by reactions 1 —3 below:

Sby03+2A1 — 2Sb+AL0;  (AG® = —944 kJ/mol) (1)

28b,03+3Ti — 4Sb+3Ti0,  (AG® = —1384kJ/mol) (2)

2Sb,03 4+ 3Mo — 4Sb+3Mo0,  (AG® = —315kJ/mol) (3)
The negative free-energy changes make the reduction reac-
tions (1—3) spontaneous. Required quantities of Sb,O; and M
(in accordance with reactions 1—3) were mixed with acetylene
black to offer a Sn-M:C weight ratio of 80:20 and then loaded
with steel balls (diameter: '/, and '/, in.) into a hardened steel
vial having a capacity of 80 cm® with a ball:powder ratio of
10:1 inside an argon-filled glovebox. The steel vial was then
subjected to high-energy ball milling for 12 h at a speed of
1060 rpm. To look for iron contamination from the steel balls
and vials, the samples were analyzed by energy-dispersive
spectroscopy (EDS) attached to a scanning electron microscopy
(SEM) system; the EDS data indicated a very low Fe concen-
tration: <0.5 wt %.

The phase analysis of the synthesized samples was performed
using a Phillips XRD system with Cu Ko radiation. The
morphology, microstructure, and composition of the synthe-
sized powders were examined with a Hitachi S-5500 scanning
transmission electron microscopy (STEM) system and a JEOL
2010F transmission electron microscopy (TEM) system. Surface
characterization was performed with a Kratos X-ray photoelec-
tron spectrometer (XPS) with a monochromatic Al Ko source.

The electrodes for the electrochemical evaluation were pre-
pared by mixing 70 wt % active material (Sb-MO,-C) powders,
15 wt % carbon black (Denka black) as a conducting agent,
and 15 wt % poly(vinylidene fluoride) (PVDF) dissolved in
N-methylpyrrolidinone (NMP) as a binder to form a slurry,
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Figure 1. XRD patterns of pristine Sb,0O3 and Sb-MO,-C (M = Al, Ti,
and Mo) nanocomposites obtained by the mechanochemical reduction
reaction.

followed by coating on a copper foil, pressing, and drying at
120 °C for 3 h under vacuum. CR2032 coin cells were then
assembled in an argon-filled glovebox with the cathodes thus
prepared, Celgard polypropylene as a separator, lithium foil as
the counter electrode, and 1 M LiPFq4 in ethylene carbonate
(EC)/diethyl carbonate (DEC) (1:1 v/v) as the electrolyte. The
discharge—charge experiments were performed galvanostati-
cally at a constant current density of 100 mA/g of active material
within the voltage range of 0—2 V vs Li/Li*. To investigate any
structural changes that may occur during electrochemical cy-
cling, ex situ XRD data were collected after the electrodes were
detached from the cell and it was covering with a polyimide tape
as a protective film.

Electrochemical impedance spectroscopic analysis (EIS) was
conducted using Solartron SI1260 equipment by applying a
10 mV amplitude signal in the frequency range of 10 kHz to
0.001 Hz. In the EIS measurements, the Sb-MO .-C nanocom-
posite with an active material content of ~1.6 mg served as the
working electrode and lithium foil served as the counter and
reference electrodes. The impedance response was measured
after different numbers of charge—discharge cycles (after 1 and
20 cycles), at 2 V vs Li/Li*.

Results and Discussion

Characterization of the Nanocomposites. XRD patterns
of the Sb-MO,-C nanocomposites obtained via the me-
chanochemical reduction of Sb,O5 with Al, Ti, or Mo in the
presence of acetylene black, according to reactions 1—3,
are given in Figure 1. In the case of the nanocomposites
with M = Al and Ti, all the diffraction peaks correspond
to metallic antimony (JCDPS Powder Diffraction File
Card No. No. 85-1323). In contrast, the XRD pattern
shows reflections that correspond to both metallic anti-
mony and molybdenum (JCDPS Powder Diffraction File
Card No. No. 42-1120) in the case of the nanocomposite with
M = Mo. In all three cases, no reflections that correspond to
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Figure 2. XPS spectra of the Sb-MO,-C (M = Al, Ti, and Mo) nano-
composites.

oxides such as Al,O3, TiO,, and MoO, (or MoO3) could
be observed, possibly because of their amorphous or poor
crystallinity.

To have a better characterization of the amorphous
phases present, all the nanocomposites were analyzed by
XPS, as shown in Figure 2. While the Al 2p peak observed
at 74.4 eV in the M = Al nanocomposite confirms the
presence of Al,Os, the Ti 2ps), and 2p;/, peaks that are
observed, respectively, at 458.7 and 464.5 eV in the M =Ti
nanocomposite confirm the presence of TiO,. The M = Al
and Ti nanocomposites also show the Sb 4d peak which
corresponds to only metallic antimony at 31.9 eV, con-
firming the reduction of Sb,O; completely to antimony.
Thus, the combination of XRD and XPS data confirms
the mechanochemical reduction of Sb,O3 by aluminum or
titanium, in the presence of carbon, to give Sb+ Al,O3 or
Sb + TiO,, in accordance with reactions 1 and 2. The
amount of antimony in the nanocomposites, in accor-
dance with reactions 1 and 2, is 57 and 54 wt %, respec-
tively. However, in the case of M =Mo, the Mo 3ds,, peak
that corresponds to molybdenum at 228 eV, as well as the
Mo 3dsj, and 3d;), peaks that correspond to MoOjs at
232.3 and 235.4 eV, respectively, are observed in Figure 2.
The formation of MoQOs, instead of the anticipated MoO,
(in accordance with reaction 3), is due to the higher nega-
tive standard free energy for the formation for MoOj;
(—767 kJ/mol), compared to that for MoO, (—603 kJ/mol).
The M = Mo sample also shows broad Sb 4d peaks in
Figure 2 that correspond to both Sb,O; and antimony at,
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Figure 3. (a) STEM images, (b) HRTEM images, and (c) schematic
description of the Sb-MO,-C (M = Al and Ti) nanocomposites. Also
shown are the fast Fourier transform (FFT) images over selected regions.

respectively, 35.7 and 31.9 eV. Because the amounts of
Sb,03 and molybdenum in the reaction mixture were
chosen according to reaction 3, part of the molybdenum
metal in the reaction mixture remains underutilized. Also,
the presence of Sb,0s3, as indicated by the XPS data,
reveals that the reduction reaction of Sb,O3; by Mo may
be incomplete under the mechanochemical reduction
conditions. This conclusion is consistent with the XRD
peak seen in Figure 1 for metallic molybdenum in the M =
Mo sample. Thus, the Sb-MO,-C nanocomposite with
M = Mo consists of antimony, Sb,O3, molybdenum, MoOs3,
and carbon, unlike the nanocomposites with M = Al and Ti.

Figure 3a shows the STEM images of the M = Al and Ti
samples. Although agglomeration has occurred, the pre-
sence of single particles ~500 nm in size could be visua-
lized. The reduced antimony, MO, and carbon are homo-
geneously dispersed in the nanocomposites. Figure 3b
shows the high-resolution images of the nanocomposites,
along with fast Fourier transform (FFT) images that
correspond to the selected regions. The crystalline anti-
mony phase is confirmed by the FFT image, which agrees
with the XRD data in Figure 1. Also, the reduced crystal-
line antimony phase with particles 15—20 nm in size is
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Figure 4. Comparison of the (a) discharge—charge profiles and (b) dif-
ferential capacity plots (DCP) of the Sb-MO,-C (M = Al, Ti, and Mo)
nanocomposites.

well-surrounded by the amorphous MO, oxide and car-
bon phases. This homogeneously mixed morphology, as
shown by the schematic description in Figure 3c, may be
beneficial to provide good electrical contact with the
current collector, as well as a buffering effect on the volume
expansion—contraction that occurs during cycling.
Electrochemical Properties. Figure 4a compares the
first discharge—charge profiles of all the three Sb-MO -
C nanocomposites. The voltage profiles of the M = Al and
Ti samples are similar to that observed for a pure anti-
mony electrode, with an average discharge—charge vol-
tage of ~0.9 V. The M = Al and Ti nanocomposites show
first discharge capacities of, respectively, 607 and 724 mAh/g
and first charge capacities of,, respectively, 463 and 491 mAh/g,
which implies initial Coulombic efficiencies of, respec-
tively, 76% and 68%. The M = Mo nanocomposite exhi-
bits the discharge—charge profiles of both antimony and
Sb,03, together with first discharge and charge capacities
of, respectively, 765 and 537 mAh/g, implying an initial
Coulombic efficiency of 70%. To determine the contribu-
tion of acetylene black in the nanocomposites, we also
investigated the electrochemical behavior of acetylene
black after milling for 12 h under identical conditions.
The inset in Figure 4a shows the discharge—charge
profiles of the ball-milled acetylene black. It exhibits a
first discharge capacity of ~200 mAh/g, which decreases
to approximately one-third of that value in the next
cycles, as seen in the inset of Figure 4a. Based on reactions
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Figure 5. XRD data of the Sb-MO,-C (M = Al, Ti, and Mo) nanocom-
posites after first discharge (Li insertion) and after first charge (Li ex-
traction).

1 and 2, the expected amounts of Al,O5 and TiO, in the
M = Al and Ti nanocomposites is, respectively, 23 and
26 wt %. While Al,O5 is known to be electrochemically
inactive, TiO, (26 wt % in the Sb-TiO,—C composite) is
expected to contribute ~55 mAh/g, which corresponds to
the formation of Li, TiO, with x =~ 0.5. However, the
contributions of Sb,O3 and MoOj5 in the M = Mo nano-
composite could not be assessed, because we could not
estimate the relative amounts of Sb,Oz; and MoQOs in the
nanocomposite.

With an objective to fully understand the discharge—
charge process, the differential capacity plots (Figure 4b)
of the first cycle were analyzed for all three nanocompo-
sites. The differential discharge plots show a broad peak
from 1.3 Vto 0.8 V, which is related to the formation of a
solid—electrolyte interfacial (SEI) layer, which is due to
electrolyte decomposition on the surface of the active
material. The major reduction (alloying) and oxidation
(dealloying) peaks at, respectively, ~0.8 Vand ~1 V cor-
respond to the reaction of lithium with metallic antimony
in the Sb-MO,.-C nanocomposite. These peaks are shifted
slightly, compared to that observed with pure antimony
metal, possibly due to the reduction in electrical conduc-
tivity by the ceramic oxide matrix. The electrochemical
process of the amorphous carbon with lithium appears as
a broad peak below 0.2 V.'” With the M = Mo nanocom-
posite, an additional broad reduction and oxidation peak
occurs at ~1.5 Vand ~1.3 V, respectively, because of the
reaction of Sb,O5 with lithium.

Figure 5 presents an ex situ XRD analysis that has been
performed on fully lithiated and delithiated electrodes for
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Figure 6. Comparison of the cycling performances of the Sb-MO,-C (M = Al, Ti, and Mo) nanocomposites (a) at 25 °C at C/Srate, (b) at 55°C at C/5S rate,
(c) at 25 °C at C/5 rate in the presence of 300 ppm Mn?>* in the electrolyte, and (d) at 25 °C under various C rates.

Table 1. Electrochemical Performances of the Sb-MO ,-C (M = Al, Ti,
and Mo) Nanocomposites
Sb- Sb- Sb-
AlO.-C TiO,-C MoO,-C

At 25°C
discharge capacity (mAh/g) 607 724 765
charge capacity (mAh/g) 463 491 537
first cycle efficiency (%) 76 68 70
capacity retention after 93 83 70
100 cycles (%)
At 55°C
discharge capacity (mAh/g) 815 761 896
charge capacity (mAh/g) 596 503 635
first cycle efficiency (%) 73 66 71
capacity retention after 83 78 68
100 cycles (%)
At 25 °C in the Presence of 300 ppm Mn*~
discharge capacity (mAh/g) 715 765 820
charge capacity (mAh/g) 506 503 570
first cycle efficiency (%) 71 66 70
capacity retention after 100 cycles (%) 90 87 69

all the Sb-MO,-C nanocomposites. The XRD data of the
M = Al and Ti nanocomposites show the formation of
only the Li;Sb phase at the end of discharge (i.e., when the
potential reached 0 V). After the charge, the Li;Sb phase
disappears and only the Sb phase is observed. However, it
is rather difficult to identify the Li;Sb phase in the XRD
data of the M = Mo nanocomposite during the first few
cycles.

Figure 6 compares the cyclability of the three Sb-MO,-C
nanocomposites between 0 V and 2 V at a constant current

of 100 mA/g (C/5 rate), while Table 1 presents the
gravimetric capacity, Coulombic efficiency in the first
cycle, and capacity retention after the 100th cycle, under
various conditions. While pure antimony exhibits con-
tinuous capacity fade within 20 cycles, all three Sb-MO -C
nanocomposites show good cyclability at 25 and 55 °C
(see Figures 6a and 6b). Although the capacity values
increase significantly when going from 25 °C (Figure 6a)
to 55 °C (Figure 6b), because of the enhanced electro-
chemical activity and kinetics of the Sb-MO ,-C nano-
composites at higher temperatures, the capacity retention
decreases slightly, possibly because of the enhanced reac-
tion with the electrolyte. Particularly, the M = Al compo-
site exhibits better capacity retention, compared to the
M = Ti and Mo nanocomposites. It retains 93% capacity
after 100 cycles at 25 °C. The better performance of the
M = Al nanocomposite, despite the significantly lower
electronic conductivity of Al,O3, compared to TiO, or
MoOs3, may be related to the better mechanical properties
of Al,O3, such as tensile strength and fracture toughness;
however, Al,O5 remains as an insulator during the entire
charge discharge process, and the formation of Li, TiO,
and Li,MoO; during the discharge process can enhance
the electronic conductivity. For instance, some reinforced
ceramic—metal composites are known to exhibit high
strength, high modulus, and enhanced resistance to fati-
gue crack growth.?"* In this system, the enclosure or

(21) Chen, D. L; Chaturvedi, M. C.; Goel, N.; Richards, N. L. Int.
Fatigue 1999, 21, 1079.
(22) El-Eskandarany, M. S. J. Alloys Compd. 1998, 279, 263.
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dispersion of the fine particles of the electrochemically
active antimony metal within or among the ceramic oxide
and carbon matrix leads to enhanced capacity reten-
tion.>> The ceramic oxide and carbon provide a stable,
structurally inactive matrix that buffers against the vol-
ume expansion—contraction and impedes the growth of
the electrochemically active antimony nanoparticles dur-
ing cycling, while the conductive carbon offers the neces-
sary electronic conduction pathway. In addition, the
stable SEI film formed on carbon could also help to
maintain good electrochemical performance during cy-
cling.

One of the difficulties with the LiMn,Oy, spinel cath-
odes is the poisoning of the carbon anode by the dissolved
Mn>" ions from the cathode lattice during cycling. Ac-
cordingly, we also assessed the cyclability of all three Sb-
MO ,-C nanocomposite anodes at 25 °C in the presence of
300 ppm Mn”" in the electrolyte, i.e., the experiments
were performed by purposely adding the required amount
of anhydrous manganese perchlorate salt to the electro-
lyte (to give 300 ppm Mn? ") before assembling the cell. As
seen in Figure 6c, the cyclabilities of the nanocomposite
anodes do not differ significantly on adding Mn? ", which
suggests that these nanocomposite anodes may not be
poisoned by Mn*" and they may have the potential to be
used with manganese spinel cathodes in lithium-ion cells.

Figure 6d compares the rate capabilities of all three Sb-
MO ,-C nanocomposites at various C rates (from 0.15C to
5C rates; 0.5C rate means utilizing the capacity in 1/0.5
(or 2) h, while 5C rate means utilizing the capacity in 1/5
(or0.2) h). All three nanocomposites exhibit excellent rate
capability at 25 °C. Especially, the M = Al nanocomposite
retains a high capacity of ~489 and ~487 mAh/g at 3C
and 5C rates, respectively, with stable cycling.

To gain further insight into electrochemical perfor-
mances, EIS measurements were conducted at 2 V vs
Li/Li" with all three Sb-MO.-C nanocomposite samples
before cycling and at different cycles (after the Ist cycle
and the 20th cycle). The EIS data were analyzed based on
an equivalent circuit given in Figure 7a,>* where R, refers
to uncompensated resistance between the working elec-
trode and the lithium reference electrode, CPE; refers to
the constant phase element of the surface layer, R refers
to the resistance of the SEI layer, CPE, refers to the CPE
of the double layer, R, refers to the charge-transfer
resistance, and Z,, refers to the Warburg impedance.
Generally, the EIS spectrum can be divided into three
frequency regions, i.e., low-frequency, medium-to-low-
frequency, and high-frequency regions, which corre-
spond, respectively, to cell geometric capacitance, charge
transfer reaction, and lithium-ion diffusion through the
surface layer. The EIS spectra recorded before cycling,
after the 1Ist cycle, and the 20th cycle in Figure 7b consist
of one semicircle and a line. The diameter of the semicircle
is a measure of the charge-transfer resistance R, which is

(23) Jung, G.-J.; Kim, Y. U; Sohn, H.-J.; Kang, T. J. Power Sources
2001, /01, 201.
(24) Liu, J.; Manthiram, A. Chem. Mater. 2009, 21, 1695.
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Figure 7. (a) Equivalent circuit for the Sb-MO,-C (M = Al, Ti, and Mo)
nanocomposites and (b) electrochemical impedance spectra (EIS) of the
nanocomposites before cycling, after the Ist cycle, and after the 20th cycle.

related to the electrochemical reaction between the par-
ticles or between the electrode and the electrolyte. On the
other hand, the sloping line is related to lithium-ion
diffusion in the bulk of the active material. The diameter
of the semicircle increases when going from the pristine
electrode (before cycling) to that subjected to 20 cycles,
which indicates an increase in R as the electrode is
cycled, possibly because of the breaking of the interpar-
ticle contact caused by the volume expansion. Among the
three nanocomposites investigated, although the M = Al
nanocomposite exhibits the highest charge-transfer resis-
tance before cycling, because of the electrochemical in-
activity and insulating behavior of Al,O3, compared to
those of TiO, and MoOQOs;, it shows the lowest charge-
transfer resistance after the 1st and 20th cycles (0.1 and
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0.17 Q g, respectively, after the 1st and 20th cycles). This
implies that Al,O3 is more effective in accommodating the
volume expansion smoothly and impeding the particle
growth of antimony, compared to TiO, and MoOs, which
is consistent with the cyclability data shown in Figure 6.

Conclusions

Sb-MO,-C (M = Al, Ti, and Mo) nanocomposites syn-
thesized by a mechanochemical reduction of Sb,O53 with
aluminum, titanium, or molybdenum, in the presence of
acetylene black carbon, have been investigated as an
anode material for lithium-ion batteries. Characteriza-
tion data collected with XRD, XPS, TEM, and STEM
reveal a uniform dispersion of the antimony nanoparti-
cles within the MO, and conductive carbon matrix. The

Yoon and Manthiram

Sb-MO ,-C nanocomposite exhibit excellent electroche-
mical performances, with the M = Al nanocomposite
offering a capacity of >430 mAh/g after 100 cycles.
The buffering effect provided by the amorphous metal
oxide and conductive carbon matrix mitigates the pro-
blems normally encountered with the volume changes
that occur during cycling and leads to good electroche-
mical performance. The study demonstrates that the
problems normally encountered with the huge volume
expansion associated with the alloy anodes could be
minimized by a rational design of nanocomposite micro-
structures.
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