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A thermochemical process based on the partial reduction of mixed oxides is used to create ultrafine metal-ceramic composites for
Li-ion battery electrodes. Mixed oxides containing a more noble metal selected to be capable of alloying with lithium at potentials
useful as a Li-ion battery anode are partially reduced to form electrochemically active metal-ceramic composites. Experiments
show the differences in microstructure obtained in systems with slow oxygen diff(8®v0,, AgVO;, and AgV,0;,), fast

oxygen diffusion(Sh,Mn,0; distorted fluoritg, and microphase separati@®n, sTiy sO, rutile). Materials are characterized using

X-ray diffraction, scanning electron microscopy, transmission electron microscopy, and scanning transmission electron micros-
copy, and electrochemical tests are presented. Reversible charge capacities of 200-350140Xh2200 mAh/cri) have been

obtained in experiments to date.
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Increased demand for high density portable energy storage hathermochemical process in which a ternary or higher-order oxide
driven searches for new storage materials with improved perfor-nitride, sulfide)is subjected to conditions that reduce the most noble
mance. Several Li-metal alloy systems have been investigated asetal(s)but leaves the less noble méglin an oxidized form®
alternatives to the carbon negative electrode in Li-rechargeable bat- partially
teries, due to their hlghtheoretlcgl energy de.r?sﬂtléle?owever, due Me'aMe'gOc aMe' + MeL'Oy +(c—yr o, [1]
to large volume changes occurring upon Li insertion and removal
during cycling which lead to mechanical failure of the electrode, the
cyclability of bulk metal alloys is poor. . o

Many efforts have been directed toward improving the cycling Eﬁi;e r?gfnlfjig]?;emn%tgeetnh de}g Mobn('\t/lhee Ig:rt?nbmgr'r\féo;[;o;hethe
stability of these metal electrodes. The development of tin oxide- 9 9 P g 9 P '

containing glass anodes and the mechanistic investigation of thiénf!fktg/f p(iliﬁuilaocr)]r ﬁﬁi ﬁ;gég/fgtﬁg ;r;getrPaEI Z?tﬂg??ﬁtg:]r?alﬂr]g dﬂgf’lse
class of materials have shown that improved cyclability is possible if . ng P - I . .

the metal phase is prepared as ultrafine particuffid@hese oxides tion wherein the re_duced species precipitates inside an oxide matrix,
offer higher volumetric capacity than carbn1800 mAh/cr) and or external reduction wherein the reduced metal forms at the outer

bibit oood cuclability. bt o lrmiting factor is the | surface, can occdf
can exhibit good cyclability, but a major limiting factor Is the large ¢, \sq 45 4 [ithium-storage electrode, our objective is to produce
irreversible capacity loss during the first cycle, due to irreversible

lithium consumption upon initial electrochemical reduction of tin fine pzrtlcles ofa “Fh;um r;\ctlve m:atal.,dl\/]eancllc;jd W_::[Em or d.|s
oxide to tin metal prior to lithium alloyin§.Reduction of the first- ~ P€rsed among particles of a metal oxide matrix,Mg. The matrix

cycle irreversibility while maintaining good cyclability has been de- 1tS€lf may or may not be lithium active but should be a good elec-

scribed for composites containing ultrafine dispersions of lithium- fronic and lithium-ion conductor. For high energy density as an an-

active metals produced by mechanical milling or multiphase active©de, alloying at a low voltage of Mevith Li and a high Li/Mé ratio

metal system&8 These studies suggest that metal anodes may béire also preferred. ] ) o

viable if stabilized fine dispersions of lithium-active metals are ~ One expects that the first-cycle irreversibility of the electrode can

attained? 37 be reduced in such a composite compared to an oxide that is elec-
Here the partial reduction of several mixed oxides has been exirochemically reduced since the displacement reactions forming

plored as an alternative approach to synthesizing metal-ceramiéi=O as a by-product upon first lithium insertfonan be avoided.

nanocomposites with reduced first-cycle irreversibility loss, and in These displacement reactions are typically irreversible or poorly re-

which phase and volume Changes during lithium insertion and re_VerSiblie. Direct lithiation of the metal phase is pOSSible after partial

moval can be accommodated. This approach allows tailored phaseeduction

assemblages and microstructures to be prepared using simple, eco-

nomical thermochemical processes and inexpensive starting materi- .

als. While partially reducped oxides have prgviously been ?nvesti- (Me'-Me");0, —— Me' + MeyOy —— Li,Me' + Me,0,

gated for possible applications, including selective absorption of reduced 2]

solar energy, optical data storage, and toughening of cerdfhiés,

we show that this method can also be used to synthesize elecmfurthermore ultrafine metal particles, which appear to better toler-
chemically active materials in several systems. Experiments are dis- ' P ' PP

cussed for ternary oxides in the systems Sh-V-O, Sb-Mn-O, Ag-V—O,ate cgchc vglumg changeT thzn c_oarse'z particles lor bu_lkl e,
and SN-Ti-O. can be produced. Internal reduction where metal particles are em-

bedded in the oxide matrix can prohibit coarsening of the metal
) . particles during heat-treatment, and very fine particle sizes on the
Partial Reduction Approach order of a few nanometers have been obtained in previous
A general introduction to the partial reduction approach for cre- studiesi®*® The fact that almost all metal oxides undergo volume
ating metal-metal oxide composite Li-storage materials is givenshrinkage upon reduction can be advantageous by providing room
elsewheré’ The main concepts are as follows. Partial reduction is afor the subsequent expansion of the metal upon lithiation. Finally, a
microstructure whereby the lithium-active metal is embedded within
a metal oxide matrix can improve the chemical compatibility be-
* Electrochemical Society Student Member. tween the_sto_rage material and the electrolyte system, especially
** Electrochemical Society Active Member. since passivating layers are well known to form between metal elec-
2 E-mail: ychiang@mit.edu trodes and liquid electrolytes. Transition-metal oxides are among the

reduced

partially xLi
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Table I. Examples of mixed metal oxides that have been partially 120
reduced to form metal-ceramic composite anodes. Their struc- * * Sb
ture, composition, and transport characteristics are relevant to 100 + V.0
the microstructures obtainable through thermochemical Ca
reduction. 80
Observed Intensi‘ty 60
characteristic and (arb. units) o
Compound Structure Diffusivity interpretation 40
*
SbVO, Rutile Deations™ Doxy ~ EXternal reduction 20 * w
Dys+ > Dggs+ as expected £ F— ﬁ “ + ‘ * L " E‘*
Sh,Mn,0, Distorted Doxy > Deations Internal reduction 0 - - . +
fluorite 20 30 40 50 60 70 80
AgVO, Perovskite Deations™ Doxy ~ EXternal reduction
Dpgi+ > Dys-  due to high Aglv 28
ratio (a)
Ag,V40p; Bronze D cations™> Doxy Internal reduction 120
(corner-shared p agi+ > Dys+
octahedra) * * Sh
(Sn,T)O, Rutile Dcations™> Doxy  INternal reduction 100 MnO
due to phase x M
confinement 80
Intensity
(arb. units) 60
*
most attractive candidates for the host metal oxidd,®esince 40 '
most are chemically compatible with organic liquid electrolytes and "
also have high electronic and lithium ionic conductivity. 20 * * % *
Since the electrochemical performance of such composites, espe J N h L’: J N xM’: *
cially upon extended cycling, depends critically on the microstruc- 0 “ *
ture that is obtained, within the general approach of partial reduc- 25 35 45 55 65 75
tion, we have also identified three specific strategies for obtaining 26
fine dispersions of the metal within an oxide matri®: in oxides (b)

with low oxygen diffusivity, the concentration and relative diffusiv-

ity of the lithium-active metal can be selected to obtain intewsal  rigyre 1. XRD patterns of(a) SbVO, partially reduced at 400°C fat h in
external precipitation of the reduced me]t%l_lcu) systems of high 1 "and (b) Sb,Mn,0, partially reduced at 360°C for 18 h in,H
oxygen diffusivity, for which internal reduction is always expected,

can be selected; ar(di) phase separation can be conducted prior to

reduction, in order to confine the reduced metal phase. In this paper, . . . )
we illustrate these approaches using several examples. potentlally hlg_h storage capacities. In electrochemical tests, Ag
alloys with Li at a low voltage of~0.02-0.1 V for low

Selected Systems concentrationg® more highly lithiated alloys have not been ob-
rJf;";lined. Both AgvQ and AgV 40, are compounds in which oxy-
en diffusion is expected to be slow relative to cation diffusion, but
he lower Ag concentration in the latter should promote internal
reduction!® AgVO; is available commercially, and AY,0,; is a
well-known cathode material for primary lithium cells used in medi-
SbVQ and ShMn,O,.—Sb can alloy up to three Li per Sb atom cal implant application$? After partial reduction, the vanadium ox-
at a voltage plateau of 0.94-0.96"%telative to Li metal. Interest- ide matrix is attractive due to its high lithium-ion and electronic
ingly, the molar volumes of SIds and LiSb are almost equal, conductivity.
resulting in nearly zero volume change upon reducing the oxide to
Sb metal followed by lithiation to LiSb. We compare the starting fin
oxides SbVQ and ShMn,O; because of their different crystal
structures and transport characteristics. SpVW@s the rutile struc-
ture in which cation diffusion is expected to be more rapid than
oxygen diffusion; hence, the kinetics of partial reduction analyzed
by Schmalzried and Backhaus-Ricdfilshould apply. Due to the
high Sb fraction, external reduction may occur. This compound ha

been widely used in catalytic applicatioffsin contrast, SiMn,0; metrical in composition. Within the spinodal regime, finely divided

has the distorted fluorite structdfein which oxygen diffusion lamellar microstructures with layers as fine as 20 nm thick, alterna-
should be much more rapid than cation diffusion once some reduc- y '

i ioh i : A RT28 T "
tion occurs, resulting in oxygen vacancies. In this case, internaliVély rich in SnG and TiQ;, can be obtained*® Two-phase mi-
reduction is expected as long as the matrix remains intact. Somérostructures of varying length scale_s can be created, within which
results on this system have already been reported in Ref. 17. Herf® SnQ-rich phase can be pre'ferent!allﬁggguced to Sn metal. Dop-
we present additional results showing how control of the starting!nd influences both decomposition kinetits®and electrical prop-
oxide particle size can be used to increase the fraction of internafrties; most subvalent cations in TiGorm deep acceptor levels

metall Analyses Of the Composite morphology before and after Cy_res-ulting in electroni.ca”y inSUlating OXides at room ’[empe_ra’[u_l’e,
cling have also been conducted. while supervalent cations tend to form shallow donor levels yielding

o . good electronic conductivi§??° Therefore, both microstructure and
AgVGQ; and AgV,0,.—Lithium is reported to alloy with Ag to  electronic conductivity can be widely manipulated in this system
form compounds LiAg, Li®Ags, and Li,Ag,?? thereby yielding  through control of composition and processing conditions.

Table | lists example systems we have investigated. Each syste
has different structural, composition, and transport characteristic
which result in different microstructures and electrochemical
characteristics.

Sn T, O0,.—(Sn, Ti) O, was studied as an example of metal con-
ement due to phase separation. $iti€s well above TiQ on the
Ellingham diagram and can be preferentially reduced. Sn is a well-
studied metal anode that can alloy up to 4.4 Li per Sn, while, T8O
known to have good ionic and electronic conductifiywhile a
complete rutile solid solution of TiQand Sn@ can be achieved at
gwigh temperature$T > 1430°C for the equimolar compositipff

at lower temperatures there is a miscibility gap that is nearly sym-
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Figure 4. Voltage vs. capacity curve of(a) Sb-V,0; produced by partial
reduction of SbVQ (400°C for 4 h in H), tested at 10 mA/g, an¢b)
Sb-MnO produced by partial reduction of Btn,0;, (360°C for 18 h in H),
tested at 14 mA/g.

(b)
Experimental

Figure 2. SEM images ofa) partially reduced SbhV(400°C for 4 hin H) . .
and (b) partially reduced SiMn,0; (360°C for 18 h in H). Coarse exter- SbVO4,_SQMn207, and A.QV.“OM were prepared using solid-
nally precipitated Sb is seen for the Sby@erived sample, while much finer state reaction processes beginning W'th_ rgagent grade OX'de_S or car-
internal precipitates of Sb are found for,8in,0;, in which oxygen diffu- ~ bonates. SbvQwas prepared by ballmilling a 1:1 molar ratio of
sion is much faster than cation diffusion. Sb203 (99.3% Alfa Aesar)/wth V205 (99.6% AldrICh)In a polypro-
pylene bottle using Teflon balls for 24 h. The mixture was then fired

Figure 3. SEM image of partially re-
duced SbMn,0; (420°C for 24 h in H)
with initially large starting SBvVin,O,
particle size and its cross-sectional back-
scattering SEM image, showing inter-
nally precipitated Sb metal.
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Figure 5. Capacityvs. cycle number(a) Sbh-V,0; sample with large exter-
nal Sb precipitate0.5-1.5 V, 10 mA/g. Note the rapid fade in the first few
cycles.(b) Sb-MnO(sample from Fig. 2bwith finer external precipitates as
well as internally reduced St0.7-1.3 V, 14 mA/g. (c) Sb-MnO (sample

from Fig. 3)with predominantly internal Sb particl€d.7-1.3 V, 6 mA/g).

in air at 700°C for 24 h, resulting in a single phase of SO

Sb,0; (99.3% Alfa Aesar and MnCQ (99.9% Alfa Aesar), and
then calcining and reacting in air at 600°C for 7 h, 650°C for 4 h,
750°C for 5.5 h, and 1100°C for 21 h.

Ag,V,0,, powder was prepared by ballmilling a 1:2 molar mix-
ture of AgO (99% Alfa Aesar)and V,Og (99.6% Aldrich). Single-
phase AgV,0,; was obtained after reacting the mixture in &-
mosphere at 500°C for 10 h. The Ag\¥Gstarting powder was
purchased from AldricliAldrich Chemical Co., Milwaukee, W

Phase-separated Sp@iO, composites were obtained by first
synthesizing a (Sn,Ti)Osolid solution powder and then carrying
out thermal decomposition. The compositions studied had a 1:1 mo-
lar ratio of Sn:Ti, to which A}™ (0.8 mol %)and T&" (0.6-1.0 mol
%) were added as the acceptor and donor dopants, respectively, to
influence decomposition and electrical properties. The starting pow-
der was prepared via either a coprecipitatfoor a solid-state reac-
tion method. In the solid-state reaction method, stoichiometric
amounts of Sn®(99.9% Alfa Aesaryand TiO, (99.9% Alfa Aesar)
doped with Al(OH) (Alfa Aesar) or TeOg (99.993% Puratonjc
were ballmilled as described previously, then heated in air to
1475°C, a temperature above the miscibility gap maximum
(1430°C), for 12 h to obtain a solid solution oxide. For starting
powder prepared by either method, decomposition heat-treatments
were subsequently carried out between 900 and 1000°C for 12-880 h
to allow phase separation. The rate of phase separation is highly
sensitive to composition and temperature in this system. X-ray dif-
fraction (XRD) was used to confirm that phase separation had oc-
curred prior to partial reduction in each instance.

For partial reduction, a small amount of each powded.4-2 g)
was heated in an alumina bogiowder depth~2 mm) in a tube
lined furnace(temperature and atmospheric conditions are given in
the Results and Discussion section for each majeaith buffered
COICO, gas mixtures and unbuffered pure lgas at 1 atm total
pressure were used. For the COMC@as mixture, temperature and
oxygen activity can be selected to reduce only the more noble metal.
For hydrogen gas, although the specific oxygen partial pressure
could not be determined, we could carry out the reduction process at
low temperatureg<<500°C) without the deposition of carbon ob-
served for CO/CQ®. XRD (Rigaku RU300, Cu kK radiation)and
weight loss were conducted for each sample before and after partial
reduction heat-treatments to determine the phases present and the
extent of reduction. For brevity, the detailed data are not included
here but are available in Ref. 30. JEOL 2000FX and 2010FX trans-
mission electron microscopegdEM), a Fisons HB603 scanning
transmission electron microscof®TEM), a Philips XL30 environ-
mental scanning electron microscope, and a JEOL JSM-6320FV
field emission gun scanning electron microscope were used to char-
acterize the sample microstructures and identify phases.

Electrodes consisting of 70-88 wt % of the sample, 5-10 wt %
carbon additive(Super P, Chemetals Inc.; acetylene black, 99.9%,
Alfa Aesar; or graphite, 1-2um, Aldrich), and 10-20 wt % of poly-
vinylidene fluoride binder(Aldrich) were prepared. These were
mixed with y-butyrolactone solven{98%, Alfa Aesar)and either
cast on a sheet of Cu foil, or dried and then pressed at 4000 kg/cm
into 1/4 in. diam pellets. All electrodes were assembled in stainless
steel cells using Li foilAlfa Aesar)as the reference electrode, and
ethylene carbonate:dimethyl carbondfel by weight)with 1 M
LiPFs (EM Science)as the electrolyte, and Celgard 2400 as the
separator. Cycling was conducted at room temperature. The Super P
carbon additive made a significant contribution to the first-cycle
irreversible capacity loss and reversible capacity of the electrodes.
When formulated into electrodes and tested separately, up to 550
mAh/g of carbon and up to 80 mAh/g irreversible capacity was seen
on the first discharge at 0.7-1.3 V. The capacity data was corrected
by subtracting the capacity contribution of the added carbon from

ShMn,0; was prepared by ballmilling a 1:2 molar ratio mixture of the total electrode capacity.
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Figure 6. Cross-sectional backscattering SEM image of the Sb-MnO com-
posite after electrochemical cycling0 cycles between 0.7 and 1.3.\The — 2.5 1
microstructure of Sb embedded in MnO is retained. 2, 1-20c
o 2
g
Results and Discussion % 1.5 -
SbVQ and SBMn,O,.—Partial reduction was successfully car- > i
ried out at very low temperatures; complete reduction of the anti-
mony oxide fraction to Sb metal could be accomplished at tempera- 05 4
tures as low as 400°CG4 h, H,) for SbVQ,, and 360°C(18 h, H,) : 2-20d 1* discharge
for Sb,Mn,0O;. Figure 1a and lffrom Ref. 17)show XRD patterns 0 B
of the partially reduced SbVQand SBMn,0;, respectively. SEM ' '
and TEM analyses showed a dramatic difference in Sb precipitate 0 100 200 300
size between the two. Reduced Shy/€howed external Sb metal .
b Capacity (mAh/g)

120
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80
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Figure 7. XRD patterns ofa) AgVO,, partially reduced at 360°C for 6 h in
H,, and(b) Ag,V,0,,, partially reduced at 500°C fal h in H,.

=
o

60 70 80

(b)

Figure 8. (a) STEM image of internally precipitated Ag for AY,0,, par-
tially reduced at 500°C fo4 h in H,. (b) Cycling data for the partially
reduced AgV,0;; (20 mA/g).

precipitates of octahedral morphology as large ag.@20mixed with
vanadium oxide phase, while the reduced,Mh,0,; exhibited
much finer Sb particles, ranging from2 um to ~20 nm as ob-
served by SEM and TEM analysis, mixed with MnO phésig. 2a,
b).X” The finer precipitate size occurred despite a longer reduction
time for SBMn,O,. We believe that Sb metal precipitation occurs
internally in the distorted fluorite due to its high oxygen diffusivity,
causing Sb coarsening to be inhibited. In contrast, external reduction
appears to occur throughout for the slow oxygen diffusion system
ShVQ,, leading to coarse metal. For $hn,O;, even though the
precipitated metal is primarily internal, a certain amount of Sb lying
within a characteristic diffusion length of the surface can diffuse to
the surface and form external precipitates of Sb metal.

To obtain samples with a finer and higher fraction of Sbh internal
precipitates, the SMn,O; particle size prior to partial reduction
was increased through thermal coarsening. This lowers the specific
surface area and is expected to decrease the fraction of external
precipitates. The as-synthesized,Bin,O,; was further heat-treated
for various times and temperatures, after which the particle size was
examined using SEM. Here we present results for heat-treatment in
air at 1300°C for 8 h. A significant increase in the average particle
size from<1 pm in the starting material to 6.osm after coarsening
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Figure 9. Bright-field TEM images of doped $8TiysO,. (a) 0.8 mol % Al-doped phase separated at 900°C, 12 h(lnpartially reduced at 360°C, 15 h in
H,. (c) 1 mol % Ta-doped composition phase separated at 1000°C, 325 lidapdrtially reduced at 450°C, 24 h in,H

was observed. The coarsened@h,0, was then subjected to par- sembled and reassembled using a new lithium electrode and electro-
tial reduction at 420°C for 24 h in H SEM images of the coarsened lyte. The charge(lithium extraction) capacities were then mostly
oxide and partially reduced Sh-MnO compositég. 3) show that a restored. Furthermore, the cumulative inefficiencies found in these
high fraction of Sb internal precipitates is obtained. samples are much larger than the irreversible storage capacities pos-
Figures 4a and b show typical voltage profiles for the SBY sible from the materials in the electrode. The inefficiency also in-
and Sh-MnO composites, respectively. The average voltage betweegreases again after the rebuilding of the céfiig. 5b, c). This in-
charge and discharge plateaus wa&97 V, and closer examination dicates that the coulombic inefficiency cannot be attributed to the
revealed two closely spaced plateaus upon discharge, correspondirigsted material alone but to some other side reaction due to the Li
to the formation of LjSb and LiSh, respectively? Upon cycling, ~ metal electrode or the electrolyte, such as solid electrolyte inter-
the coarse-grained Sh,®; composite behaves like a mixture of the Phase(SEI) formation or electrolyte decomposition.
two phases without a tailored microstructure. The composite has an SEM examination of the microstructure of the internally reduced
initial capacity of 415 mAh/g that is close to the theoretical value of Sb-MnO composite after electrochemical cycling reveals that the
a 1:1 molar ratio of Sh:}0; (409 mAh/g), assuming Y0 to be |n|tla_1l mor_phology of Sb metal embed_ded in the Mn_O matrix was
inactive in this voltage range. However, rapid capacity fade in theretained(Fig. 6), although some fracturing of the matrix does occur.
first several cycles was observed for the coarse Sb metal in thi§Ve attribute the improved capacity retention upon cycling of this
sample (Fig. 5a). The SEMn,O,-derived material with its finer ~Material to the preservation of the internal reduction morphology,
metal dispersion exhibits much better cyclabiliifig. 5b). The which .helps to.malntaln conngcﬂwty between the .actlve metal and
sample with a still higher fraction of fine internal Sb precipitates, the oxide matrix through cyclic volumetric expansion and contrac-
shown in Fig. 3, exhibited even better capacity retentiig. 5¢).  tion of the metal. In a separate stuthywe showed that Sb metal
These cells did show lower coulombic efficiency and a surprisingPowder cycled in the same electrolyte system undergoes systematic
feature of sudden fade after about 20 cydEig. 5b, c). Further  disintegration into nanocrystalline metal particles. This is clearly
investigation indicated that the sudden capacity fade was a cell failavoided when the Sb metal is contained within an oxide matrix, as
ure and not an intrinsic property of the tested material. After thein the internally reduced Sh-MnO composites.
sudden capacity fade of cell Sb-MnO no. 1 at the 20th to 25th cycle The theoretical charge capacity for Sb-MnO obtained by reduc-
and Sb-MnO no. 2 at the 20th to 22nd cycle, the cells were disasing SbMn,O; is 417 mAh/g(2570 mAh/cni, assuming the theo-
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retical density of 6.16 g/ci). The two ShMn,O,-derived samples 3.5
in Fig. 5b and c show reversible capacities~0800 mAh/g(1850
mAh/cn?) and ~225 mAh/g(1385 mAh/cni), respectively. In the

latter case, the reduced capacity is attributed to incomplete reductiol
of the Sb oxide in the starting material. This was clearly evident in __
the amount of weight loss and the presence of retained fluorite phas2.
in the reduced sample observed by XR@®mrom the measured @
weight loss before and after reduction, it was calculated that 76% of &
the starting Sb-O was reduced to Sb metal, assuming that every
mol of the partially reduced SMn,0O, gives 2 mol of Sh metal and 1-
2 mol of MnO upon reduction With further development, a revers-

ible gravimetric capacity of~350 mAh/g corresponding to a volu- 0.5
metric capacity of~2150 mAh/cni should be possible for this sys-

tem. The comparison between Sby@nd SBMn,O, clearly 0
demonstrates the influence of the structure and transport propertie

of the starting compound on the microstructure obtainable through 0 200 400 600 800 1000
partial reduction, and subsequently on the electrochemical Capacity (mAh/g)

properties.

AgVGQ; and AgV,0,1.—XRD patterns showing AgV@partially 3
reduced at 360°C fo6 h in H, and AgV 4,0, reduced at 500°C for
4 hin H, are presented in Fig. 7. Only peaks for Ag metal are seen; 2.5
the vanadium oxide is present as an amorphous phase. Externall 6¢c lc
precipitated Ag particles were observed using TEM and STEM for =~ 2 { ,.
the partially reduced AgVQ whereas the partially reduced
Ag,V,0,, exhibited fine internal Ag precipitatesci20 nm thick
within the vanadium oxid€Fig. 8a). The occurrence of internal
reduction in the latter case may be due to the lower Ag concentra-
tion, as expected from Schmalzreid’s moHeICycling data for
Ag,V,0,, reduced at 500°C for 4 h in Hare shown in Fig. 8b. The
reversible capacity of-50 mAh/g is close to the theoretical capacity 0.5 1d
of the composite if it is assumed that only the Ag alloys with Li, and
that alloying up to one Li per Ag atom occurs. This indicates that the 0 : ‘
higher lithium alloys (LigAgs,Li;sAg) are not formed within the
range 0.005-2 Mto our knowledge, this is the first time this has 0 200 400 600 800 1000
been demonstratedA large first-discharge capacity is also observed Capacity (mAh/g)
in this instance, which is probably due to electrochemical activity of
the highly disordered vanadium oxide phase between 1.75 and 3 Vv 3
Ag,V 4,0, is thus another example of a system with good cyclability
achieved due to internal reduction of the metal. Note that pure Ag
metal powder by itself does not cycle reversibly to the composition
LiAg.®* However, due to the low overall charge capacity of this 11c 1c
composite system, it was not pursued further.

2

Voltag

60 mA/g
b)

15 L i

Voltage (V

60 mA/g

N

(2]

€
N’

N

(Sny 5Tig 50,.—Figure 9 shows TEM images of phase-separated
microstructures in the RTigsO0, system, showing the Sp@ich
(dark) and TiQ,-rich (light) lamellae. The A" doped sample has
lamellar spacing of 10-20 nm after being decomposed at 900°C for
12 h in air, while the Ta&" doped sample has a finer spacing<f0
nm despite being decomposed at a higher temperature and longe
time of 1000°C for 325 h in air. This is consistent with doping
effects seen in previous studies of this mate&f& Figure 9 also
shows corresponding images after partial reductair860°C for 15 0 200 400 600 800 1000
h in H, for Al-doped samples, and 450°C for 4 h ip Fbr Ta-doped
samples). Much of the reduced Sn metal is captured between
TiO,-rich platelets, at a particle size 6f10 nm. However, a signifi-  Figyre 10. Comparison of the cycling behavior ) phase-separated un-
cant fraction of the reduced Sn also formed external spherical partequced,(b) AI** doped partially reduced, angt) Te®" doped partially
ticles with a distribution of sizes up to 0/m diam. Unlike the  reduced (Sps, Tioe)O,. Rapid capacity fade occurred in the unreduced and
cases of Sb and Ag, partial reduction was carried out above theeduced At* doped with coarse Sn precipitates, while the reducett Ta
melting point of Sn meta(232°C). The coarser Sn particles may doped partially reduced sample exhibits better cyclablity due to finer Sn
have coalesced from smaller droplets or coarsened through vapanicrostructure and lower polarization from better conductivity.
phase transport. Thus these composites contain a distribution of Sn
particle sizes ranging from-10 nm to ~0.5 wm, with a larger
average size occurring in the Al-doped samples. Based on thehis may be due to slow reduction kinetics at the temperatures used,
weight loss during partial reduction, it was determined that only as well as retention of10% SnQ in solid solution in the TiQ@, as
33% of the total Sn@ had been reduced to Sn metal for the Al- indicated by the equilibrium phase diagram.
doped samplépartially reduced at 360°C for 15 h in,i and 56% Figure 10 compares the electrochemical behavior of the unre-
for the Ta-doped samplgartially reduced at 450°C fat h in H,). duced Al-doped sample, its partially reduced Sn-Tunterpart,

Voltage (V)
&

-

0.5 -
1d

Capacity (mAh/g)
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Figure 11. Cycle vs. capacity of phase-separated unreduced;” Aloped
partially reduced, and 74 doped partially reduced ($B,Tig9O,. The
best cyclability is found in the Pa doped sample with fine Sn particles.

Figure 12. Extended cycling of Ta-doped Sn-TjO Capacity drops from
200 mAh/g to 100 mAh/g at approximately 12th cycle due to coarse Sn
particles with fine Sn particles continuing to cycle reversibly.

and the partially reduced Ta-doped Sn-Ji@mposite. The unre-

duced (Sn,Ti)@ exhibits the largest first-cycle irreversibilify8%). o o o
Improvement in the first-cycle irreversibility was observed for both externally precipitated metal. In these materials, improved cycling is
of the partially reduced samplé64% for Al-doped and 55% for  attributed to both a reduction in metal particle size and the passiva-
Ta-doped sampl@sWe interpret most of the irreversibility as being tion of the metal particles by the surrounding oxide matrix. While
due to the electrochemical reduction of the residual Stasn. SEI  first-cycle irreversibility due to the presence of residual lithium-
formation probably also contributes to the irreversible capacities ob-ACtive oxide phases must be improved, reversible gravimetric ca-
served during the first cycle since the capacity loss is much largePacities up to 350 mAh/g and volumetric capacities up to 2000
than the unreduced SpGlone can produce. The larger plateau at mAh/cn? have been demonstrated in the systems studied to date.

~1 V in the unreduced sampléFig. 10a)is consistent with the From the processing viewpoint, this approach is attractive since in-
reduction of Sn@ by Li,® and the charge capacities were lower than
the theoretical value of 594 mAh/@360 mAh/cni) expected for
SnysTigs0,, which has been fully reduced to a 1:1 molar ratio of
Sn:Tio,.

For the Al-doped composition, both the starting oxide and the
partially reduced composite exhibit poor cyclability, as seen in Fig.

expensive starting materials and simple, scalable, thermochemical
processes can be used.

Acknowledgment

Funding and instrumentation in the Shared Experimental Facili-

10a and b. The rapid capacity fade is attributed to most of the redies at MIT were supported by NSF grant no. 9400334-DMR.

duced Sn being in the form of coarse particles. Note also that alarge The massachusetts Institute of Technology assisted in meeting the publi-

polarization develops during the first few cycles. In comparison, thecation costs of this article.

Ta-doped sample exhibits lower first-cycle irreversibility, better ca-
pacity retention, and lower polarizatidRig. 10c). The lower polar-
ization compared to Fig. 10b is attributed to the higher electronic 1.
conductivity of donor-doped TiQ2>2°Upon narrowing the voltage 2.
range of the Ta-doped sample to 0.3-1.2 V, a decrease in capacity’
from 300 to 200 mAh/g1000 mAh/c) was seen, but the cycla-
bility further improved(Fig. 11). After about 50 cycles, the capacity
stabilized at~100 mAh/g(Fig. 12). The earlier cycles appear to
cause the systematic loss of capacity from larger Sn particulates,
while the finer particles in the particle size distribution continue to
cycle reversibly.

This example demonstrates the concept of partial reduction of a
microphase-separated mixture of oxides to produce an electrochemi-g-
cally active composite. While the storage properties for the Sn-Ti-O3;’
system are not yet sufficient for practical use, we believe that furthenz.
development of this concept in related systems can narrow the size

5.
6.

8.

distribution of active metal particles and result in improved 13
properties. 14.

Conclusions 15.

The partial reduction of mixed oxides has been studied in severalg.
systems as a new approach to synthesizing electrochemically activer.
metal-ceramic composites. By choosing oxide compounds with suit18.
able crystal structures and active cation concentrations, fine intern 8'
dispersions of lithium-active metals can be obtained which show,;
markedly improved resistance to cycling fade compared to coarser2.
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