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bstract

The low temperature electrochemical performances of 700 and 350 nm Li4Ti5O12 were compared. At high rate, room temperature and at low
ate and low temperature (0, −10, −20 and −30 ◦C), the 350 nm Li4Ti5O12 showed higher capacity than the 700 nm Li4Ti5O12. This difference is
roposed to result from the shorter diffusion lengths and higher number of lithium insertion sites in the 350 nm Li4Ti5O12 compared to the 700 nm

i4Ti5O12. However, at high rate and low temperature, a transition in performance was observed, that is, the 700 nm material had higher capacity.
t high rate and low temperature, it is proposed that interparticle contact resistance becomes rate limiting owing to the temperature dependence of

his property and this accounts for the different behavior at low temperature and high rate.
ublished by Elsevier B.V.
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. Introduction

Li4Ti5O12 is a potential anode material for Li-ion batteries
ith some unique and potentially useful characteristics [1–3].
or example, it is a zero-strain lithium insertion host suggest-

ng virtually unlimited cycle life. It features a flat, operating
oltage of about 1.5 V versus lithium, above the reduction poten-
ial of common electrolyte solvents thus, it does not form a
olid electrolyte interface based on solvent reduction which
hould be a favorable property for high rate and low tem-
erature operation. This voltage also is sufficiently high such
hat the dangers of lithium plating that can occur at high rate
nd/or low temperature are removed. The use of nanophase
i4Ti5O12 has been shown to yield improvements in rate capa-
ility [4–6]. Furthermore, the use of nanostructured electrodes
as been reported to enhance low temperature performance
7–9]. Up to this time, the low temperature performance of
anophase Li4Ti5O12 has not been reported. Herein, we report
n the low temperature performance as a function of particle size
nd rate.
∗ Corresponding author. Tel.: +1 301 394 0291; fax: +1 301 394 0273.
E-mail address: jallen@arl.army.mil (J.L. Allen).
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. Experimental

Two Li4Ti5O12 samples were compared of differing particle
ize: (1) NanomyteTM Li4Ti5O12, obtained from NEI corpora-
ion, hereafter referred to as NEI-Li4Ti5O12 [10] (2) a larger
article size Li4Ti5O12 prepared at ARL using a solid-state
ethod [11] from TiO2 (rutile structure) and Li2CO3, here-

fter referred to as ARL-Li4Ti5O12. Three weight percent excess
i2CO3 was used to compensate for lithia volatilization during

he high temperature heating. The starting materials were ground
ith an alumina mortar and pestle with enough methanol to form
slurry. The dried and mixed reactant mixture was heated at

00 ◦C for 12 h in air. The sample was reground, pelletized and
eated for another 24 h at 800 ◦C in air.

The Li4Ti5O12 samples were first characterized by X-ray
iffraction with a Rigaku Ultima III diffractometer using Cu
� radiation. Lattice constants were determined by obtaining
iffraction data in a parallel beam diffraction geometry and
tting the data using Rietveld refinement [12] using RIQAS
oftware (Materials Data Inc.). Crystal size was evaluated by col-
ecting diffraction data in a Bragg–Brentano (focusing) geom-
try and correcting for instrumental broadening by using LaB6

NIST; 660A).

Surface area measurements were done by the Brunauer–
mmett–Teller (BET) [13] method using N2 as adsorbate gas.
he average particle size diameter was calculated based on this
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urface area assuming a spherical particle [14]. Particle size
nd morphology were also evaluated using scanning (SEM) and
ransmission (TEM) electron microscopy.

For electrochemical testing, a composite electrode with a
oad of 2.10 ± 0.05 mg cm−2 was fabricated by a slurry coating

ethod. Using �-butyrolactone as solvent, a slurry of 78 wt.%
i4Ti5O12, 12 wt.% polyvinylidene fluoride and 10 wt.% super-
carbon was prepared and coated onto an aluminum foil sub-

trate. The electrode film was cut into small discs with an area
f 0.97 cm2 and dried at 60 ◦C in air before use. In a dry room
dew point < −80 ◦C), Li/Li4Ti5O12 button cells were assem-
led using Celgard 3501 membrane as the separator and a 1.0 M
iPF6 solution in a 1:1 (wt.%) mixture of propylene carbonate

PC) and 1,2-dimethoxyethane (DME) electrolyte. A Tenney
nvironmental Oven was used to provide constant temperature
t 20, 0, −10, −20, and −30 ◦C. Cycling testing was performed
sing a Maccor Series 4000 tester. The cells were cycled between
.0 and 1.0 V at C-rates from 0.1 to 5.

. Results and discussion

Fig. 1 compares the powder X-ray diffraction patterns of

he NEI-Li4Ti5O12 and the ARL-Li4Ti5O12 materials. Careful
nspection of the patterns shows no evidence of rutile (2θ ≈ 27◦)
r anatase (2θ ≈ 25◦) polymorphs of TiO2, impurities commonly
bserved in Li4Ti5O12 samples. The lattice constants as deter-

Fig. 1. X-ray diffraction patterns of NEI-Li4Ti5O12 and ARL-Li4Ti5O12.
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Fig. 2. Scanning electron micrograph of ARL-Li4Ti5O12.

ined from Rietveld analysis of the XRD pattern are 8.35610
±0.00004) Å and 8.35575 (±0.00005) Å for ARL-Li4Ti5O12
nd NEI-Li4Ti5O12, respectively. These lattice constants are
imilar to values obtained for Li4Ti5O12 obtained via high
emperature syntheses: 8.369 Å [15], 8.367 Å [1], 8.365 Å [3],
.358 Å [16] and 8.357 Å [8].

The average crystal size was estimated for NEI-Li4Ti5O12
rom measurement of the broadening of the X-ray reflections.
sing the Scherrer formula [17]:

= 0.9λ

B cos θB

, (1)

here t is the thickness of the crystal in angstroms, λ the wave-
ength of the radiation, and B is the line broadening. B was
alculated from the Warren formula [17]:

2 = B2
M − B2

S (2)

sing LaB6 as the line broadening standard, where BM is the sam-
le peak full width half maximum (FWHM) and BS the FWHM
f the LaB6 standard. From these measurements a crystal size
f 230 nm was calculated. ARL-Li4Ti5O12 has a crystal size too
arge to be measured via X-ray reflection line broadening.

Fig. 2 is an SEM image of ARL-Li4Ti5O12. The SEM image
hows a fairly uniform particle size of about 700 nm. The mor-
hology can be reasonably approximated as equiaxed. Fig. 3
s a TEM image of NEI-Li4Ti5O12. The TEM image of NEI-
i4Ti5O12 shows equiaxed particles of about 350 nm diameter.

BET surface areas of 2.46 and 4.85 m2 g−1 were measured
or ARL-Li4Ti5O12 and NEI-Li4Ti5O12, respectively. The aver-
ge particle size diameter was calculated based on this sur-
ace area assuming a spherical particle using the equation
14]:
= 6

ρSBET
(3)

here d is the particle size, ρ the density of Li4Ti5O12
3.5 g mL−1) and SBET is the BET surface area [14].
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Fig. 3. Transmission electron micrograph of NEI-Li4Ti5O12.

The characterization of the two samples is summarized in
able 1.

All of the characterization methods are in close agreement
nd thus, we assign an average particle size of ca. 700 nm for
RL-Li4Ti5O12 and ca. 350 nm for NEI-Li4Ti5O12.
Fig. 4 compares the capacity and voltage of ARL-Li4Ti5O12

nd NEI-Li4Ti5O12 as a function of temperature at a low rate
f 0.06 mAh cm−2 (C rate ≈ C/8). The temperature ranges are
oded by color and symbols: red squares, black diamonds, green
riangles, blue circles and purple asterisks corresponding to 20,
, −10, −20 and −30 ◦C, respectively. Solid lines and symbols
orrespond to ARL-Li4Ti5O12 and dashed lines and hollow sym-
ols correspond to NEI-Li4Ti5O12. The theoretical capacity of
i4Ti5O12 is 175 mAh g−1 per the following lithium insertion

eaction:

i4Ti5O12 + 3Li+ + 3e− → Li7Ti5O12 (4)

oth samples showed near 90% of the theoretical capacity: at
0 ◦C, ARL-Li4Ti5O12 (red dashed line, Fig. 4) had a specific
apacity of 163 mAh g−1 and NEI-Li4Ti5O12 (solid red line,
ig. 4) had a specific capacity of 152 mAh g−1. The slight
ifference in baseline capacity may result from the fact that the

lectrode film processing method was developed for micrometer
ized materials and may need to be adjusted to account for
he use of smaller particles. The voltage of discharge for both
amples is 1.5 V, indicating no difference in polarization and

able 1
article size characterization

ethod ARL-Li4Ti5O12 NEI-Li4Ti5O12

RD N/A ca. 230 nm (crystal size)
EM ca. 700 nm N/A
EM N/A ca. 350 nm
ET 700 nm 353 nm
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ig. 4. Discharge curves of ARL-Li4Ti5O12 (solid) and NEI-Li4Ti5O12

dashed)as a function of temperature at rate of 0.06 mAh cm−2 (≈C/8).

n agreement with literature values [1–3] for the insertion of
ithium into Li4Ti5O12. When the temperature was lowered to
◦C, we immediately see the effect of the smaller particle size
f NEI-Li4Ti5O12. The specific capacity of NEI-Li4Ti5O12 was
48 mAh g−1, representing a 3% drop in capacity, whereas,
he capacity of ARL-Li4Ti5O12 dropped to 133 mAh g−1, an
8% drop in capacity. This demonstrates the powerful effect of
ecreasing particle size upon the kinetics of lithium insertion
s temperature is lowered. This is even more evident at −30 ◦C,
he NEI-Li4Ti5O12 is still delivering more than 83 mAh g−1,
hereas, the larger particle size ARL-Li4Ti5O12 only delivers
6 mAh g−1. This supports the hypothesis that scaling down
he particle size can improve low rate temperature performance
hrough shortened diffusion lengths and the larger number of
ithium insertion sites that result from the increased surface area.
he observation that higher Li4Ti5O12 capacity is maintained
ith decreasing particle size, as temperature is lowered, is in

greement with results of Huang et al [7,8] on coke and Slides
nd Martin [9] on V2O5 nanorods. Both sets of authors observed
hat as particle size decreases, more capacity is maintained at low

emperature.

What happens when the discharge rate is increased? Fig. 5
ompares the normalized capacity for ARL-Li4Ti5O12 and NEI-
i4Ti5O12 as a function of rate (from C/8 to 5C) at various
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ig. 5. Normalized capacity as a function of discharge rate for ARL-Li4Ti5O12

solid) and NEI-Li4Ti5O12 (dashed).

emperatures. The capacity is normalized with respect to the
oom temperature capacity. This was done to make trends in
he data clearer. This is justified in the fact that the room tem-
erature capacities for the two materials (163 mAh g−1 versus
52 mAh g−1) differ by less than 7%. In this figure, we fol-
ow the same color code and dashed/solid conventions as in
ig. 4. From Fig. 5, it can be seen that at room tempera-

ure and at low rates up to 1C, the ARL-Li4Ti5O12 and NEI-
i4Ti5O12, have about the same normalized capacity but as the

ate increase above 1C to 5C, the smaller particle size NEI-
i4Ti5O12 exhibits a significantly higher normalized capacity
ompared to ARL-Li4Ti5O12 and this difference increases as
ate increases. However, as temperature is lowered, there is a
hange between which of the materials has the higher capacity
s the discharge rate increases. At room temperature, the NEI-
i4Ti5O12 has higher capacity at all rates tested (from C/8 to
C) but during low temperature testing (T ≤ 0 ◦C), when rate is
ncreased, there is a cross-over rate at which the ARL-Li4Ti5O12
as the higher capacity. From Fig. 5, it is seen that as tempera-
ure decreases, this cross-over rate decreases to a lower discharge
ate.
At present, reasons for this transition are uncertain. We can
peculate on the reasons for the transition by (1) considering
hat is different between NEI-Li4Ti5O12 and ARL-Li4Ti5O12,

2) considering the effects of the differences and (3) determin-
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ources 159 (2006) 1340–1345 1343

ng, based on the effects, if the difference leads to a plausible
xplanation. The first difference we consider is surface area.
he NEI-Li4Ti5O12 has approximately two times the surface
rea of ARL-Li4Ti5O12. This property will not change as tem-
erature is lowered and, in fact, should lead to better low tem-
erature [7,8], high rate performance for NEI-Li4Ti5O12 since
he number of insertion sites is directly proportional to the
urface area. Therefore, this difference can be excluded as a
eason for the transition. The second difference we consider is
article diameter: NEI-Li4Ti5O12 has a particle diameter half
hat of ARL-Li4Ti5O12. This difference means that the lithium
on diffusion lengths will be shorter for the NEI material and
hould improve low temperature-high rate performance [7–9].
hus, we can also exclude this difference as a reason for the

ransition. Third, we can consider the different methods of syn-
hesis: the NEI-Li4Ti5O12 was made at a lower temperature and
herefore one might speculate that there exists a greater pos-
ibility that because of the low temperature of synthesis some
morphous or other non-equilibrium phase is present [18]. The
RL-Li4Ti5O12, synthesized at a higher temperature, is more

ikely to be fully reacted and contain only the thermodynami-
ally most stable phase, which is presumably Li4Ti5O12 [18].
his possible difference in the two samples may have some
ffect on the low temperature high rate performance but it is not
eadily apparent how this would change the low temperature-
igh rate performance and there is no evidence to support the
resence of such a phase or amorphous component. One could
lso speculate that the differences in synthesis may affect the
urface chemistry. But again, it is not readily apparent how
his would affect the low temperature high rate performance
nd we have no evidence of differences in the surface chem-
stry. Elucidation of possible differences would require con-
iderable experimental work beyond the scope of this paper.
hus, we will conclude that the difference in synthesis may
ave some effect but we will reasonably conclude that it is
robably not the reason for the transition. Fourth, we consider
rocessing of the electrode composite. The two active materi-
ls were processed in an identical fashion but it is a processing
ethod developed for micrometer-sized particles. However, at

oom temperature, the NEI-Li4Ti5O12 outperforms the ARL-
i4Ti5O12 and non-optimal processing should affect the room

emperature performance as well as the low temperature per-
ormance. Even with optimal processing, the smaller particle
ize material will still have more interparticle contacts. We do
ot want to minimize the importance of processing, because
he processing of nanoparticle based electrodes needs to be
ptimized, but we do not see it as a probable explanation for
he cross-over phenomenon. Finally, we consider the effect of
i4Ti5O12 inter-particle contacts. Owing to the fact that the
EI-Li4Ti5O12 is approximately half the diameter of ARL-
i4Ti5O12 there will be a proportional increase in the number
f inter-particle contacts for a given volume of NEI-Li4Ti5O12
ersus ARL-Li4Ti5O12. This leads to the question of whether

e should consider an interfacial phenomeon arising from the

ormation of a solid electrolyte interface (SEI) or do differ-
nces in performance result from interparticle resistances. The
EI is generally agreed to be a result of the reduction of elec-
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rolytes on the surface of the electrode to form a passivating
ayer that prevents further electrolyte reduction. It generally
tarts forming at 0.8 V for PC based electrolytes and much
ower for ether type solvents such as DME [19]. Since we cycle
etween 3 and 1 V, we will assume that since we are above
he reduction potential of the electrolyte, there is no SEI for-

ation. We assume then that the interparticle effects will be
lectronic in nature. Further experiments using electrochemi-
al impedance spectroscopy are planned to test this assump-
ion.

Now, we turn our focus onto the electronic resistance. Dur-
ng charge and discharge, electrons are transferred from particle
o particle. Each transfer of electrons has a resistivity associ-
ted with this process. The effect of introducing interparticle
ontacts causes an increase in the overall resistance because of
he increased number of interparticle contacts, each of which
as its own resistance. Could this be part of the explanation
or the transition? Well, resistance is a property, which varies
often exponentially [20]) as a function of temperature and if
e assume that the interparticle resistance increases as tem-
erature is lowered then one reasonable explanation for the
ransition is that the higher number of interparticle contacts
n the NEI material compared to the ARL material leads to a
igher overall resistance. This resistance is not significant at
igher temperatures but this resistance becomes more important
t low temperature because electronic resistance of semicon-
uctors and insulators is significantly higher at low temperature
20]. At room temperature, another step is rate limiting. Owing
o the fact that the smaller particle NEI material has better rate
erformance at room temperature, we suggest that the room
emperature rate is limited by either intraparticle lithium ion
iffusion or the number available lithium insertion sites and not
nterparticle electron transfer. In conclusion, the increased resis-
ance that results from increased interparticle contacts at low
emperature seems to be the most reasonable explanation for the
ransition.

Thus we propose that, whereas, we can obtain improved per-
ormance under most circumstances with smaller particle size,
ne must be concerned with the number and nature of inter-
aces that are created by use of nanoparticle electrodes. We will
iew this as an opportunity to further improve the electrode
roperties of nanophase Li4Ti5O12 by creating a nanostruc-
ured material with short diffusion lengths and a limited num-
er of interfaces. An example of an electrode material (V2O5)
ith nanometer dimensions and limited number of interfaces
as been reported by Sides and Martin [9]. Sides and Mar-
in prepared V2O5 “nanorod” electrodes, which demonstrated
xtremely good low temperature performance. The nanorod
rchitecture (nanometer diameter, micrometer length rods) may
e preferable to nanoparticle because the advantages of high
urface area and short diffusion lengths are present, however,
here are many fewer interparticle contacts in a nanorod than in

nanoparticle and so one does not introduce increased inter-

article contacts when scaling down to the nanoscale. Simi-
arly, a porous material may have similar advantages for charge
ransport applications [21]. Further, it points to the need to
valuate the electrode manufacturing process in order to gain

[

[
[

ources 159 (2006) 1340–1345

he most benefit from the use of nanoparticle sized electrode
aterials, that is, one can not simply view this as a drop-in

echnology.

. Conclusions

The properties of 350 and 700 nm Li4Ti5O12 anodes were
nvestigated with an emphasis on low temperature performance.
he 350 nm Li4Ti5O12 material exhibited higher capacity as
result of its shorter diffusion lengths and higher number of

ithium insertion sites compared to the 700 nm Li4Ti5O12 at
ll rates tested at room temperature or at low rate and low
emperature. There is, however, a cross-over in performance
ccurring at high rate and low temperature. It is suggested that
he origin of the transition is related to the higher number of
nterparticle contacts in the 350 nm material versus the 700 nm

aterial. It is believed that as temperature is lowered the resis-
ance of the interparticle contacts increases and controls the
ischarge rate. This suggests the possibility to further optimize
he nanophase Li4Ti5O12 anode material through preparation of
i4Ti5O12 materials in which the short, nanometer scale dif-

usion lengths are preserved while minimizing the number of
nterparticle interfaces. A clear advantage may be envisioned
or such a nanostructured material.
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