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bstract

Lithium titanate spinel (Li4Ti5O12, or LTS) is receiving consideration as a nanopowder anode material for use in lithium-ion batteries. LTS has
ore positive working potential than traditional graphite anodes, and it does not react with electrolyte components. However, the main drawback

f LTS powder is its poor interparticle electronic conductance that reduces the high-rate ability of the electrode. To improve this we have coated
he surface of the LTS powder with a titanium nitride layer by atomic layer deposition (ALD). In situ infrared spectroscopy studies were conducted

o confirm the attachment of the titanium precursor. The nitrogen content of films was measured by total nitrogen content testing. Transmission
lectron microscopy (TEM) micrographs confirmed the formation of a thin titanium nitride film around LTS particles by ALD. Finally, lithium
ells with electrodes made of original and modified LTS nanopowders were assembled and tested.

2007 Published by Elsevier B.V.
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. Introduction

Desirable electrode materials for lithium-ion batteries (LIBs)
re electronically conductive Li-insertion compounds with a
tructure that allows lithium mobility. Examples of LIB anodes
nclude lithiated carbon materials and Li alloys. The most com-

only distributed LIBs use graphite (or related carbonaceous

aterials) as anodes. While LIBs substantially reduce power

ost, recharging LIBs at high rates remains a challenge. This
imitation, to a large extent, is due to lithium metal plating on
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he surface of the carbon anode at high charging rates. This plat-
ng leads to capacity degradation and causes a safety hazard.
he origin of lithium metal plating stems from the proximity
f the anode potential to that of lithium metal. To avoid lithium
lating, the anode charging potential must be less negative.

Lithium titanate spinel (LTS) is an emerging negative elec-
rode material for high rate LIBs [1–18]. Up to three Li ions can
e intercalated reversibly per each LTS formula unit, as shown
y Eq. (1)

i4Ti5O12 + 3Li+ + 3e− ↔ Li7Ti5O12 (1)

When fully lithiated, LTS has a specific capacity of
67.5 Ah kg−1 and an energy density of 270 Wh kg−1 in a Li-
etal cell. By comparison, the specific capacity of graphite

anges from 300 to 370 Ah kg−1 with an energy density between

80 and 460 Wh kg−1.

Among the advantages of LTS over graphite is its working
otential. Since the potential difference between LTS and Li/Li+

s greater than 1 V, neither a solid electrolyte interphase (SEI)
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or a lithium metal will form on the electrode surface regardless
f charge rate. Additionally, it may be more stable at elevated
emperatures (75–80 ◦C) because the electrode does not react
ith the electrolyte components. Without the formation of a
EI, the electrode surface area can be increased through the use
f nanoparticulate LTS.

Another advantage of LTS is that it is a “zero-strain” material
eaning that lithium ions can be inserted and extracted with
inimal change to its lattice dimensions [18]. The ability of a

ell to maintain its lattice dimensions is a reliable predictor of
ts voltage and capacity stability while cycling.

While LTS has many properties that make it a promising alter-
ative to carbonaceous anodes, it has the disadvantage of being
poor electrical conductor (5.8 × 10−8 S cm−1 at 140 ◦C) [19].
onductive diluents are included in the electrode composite to
vercome this problem. Still, more interparticle electrical con-
act is necessary. We have investigated the modification of the
TS surface chemistry as a means to improve LIB performance.
n particular, we have considered coating the particle surface
ith a layer of TiN.
TiN is a hard, refractory material [20,21] and an excel-

ent metallic-type conductor [20–22]. Atomic layer deposition
ALD) may be an effective means for depositing such a coat-
ng. It has been shown that uniform, conformal coatings could
e achieved using ALD [20,23,24]. Atomic layer deposition
ecently has been used to coat the surfaces of powders with SiO2
25], TiN [26], and Al2O3 [27,28]. The ALD reaction consists of
series of sequential, self-terminating surface half-reactions on
substrate followed by an inert gas purge [20,24,29–31]. In the
ase of TiN, made from TiCl4 and NH3, the TiCl4 chemisorbs
n to the substrate and, after purging the excess precursor from
he system, NH3 then reacts with the Ti–Cl-terminated surface
o form one theoretical monolayer. A detailed description of
he reaction chemistry is given in [26]. Actually, only a frac-
ion of a monolayer is formed. Repeated sequential doses of
iCl4 and NH3 lead to growth of a titanium nitride film on the
anoparticle.

. Experimental

.1. ALD materials

The ALD reaction was performed using approximately 0.30 g
f lithium titanate spinel powder (Altair Nanomaterials). The as-
eceived nanopowder had a particle diameter of approximately
5 nm, and a measured Brunnauer–Emmett–Teller (N2) sur-
ace area of 69 m2 g−1. Titanium(IV) chloride (Acros, 99.9%)
as used as received. Anhydrous ammonia (Matheson Tri-Gas,
9.99%) was used as the reducing agent and nitrogen source.

.2. ALD in situ methods

Methods and equipment used to perform the in situ ALD

xperiments and diffuse reflectance infrared Fourier transform
DRIFT) spectroscopy have been described previously [26]. We
sed these methods to characterize the surface chemistry of LTS
nd examine the initial TiN reaction chemistry.
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.3. ALD ex situ methods

.3.1. Reactor description
The deposition cell was a vertically mounted quartz tube with

porous frit centered axially within the tube to act as a support
latform for the powder substrate while allowing the excess pre-
ursors to exit the deposition area. A muffle furnace was used to
aintain the reaction temperature at 500 ◦C. The run and vent

ines were electrically heated with heating tape to 250 ◦C to pre-
ent condensation and formation of a TiCl4:NH3 adduct through
eak interactions between the precursors and their adhering to

he transfer lines. The pressures upstream and downstream of
he reactor were monitored with Baratron differential pressure
auges. The system was equipped with a mechanical vacuum
ump and a liquid nitrogen trap. A schematic is provided in
ig. 1.

.3.2. Precursor delivery
The atomic layer deposition reactor consisted of one stainless

teel bubbler to supply the TiCl4. Anhydrous ammonia was sup-
lied by a tank, pressurized to about 2000 Torr. Air-actuated
alves regulated precursor delivery via computer software.
itanium(IV) chloride flow was controlled by maintaining
ubbler temperature at 0 ◦C resulting in a vapor pressure of
pproximately 2.5 Torr. The substrate was exposed to 5 × 106

angmuirs (10−6 Torr-s = 1 Langmuir, L) of TiCl4 followed by
3-s evacuation and a 2-s nitrogen purge for the first half-

ycle. Ammonia flow was controlled by an MKS Instruments
ype 247 mass flow controller with a flow rate of 20 standard
m3 s−1 at approximately 2000 Torr. The substrate was exposed
o 1.2 × 109 L of NH3 followed by a 3-s evacuation and a 2-s
urge.

.3.3. Total nitrogen content test
Upon modification of an LTS sample by TiN ALD, 0.15 g

f the sample was combusted completely at 1350 ◦C. The com-
ustion products, NOx, were measured through the electrical
onductivity of the resulting gas.

.4. Coin cell testing

.4.1. Coin cell materials
The electrode materials were tested in coin-type cells. The

aterials were prepared by coating aluminum or nickel foil
ith slurry consisting of either 80% uncoated or ALD TiN-

oated LTS (active material), 10% carbon black (conductive
iluent), and 10% polyvinylidene fluoride (PVDF) binder sus-
ended in N-methylpyrrolidone. The slurry was manually spread
nto the foil with a Gardco Film Applicator (a.k.a. doctor blade)
o the thickness of the coating corresponded to a capacity of
.6–0.8 mAh cm−2.
.4.2. Coin cell fabrication methods
After coating, the electrodes were calendered, dried under

acuum at 110 ◦C, and punched to the diameter of 1.3 cm.
ithium foil was used as a counter electrode. A 1 M solution
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Fig. 1. Schematic of home-bu

f LiPF6 dissolved in ethylene carbonate/dimethyl carbon-
te/diethyl carbonate (Ferro Inc.) mixed 1:1:1 by volume was
sed as the electrolyte. This electrolyte is typical for lithium-ion
ells.

A Setella polyethylene separator, with a thickness of 20 �m,
as used.

. Results

Lithium titanate spinel powder modified by ALD was char-
cterized with in situ and ex situ methods. Analysis with in situ
RIFT spectroscopy was performed to monitor changes to the
TS powder surface after each of the precursors reacted with
he substrate and to verify the surface reaction. Modification of
he LTS powder also was carried out in a home-built, automated
LD reactor so that a large number of ALD cycles could be
eposited.

.1. ALD with in situ DRIFT characterization

Lithium titanate spinel powder was examined with DRIFT
pectroscopy to characterize surface groups and confirm the
vailability of attachment sites for TiCl4, the first half-reaction
n the formation of TiN by ALD. Spectra were collected
efore and after each surface exposure to TiCl4. The avail-
bility of surface hydroxyl groups is a crucial component in
unctionalizing surfaces and forming thin films. Past work has

emonstrated that these hydroxyls are preferred binding sites
or metal thin film precursors like TiCl4 [22,30,32,33]. At
oom temperature, the DRIFT spectrum (Fig. 2a) revealed a
mall shoulder at 3690 cm−1 and a broad peak that stretched

o
a

mic layer deposition reactor.

rom approximately 3410 to 3220 cm−1. These bands were
ue to isolated metal hydroxyls (M–OH), molecularly adsorbed
ater, and hydrogen-bonded hydroxyl groups, respectively.
group of absorption bands were observed between 1700

nd 1300 cm−1: a peak at 1640 cm−1 and a doublet at 1510
nd 1460 cm−1 with a shoulder at 1350 cm−1. The band at
640 cm−1 represents surface-adsorbed water, while the other
eaks were assigned to carbonate impurities, as Li2O read-
ly absorbs CO2 [34]. The presence of surface hydroxyls on
TS powder indicated that reaction sites were available for
iCl4.

Fig. 2b is a difference spectrum collected after the addition
o the surface and evacuation of TiCl4 vapor. The spectrum
f LTS at reaction temperature is used as the reference. Posi-
ive bands represent an addition to the surface, while negative
ands indicate that a surface group has been removed. Due to
he limitations of the environmental chamber, the in situ reac-
ion was performed at 425 ◦C. The negative band at 3675 cm−1

ndicates that M–OH groups have shifted downfield because of
igher temperatures and have been removed from the surface.
egative bands between 1640 and 1300 cm−1 also show that

dditional carbonate species have been removed as well. The
ositive band at 940 cm−1 represents a Ti–O bond to the sur-
ace. Hence, the initial step of reaction of TiCl4 with the LTS was
onfirmed.

.2. ALD with ex situ characterization
In addition to the in situ DRIFT studies, TiN was synthesized
n LTS powder for further characterization and evaluation as an
node for lithium or lithium-ion cells.
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ig. 2. DRIFT spectrum of LTS at room temperature in air (a) and DRIFT di
eference is LTS under vacuum at 425 ◦C (b).

.2.1. Total nitrogen content
The thickness of the TiN layer is difficult to determine directly

ecause its surface is known to oxidize in air [35–40]. We used
he average content of nitrogen in the coated material as the

easure of the deposited amount of nitride. A nitrogen content of
.061% (by weight) was measured for the thin film synthesized
y 200 ALD cycles at 500 ◦C.

.2.2. TEM analysis
Atomic layer deposition has been shown to coat powders

niformly by other groups [25], and we used transmission elec-
ron microscopy (TEM) to verify the uniformity of our coatings.
TS powder, modified with 200 ALD cycles of TiN at 500 ◦C,
as examined with a TEM. Micrographs of unmodified and
odified LTS particles are presented in Fig. 3. The unmodified

articles (Fig. 3a) appear flat and plate-like. The micrographs
f the modified particles show similarly shaped flat, plate-like

tructures. However, there is a discernible halo of a different
ensity than the rest of the particles (Fig. 3b). While the coating
ppears uniform, it is difficult to discern whether the specimen
hown in Fig. 3b consists of several individual particles or an

m
e
r
m

Fig. 3. TEM micrographs of unmodified LTS (a) and LTS
ce spectrum of LTS at 425 ◦C under vacuum after an addition of TiCl4. The

gglomeration formed by sintering. Determination of the film
hickness by visual inspection of the TEM micrographs gives
n average thickness of approximately 58 Å, or approximately
.3 Å cycle−1. Assuming the film is stoichiometric TiN, this is
lightly greater than the growth per cycle (0.2 Å) for TiN on
iO2 observed by Ritala et al. [20,41] and similar to the growth
er cycle (0.28 Å) for TiN on SiO2 seen by Satta et al. [42].
he growth per cycle indicates that a non-continuous film is
eposited during each cycle.

.3. Coin cell tests

Figs. 4 and 5 represent the voltage profile and capacity,
espectively, of the coin cells during cycling. A cell with LTS
odified by TiN ALD was compared to a cell with unmodified

TS. The cells were cycled within 2.2 and 1.4 V at 25 ◦C. The
ate of the first cycle was C/20 (C is the expected capacity in

Ah), followed by two cycles at C/10, three at C/5, and sev-

ral more C/10 cycles. It is assumed that the product of the LTS
eduction, the Li7Ti5O12, appears as a new phase mechanically
ixed with the original species [9]. Since the molar Gibbs energy

modified (b) with 200 cycles of TiN ALD at 500 ◦C.
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Fig. 4. Cyclic voltammogram of unmodified LTS and LTS modified with 20

f a two-phase system does not depend on the composition, the
oltage of the Li/Li4Ti5O12 cell should not vary noticeably dur-
ng lithiation and delithiation at constant current, as has been
bserved in the literature [9–12].

In Fig. 4, the shape of the voltage–time curve of the
ell with unmodified LTS differs from that of the modified
TS. Whereas the discharging branch of the original material
eveals a distinctive plateau corresponding to the formation of

two-phase product, the charging branch deviates from the
lateau level when the electrode is approximately half-charged.
he coulombic efficiency is about 80% of the theoretical
aximum during the first cycle, and the electrode capac-
ty decreases significantly during the first several cycles. We
ssume that the potential increase is due to the crystallite con-
uctance decrease along with delithiation and weakening of
he electric contact between the particles. The same effect

c
o
o
r

ig. 5. Measurement of specific capacity of unmodified LTS and LTS modified wit
attery vs. the number of charge/discharge cycles. The discharge rate is given below
les of TiN ALD at 500 ◦C tested as coin-type cells in a lithium-ion battery.

an be observed in [18]. The slow response of the mate-
ial is attributed by the authors to poor interparticle electrical
ontact.

The substitution of the unmodified LTS electrode for LTS
oated with TiN via ALD visibly improves the cell perfor-
ance. Both charging and discharging branches are comprised

f relatively long, flat plateaus appearing after a short transient
eriod and followed by abrupt process termination due to a sharp
ncrease (when charging) or decrease (when discharging) of the
ell voltage.

The change in specific capacity of the unmodified and modi-
ed electrodes brought about by continued cycling and varying

harge rates is shown in Fig. 5. The specific charge capacity
f the modified electrode nearly maintains its theoretical value
ver numerous charge/discharge cycles and at different charge
ates. Typically, a faster charge rate will decrease charge capac-

h 200 cycles of TiN ALD at 500 ◦C tested as coin-type cells in a lithium-ion
the cycle number on the x-axis.
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ty. However, this is witnessed to only a small extent with the
iN-coated LTS powder coin cell.

The unmodified LTS powder coin cell shows a drastic
ecrease in specific capacity with increasing charge rate. Ulti-
ately, the cell reaches its lowest specific capacity after the

hird charge at C/5 (sixth overall). Upon decreasing the rate to
/10 during the seventh and eighth charge cycles, the specific
apacity increases to values similar to those obtained during
revious charges at C/10. At the ninth and tenth cycles and
eyond, an increase in specific capacity occurs. Perhaps this can
e attributed to a deformation of the LTS lattice, but otherwise
his phenomenon is not readily explained.

. Discussion

The capacity results indicate the TiN-coated LTS coin cell did
ot undergo typical capacity fade at higher currents and delivered
constant charge throughout the charging sequence. At higher

urrents, reduction of the anode occurs only on the outer surface
hat is coated with an insoluble compound that prevents access
o reaction sites in the inner portions of the electrode [43].

It is not clear whether the capacity depends on the rate or if
t varies due to macro-structural changes within the electrode
pon cycling. Since neither the electrode component composi-
ion nor the conductive diluent selection has been optimized,
he efficiency improvement in the unmodified electrode parti-
les may be the result of improved interparticle contact while
he modified particles have better electrical contact throughout
ycling.

Two possible reasons exist for the improved performance
f the modified LTS powder over the unmodified powder. The
rst is the change in particle morphology that occurs at high

emperature. Removal of electrically non-conducting carbonate
pecies may also be a contributing factor. The second reason for
mproved performance was the presence of the TiN thin film.
ince the conductance of the LTS is low by nature [11,12], the
eposition of a conducting component on its surface may have
mproved electrical contact. Side reactions with the electrolyte
nd resistance to fouling by the electrolyte solvent because of
he passivating layer may have been averted while preserving
he bulk material for Li-ion intercalation.

. Conclusion

Lithium titanate spinel powder was determined to have sur-
ace hydroxyl groups suitable for reaction with TiCl4 to initiate
he formation of TiN by ALD. TiN coatings formed by ALD on
TS showed an increase in relative film thickness, as determined
y nitrogen content, with an increasing number of deposited lay-
rs and with increasing reaction temperature. Manipulation of
he NH3 exposure time indicated that the process is ammonia-
tarved due most likely to slow surface reaction kinetics.

Coin cell testing indicated that the deposition of a TiN thin

lm on LTS enhanced LTS electrode performance, possibly

hrough the removal of surface carbonate species and preven-
ion of anode decomposition by the electrolyte. ALD-modified
TS powder produced a constant voltage and sharp process

[

[

r Sources 165 (2007) 379–385

ermination upon potential change while either charging or dis-
harging. Cycling tests indicated that the ALD-modified LTS
owder maintained a constant charge capacity, close to its the-
retical capacity, at various cycling rates. Optimization of the
omposition of the electrode and the selection of an appropriate
inder may enhance performance even further.
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