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In this study, nanoporous zirconia (ZrO,) and titania (TiO;) coatings are shown to stabilize the cycling
performance of lithium-ion batteries with LiMn, 04 spinel cathodes. The effect of firing temperature on
the coating pore size is discussed and the resulting performance of the coated cathodes is evaluated.
Stabilization mechanisms, such as neutralization of acidic electrolytes by ZrO, and TiO, coatings, are
examined. It is proposed that the establishment of a complex nanoporous network for lithium-ion trans-
port results in a more uniform current distribution at the particle surface, thereby suppressing capacity
fade that may be associated with surface instabilities of the spinel electrode.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The rechargeable lithium-ion battery industry has grown
tremendously in recent years with the rapid development of
portable electronic devices. Lithium-ion battery chemistries are
now also being prominently targeted to provide the high gravi-
metric and volumetric energy densities required by heavy duty
applications, e.g., hybrid- and all-electric-vehicles [1-3]. Currently,
LiCoO, is the dominant cathode material for these batteries. How-
ever, for mass electric-vehicle markets, global cobalt supplies may
be limited; furthermore, the cost of cobalt is likely to increase
significantly as demand continues to grow [4,5]. By compari-
son, manganese is a plentiful, inexpensive and environmentally
friendly element from which the lithium-manganese-oxide spinel,
LiMn;0y4, can be produced as an alternative cathode material [6,7].
Many studies of LiMn; Oy, including cation- and anion-substituted
derivatives, have been undertaken that that have emphasized its
superior safety and performance advantages over LiCoO, [8-18].

Despite advantages in terms of both cost and safety, lithium-ion
cells with LiMn; 04 spinel cathodes have limitations. Chief among
these is a decrease in capacity that occurs upon repeated cycling
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[19-21]. This problem is observable at room temperature, but is
exacerbated at higher temperatures. Numerous factors have been
shown to contribute to the capacity fade, such as the choice and
purity of the electrolyte and the operating voltage window of the
cells.

Early experiments with LixMn,O4spinel electrodes (0 <x<2)
showed that excessive discharge below 3.0V resulted in the for-
mation of Li;Mn; Oy, in which a large crystallographic (Jahn-Teller)
distortion (16% change in the c/a ratio) was responsible for
the capacity loss [8,22]. Non-equilibrium localized formation of
Li;Mn,04 at the particle surface has also been observed, partic-
ularly under high rate conditions above 3V, which can result in
subsequent disproportionation reactions to yield Mn(Il) and Mn(IV)
products, such as MnO and Li;MnOs, or MnO, Li;O and A\-MnO,
[23-25]. Soluble Mn?* ions can then be transported across the elec-
trolyte to the carbon (graphitic) anode, where they are deposited,
adversely affecting cell performance. Mn dissolution can be at least
partially mitigated by cation substitution to increase the average
Mn oxidation state above 3.5+ (e.g., Lij+xMn,_,04) and moderat-
ing lattice parameter differences (Aa) between the charged and
discharged states [23,26-28].

Electrolyte decomposition in lithium-ion cells can form Lewis
acids that accelerate the decomposition of LiMn; Oy4, to form soluble
Mn(II) species that leach into the electrolyte [29,30]. Trace amounts
of water in the electrolyte can also react with fluoride-based
electrolytes, generating hydrofluoric acid (HF), which has been
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implicated as an additional cause of Mn(Il) dissolution [31-33]
Rotating disc electrode experiments have shown that Mn(II) disso-
lution occurs under both discharged (<3.1V) and charged (>4.1V)
conditions, and is somewhat more pronounced at the higher poten-
tials [34]. Similarly, manganese deposition on graphite anode
surfaces has been documented for lithium-ion cells with LiMn;04
spinel cathodes that were charged to 4.3V [27].

The capacity fade of LiMn,0,4 spinels has also been partially
attributed to the formation of an electronically insulating solid elec-
trolyte interface (SEI) layer that forms on the cathode surface. This
process also occurs when cobalt-based cathodes are used [35], but
appears to be more complex for the manganese system due to the
accompanying formation of undesirable Mn products that further
compromise electronic conductivity, resulting in larger polariza-
tion losses [36,37]. It has been shown that the conductivity of the
SEI layer depends on the type of electrolyte employed, and that
SEI formation occurs concomitantly with changes in the bulk resis-
tance of the electrolyte [38]. Surface enhanced Raman spectroscopy
has demonstrated that the SEI layer formed by the interaction of
LiMn;04 with an electrolyte of 1M LiPFg in EC:DMC (1:1 by vol)
was comprised of a complex mixture of \-MnO, along with var-
ious alkoxide, carboxylic and carbonate functional groups formed
by oxidation of the electrolyte [39]. It has been estimated that the
capacity loss associated with the formation of the electronically
insulating SEI layer is roughly double the loss that can be attributed
to decomposition of the LiMn, 0,4 spinel electrode [40].

In recent years, various types of coatings and thin film deposi-
tion procedures have been explored to improve the electrochemical
stability of LiMn,04 cathodes in lithium cells [41-52]. For exam-
ple (1) improved cycling stability was achieved by coating LiMn; 04
with MgO and Al,03 precipitated from nitrate salt solutions [42];
(2) LiMn,04 electrodes demonstrated improved stability at 55°C
when coated with ZnO to neutralize harmful acidic species in the
electrolyte [43,44] and (3) we reported a stabilizing effect when
amorphous ZrO,, Al,03 and SiO, coatings were deposited onto
LiMn, 04 electrodes from colloidal suspensions using sol-gel tech-
niques [45,46].

Despite the numerous studies in this area, a functional under-
standing of coated electrodes remains incomplete. It appears likely
that at least some of the metal oxide coatings are capable of neutral-
izing acid species that might arise in the electrolyte. It has also been
suggested that the coatings may act as a physical barrier to Mn(II)
dissolution by forming epitaxial layers on the underlying coated
spinel, or by modifying structure of the spinel surface. The coatings
almost certainly have an effect on the SEI layer, which could mod-
ify the electronic- and Li*-ion conductivity at the particle surface.
At this time, it is not yet clear which of these various processes is
most important to the stabilization of a LiMn, 04 electrode surface;
key variables that influence coating efficacy remain to be identi-
fied and optimized for most of the coating materials that have been
employed to date.

Limited information has been gathered thus far about the sur-
face structures of coated LiMn,04 electrodes or their stabilizing
functions. Few of the studies published on this topic have reported
on the morphology, heterogeneity, or pore size of the thin films,
although it is well known that all of these properties can be influ-
enced by the synthesis, deposition and sintering processes used
in sol-gel chemistry [53,54]. For example, our previous studies
have shown that the stabilizing effect of a ZrO, coating is highly
dependent on particle size [46], which is likely to be one of the key
parameters that determines the structure of the thin film coating,
and is worthy of further characterization.

In this paper, we compare the electrochemical performance
of ZrO,- and TiO,-coated cathodes, prepared from colloidal sus-
pensions using sol-gel techniques, under a range of different
conditions. The data are compared with physically-mixed LiMn;04

and ZrO, /TiO, composite electrodes to discern the relative contri-
butions of acid/base neutralization and surface/interfacial effects
to the stabilization of the cathode imparted by the coatings. It is
highly likely that our results are relevant, not only to LiMn,0y4
spinel electrodes, but also to the recently reported family of lay-
ered lithium-mixed-metal-oxides that provide exceptionally high
capacities (250mAh g-1) when charged to high potentials (4.6V)
and could similarly benefit from surface stabilization [55,56].

2. Experimental

The stoichiometric lithium-manganese-oxide spinel, LiMn; 04
(Carus Corporation), which is more susceptible to surface
degradation than stabilized, cation-substituted spinels such as
Li1+xMn,_,04 was selected for our studies to quantify the effects of
ZrO; and TiO, coatings [57]. Colloidal ZrO,- and TiO,-suspensions
were prepared via acid-catalyzed, sol-gel hydrolysis and conden-
sation reactions of zirconium n-propoxide (Gelest) and titanium
isopropoxide (Aldrich) using previously reported techniques [54].
The size of primary colloidal solid particles was determined using
a ZetaSizer 3000 dynamic light scattering instrument (Malvern
Inc.). Cathode materials were prepared by suspending a measured
quantity of spinel in a sufficient volume of colloidal suspension to
provide a 4% (by mass) coating. Details of the coating technique are
described elsewhere [45,46]. The coated materials were fired for
3 h at either 300 or 400 °C with a 2°Cmin~! ramp rate.

To ascertain coating morphologies and the extent of surface
coverage, cathode materials were inspected with a Schottky Field
Emission Scanning Electron Microscope (LEO Gemini 1530). An
in-lens secondary electron detector, with an accelerating volt-
age of 3kV, was used to obtain high resolution surface images.
To further characterize the porous coatings, sorption isotherms
were measured using a Micromeritics ASAP 2010 micropore
analysis instrument. Specific surface areas were estimated from
Brunauer-Emmet-Teller (BET) analyses of the adsorption data at
low relative pressures [58].

Cathode laminates were prepared using 84% LiMn;04 powder
mixed with 4% SFG-6 graphite (Timcal) and 4% acetylene black
(Cabot) as current collecting media, and 8% polyvinylidene difluo-
ride as binder (Kynar). The materials were mixed into a slurry using
1-methyl-2-pyrrolidinone as the suspending solvent (Aldrich). The
slurry was cast onto an aluminum foil current collector using a
200 pwm doctor blade. The resulting laminates were dried in air for
4h at 75°C at ambient pressure, followed by another 12 h under
vacuum to remove any remaining solvent and adsorbed water. Two
laminates were also prepared by mixing 4% (by mass) of two types
of ZrO, powders with the LiMn,04 spinel using a mortar and pes-
tle in order to investigate the extent to which independent ZrO,
particles in the electrode might neutralize acidic species in the
electrolyte. The first laminate contained a commercial submicron
ZrO, powder (Aldrich), whereas the second laminate contained a
sol-gel derived ZrO, xerogel prepared from the same zirconium n-
propoxide precursor described above. The xerogel was fired for 3 h
at 400 °C, and ground separately with a mortar and pestle before it
was mixed with the LiMn, 04 powder.

Laminates were pinch rolled to consolidate the dry, solid elec-
trode powders; circular (1.6 cm?) cathode discs were punched
from these laminates. The punched cathodes were weighed
to determine the amount of active spinel (typically 12-16 mg)
before being loaded into sealed, stainless steel coin cells (Hohsen
CR2032). A lithium foil anode (Aldrich), a tri-layered polyethy-
lene/polypropylene separator (Celgard 2325), and an electrolyte
of 1M LiPFg dissolved in 1:1 ethylene carbonate/diethyl carbon-
ate solvent (Merck LP-40) were used as the other cell components.
Cells were assembled in a controlled atmosphere argon-filled glove
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box (Vac Atmospheres) to maintain H,O and O, levels below
5ppm.

Electrochemical tests were performed using a 16 channel
VMP2/Z electrochemical workstation with an impedance capability
(Princeton Applied Research). Freshly assembled cells were condi-
tioned over three, low current, break-in cycles at an approximate
C/12 rate (based on a nominal anticipated capacity of 130 mAhg~!
for the active spinel component). The actual ‘rated’ capacity of each
cell was then determined from the applied current and time taken
to discharge the cell on the third conditioning cycle.

A series of cells was cycled at room temperature through pro-
gressively higher rates of C/10, C/5,C/2,1C, 2 Cand 3 C(three cycles
ateachrate step) to determine the power capability of the ZrO, - and
TiO,-coated electrodes versus an uncoated, ‘control’ spinel elec-
trode. The high power cycles were followed by further C/10 cycles
to determine the extent of capacity loss at the slowest cycling rate.
A second series of cells was cycled at 1 and 3 C rates at 55°C to
determine the extent of high temperature capacity fade. Finally,
impedance spectra were obtained at cell potentials of 4.00, 4.13
and 4.30V, before and after the high temperature experiments
to explore changes in the electrochemical properties of the cells
under various cycling conditions. In all cases, multiple cells con-
taining each cathode type were evaluated to determine average
impedance values and standard deviations. Data analyses were per-
formed using EC Lab 9.15 and ZSimpWin 3.20 software (PAR).

3. Results and discussion
3.1. Coating characterization

The average size of the ZrO, and TiO, particles in the colloidal
suspensions (sols) was 3.3 and 4.8 nm, respectively (Fig. 1). Both
sols exhibited unimodal particle size distributions with narrow
peak widths. These results were consistent with earlier descrip-
tions of these materials [54]. Pore sizes for the thin film coatings can
be estimated by assuming that the coatings are formed by random
close packing of spherical particles. This results in two characteris-
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Fig. 1. Particle sizes for ZrO, and TiO, colloidal suspensions used for sol-gel coating
of spinel cathodes.

tic pore types of roughly triangular and rectangular shape (Fig. 2).
Based on their measured mean diameters, the 3.3 nm ZrO, particles
would be expected to generate pore sizes ranging from about 0.5
to 1.6 nm in size, whereas the larger 4.8 nm TiO, particles would
produce pores of 0.7-2.0 nm in size [59,60]. For scale comparison,
it is useful to note that the solvated radius of the lithium-ion in

TiO, particles
Mean diameter = 4.8 nm

pore size =0.74 nm

pore size =1.99 nm

Fig. 2. Scaled representation of pore sizes resulting from random close packing arrangements of spherical ZrO, and TiO, particles relative to the solvated lithium-ion in

ethylene carbonate electrolyte.
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Fig. 3. SEM images of uncoated, ZrO,-coated and TiO,-coated electrode laminates
at 20,000x (left) and 50,000 (right) magnification.

carbonate based electrolytes is typically reported as about 0.42 nm
[61-63].Scanning electron microscopy (SEM) confirmed that the
sol-gel deposition process successfully coated the LiMn, 04 spinel
particles with both ZrO, and TiO, (Fig. 3). Uncoated spinel crystals
with well defined facets were easily observed at a magnification of
20,000x. By contrast, the facets of the coated spinel crystals were
obscured. Inspection at higher magnifications of 50,000x showed
that the ZrO, and TiO, coatings were heterogenous. In each case, it
appeared that the sol-gel process had coated some spinel particles
more extensively than others, the coating thickness varying from a
thin layer in some instances to dense aggregates in others.

uncoated
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Fig. 4. SEM images of ZrO,-coated LiMn,04 electrode laminates fired at 300 and
400°C.

Our previous studies at the University of Wisconsin have shown
that the ZrO, sol-gel product transforms from an amorphous state
to a tetragonal crystalline structure when fired at 400 °C in air, and
that sintering, first at 300 °C and then at 400 °C, increased the mean
pore size from 0.7 to 1.9 nm, respectively, to form a porous ZrO,
network [54]. SEM images of ZrO,-coated spinels fired at these two
temperatures, obtained at a 200,000x magnification showed little
physical differences in coating morphology (Fig. 4). BET adsorp-
tion measurements showed that the surface area of the uncoated
spinel was 4.5 m2 g~1, whereas the surface area of the ZrO,-coated
spinel product after firing at 300 °C was 6.2 and 4.7 m2 g~ ! after fur-
ther sintering at 400 °C. A preliminary analysis of the average pore
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represent mean discharge capacities and error bars represent standard deviations.
Note the superior capacity of the TiO, (circles) relative to the ZrO, (squares) at rates
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diameters from the adsorption and desorption branches of the BET
isotherms using the Barrett et al. method [64] suggested that the
ZrO, coating fired at 300°C had narrower pores than the coating
heated at 400 °C, however the measures obtained were somewhat
obscured by the large contribution of numerous pores falling below
the lower limits of the BJH model for the 300 °C coating.

3.2. Room temperature rate capability

When cycled at a C/10 rate, the ZrO,- and TiO,-coated LiMn; 04
electrodes that had been fired at 400 °C delivered a slightly lower
capacity than an uncoated electrode, providing mean capacities
of ~120 and ~127mAhg-!, respectively (Fig. 5). This result is
expected because the coating process added 4% of electrochemi-
cally inert material to the active spinel component. When cycled
progressively at higher rates, the discharge capacity of all the cells
decreased, those with ZrO,-coated electrodes showing the most
severe effect. Multiple tests were conducted on cells with ZrO,-
and TiO,-coated electrodes and an uncoated LiMn;0,4 ‘control’
electrode (six of each) to confirm the reproducibility of the experi-
ments, from which average capacities and standard deviations were
determined (Table 1). For cycling rates of 1 C or higher, the capac-
ity of TiO,-coated electrodes was always higher than that of the
Zr0O,-coated electrodes. We suspect that the superior performance
of the TiO,-coated electrodes relative to that of the ZrO,-coated
electrodes may result from a more optimal pore size distribution
and faster Li*-ion transport through the coating. At discharge rates
of 2 and 3 C, the TiO,-coated electrodes had mean discharge capac-
ities that were similar to that of the uncoated control spinel. In
fact, when discharged at 3 C, the TiO,-coated electrodes exhibited
amean discharge capacity that was actually higher than that of the
uncoated material, however due to the magnitude of the standard
deviation of the mean, this difference should not be considered
statistically significant (t-test statistics: t=1.73, DF=10, p=.115).
When cycled at the highest 3 C rate, it was also observed that the
standard deviation for both ZrO,- and TiO,-coated electrodes was
considerably larger than that of the uncoated control (Table 1). We
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Fig. 6. Discharge profiles of the 1st and 50th cycles of lithium cells with coated and
uncoated LiMn, 04 electrodes cycled at 1C at 55°C.

speculate that this variance is due to the heterogeneous nature
of the sol-gel coatings, and physical non-uniformity amongst the
coated electrodes. An opportunity exists for future work in this
area to develop alternative coating deposition methods that might
address and limit this variability.

3.3. Elevated temperature stability

To examine performance under both moderate power and ther-
mal stress, coated electrodes were subjected to 50 cycles at a
rate of 1C at 55°C. Both TiO, and ZrO, coatings showed signif-
icant improvements relative to the uncoated spinel (Fig. 6). For
the uncoated cells, capacity fade at 55 °C was clearly evident after
only 10 cycles, becoming progressively more severe with each cycle
(Fig. 7). After 50 cycles, the mean capacity for the uncoated spinels
had been reduced by more than 60%. The variance of the control
cells alsoincreased, which is evident from the large error bars in the
later cycles. Both the TiO,- and the ZrO,-electrodes that had been
fired at 400°C showed superior stability, demonstrating capac-
ity losses limited to ~10%. By comparison, ZrO, electrodes fired
at 300°C showed only a moderate improvement in their stability
relative to the uncoated electrodes. We attribute the inferior perfor-
mance of ZrO, coatings fired at the lower temperature to a narrower
pore size distribution, thereby limiting Li*-ion transport. To further

Table 1

Mass specific discharge capacity of coated LiMn, 04 electrodes. Mean values are reported in mAh g—! with standard deviations in parentheses (n =6 for each coating type).
Costing Cc/10 C/5 1C 2C 3C C/10 (post)
None 127.15(1.03) 125.65(1.01) 115.78(1.34) 94.57(4.62) 47.04(3.50) 126.10(0.65)
4%TiO, 119.71 (2.49) 118.35(1.84) 109.71(1.91) 80.78(13.72) 56.23(12.56) 118.34(2.34)
4%Zi0, 120.14(1.11) 118.97(2.22) 104.04(4.93) 69.22(6.48) 20.72(13.70) 124.57(2.90)
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investigate the effect of firing temperature on the ZrO, coatings,
a series of cells was cycled at a 3C rate at 55°C. Although all the
cells lost capacity steadily, the ZrO,-coated electrodes (400 °C) pro-
vided the most stable cycling behavior, confirming the superiority
of these coated electrodes (Fig. 8).

In our earlier studies, we commented on the ability of ZrO,
coatings to neutralize hydrofluoric acid generated from the hydrol-
ysis of the LiPFg electrolyte salt [45,46]. It was suggested that the
ZrO, might scavenge HF by forming various types of oxonium-
zirconium-fluoride hydrate structures such as ZrFs~-H30*.2H,0
(alternatively, ZrO,-5HF-H,0). To further test this hypothesis,
LiMn;,04 spinel electrodes containing a 4% composite mixture of
commercial submicron ZrO, were cycled at 1C. Composite elec-
trodes containing a mixture of LiMn,0,4 and 4% of ZrO, colloidal
nanoparticles were also evaluated to differentiate between HF
scavenging effects of independent ZrO, colloidal nanoparticles in
the mixed composite electrode and stability enhancement due to
the ZrO, coatings (Fig. 9). As shown, the stability of the mixed com-
posite LiMn,04/ZrO, electrode is superior to the uncoated LiMn,; 04
control electrode but inferior to the ZrO,-coated electrodes. We
attribute the improvement of the composite cathode relative to
the LiMn, 04 control to the HF scavenging mechanism previously
described. Comparing the two composite LiMn,04/ZrO, electrodes,
the average capacity for the LiMn;04/colloidal ZrO, mixture was
slightly higher than that of the LiMn;04/submicron (commercial)
Zr0O, mix for most cycles, but this difference was not statistically
significant given the large standard deviations among the cells.

The marked difference in the electrochemical performance of
the ZrO,-coated and composite LiMn;04/ZrO, electrodes appears
to be due to more than a simple scavenging of HF from the elec-
trolyte. We propose that the porous network of the coatings serves
to moderate transport of Li* ions, smoothing out the current density
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at the surface of the LiMn, 04 spinel particles. Electrochemical cells
that undergo numerous charge/discharge cycles require a uniform
current distribution to prevent localized depletion of the active
electrode materials and localized accumulation of parasitic by-
products [65]. When two lithium-ions approach a LiMn, 04 spinel
cathode in rapid succession, i.e., at a high rate, the primary Li*-ion
current will concentrate typically on naturally occurring surface
defects. If the second ion arrives before the first has time to diffuse
into the spinel lattice, localized formation of over-discharge Mn(III)
product may occur, resulting in subsequent capacity loss [24]. Thin
film coatings, however, may serve to smooth the lithium current
density, creating a secondary current distribution. We speculate
that, as the Li* ions diffuse through the coating, they encounter a
tortuous porous network with numerous twists, turns, dead ends
and split paths. The likelihood of two ions moving through the thin
film and sequentially impinging upon the same surface location of
the spinel is decreased, thereby homogenizing the current distri-
bution, preventing localized over-discharge, and reducing capacity
fade.

The mechanism proposed above is consistent with the observed
performance of the TiO, coatings. TiO, reacts with hydrofluoric acid
to form TiOF,-H,0 [66,67] (alternatively, TiO,-2HF) and therefore
also serves to scavenge HF from the electrolyte. TiO, has an isoelec-
tric point near that of ZrO, [68], and presenting a surface thatis only
slightly less basic [69]. It can be expected that the porous network
created by the TiO, coatings should also be functionally similar
to that of ZrO,, serving to smooth the Li* ion current distribution
and enhancing the stability of the LiMn;,04 electrode surface. The
small differences (<5%) between the 400°C fired ZrO, and TiO,
coatings can likely be attributed to a combination of the minor dif-
ferences in the acid-base surface chemistry and the variability in
the nanoporous surface coatings.

3.4. Impedance analysis

In order to further elucidate the function of the ZrO, and TiO,
coatings, impedance spectroscopy was used to probe both the resis-
tive and capacitive behavior of the electrodes and their coatings. In
our earlier studies of coated LiMn, 04 electrodes, we demonstrated
that the impedance of the cells depended both on the chemical
composition of the coating and the state of charge [46]. In the
present study, this analysis was expanded to examine LiMn,;Oy4
electrodes, both before and after 50 cycles at 55°C at a 1 C rate.

A generalized equivalent circuit impedance model is shown in
Fig. 10 that is useful for interpreting spectra. The Nyquist plot
includes the real (resistive) component of the impedance on the
horizontal axis, and the imaginary (capacitive) component of the
impedance on the vertical axis. The axes have been shifted to facili-
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Observed impedance spectra

-Im(Z) / Ohm (arbitrary scale)

! Re(Z) / Ohm (arbitrary scale)

Total Internal Resistance

Fig. 10. Measured impedance spectra and proposed equivalent circuit model for a
freshly assembled cell with a ZrO,-coated LiMn, 04 electrode.

tate comparison of the measured spectra with the equivalent circuit
schematic and modeled spectra. The impedance response is parti-
tioned into contributions from several different components. The
firstis the electrolyte or solution resistance (Re ). This is followed by
three pairs of resistor and capacitor elements arranged in parallel
that represent the electric double layer (RCy;), charge-transfer at
the spinel surface (RC¢), and the solid electrolyte interface layer
(RCsej). Finally, a Warburg element (W) is used to model semi-
infinite diffusion in the bulk cathode material. Of primary interest
is the total internal resistance of the cell, which is represented by
the sum of the real components of the impedance extending along
the horizontal axis.

4. Uncoated LiMn;04 electrodes

Fig. 11 shows the impedance spectra for a representative cell
containing the uncoated LiMn, 0,4 control electrode. Before cycling,
the impedance was small and reached its lowest value at full charge
of the cell. The total internal resistance varied from about 15 to
20 Q2. By comparison, after fifty 1C cycles at 55°C the impedance
of the uncoated LiMn,04 electrode increased by more than an
order of magnitude. We attribute the substantial low frequency
impedance increase to the formation of a detrimental solid elec-
trolyte interfacial layer at the spinel surface. We speculate that the
high temperature treatment resulted in excessive disproportiona-
tion of Min(III) into Min(II) and Mn(IV). Dissolution of the manganese
Il oxide (MnO) and generation of the manganese IV oxide (MnO,)
at the surface would impede the conductive pathways for lithium-
ions entering the spinel. It is also interesting to note that, after
cycling, the impedance of the control cells at full state of charge
(4.3V) was higher than at lower states of charge. The impedance
values at 4.3V were also the most variable of all measurements
taken, the magnitude of which corresponded with the 1C cycling
performance of the control cells. This result is a good indication that
the observed changes in impedance are due to chemical changes at
the cathode surface, rather than manifestations of poisoning phe-
nomena brought about by the migration and deposition of soluble
Mn(II) at the graphitic anode of lithium-ion cells.

5. ZrO,-coated electrodes

Fig. 12 shows the impedance spectra for a representative cell
containing a ZrO,-coated LiMn, 04 electrode fired at 300 °C. Fresh
cells prior to cycling showed an increase in impedance relative to

| Uncoated before cycling

-Im(Z) / Ohm

b 10 15 20 25 30
Re(Z) / Ohm

50
Uncoated after 50

1C cycles at 55°C

40

30

20

-Im(Z) / Ohm

10

50 100 150 200 250
Re(Z) / Ohm

Fig. 11. Impedance spectra for an uncoated LiMn, 04 electrode.
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Fig. 12. Impedance spectra for a ZrO,-coated LiMn, 04 electrode fired at 300°C.
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Table 2
Internal resistance data for cells after cycling 50 times at a 1C rate at 55°C. Mean
values reported with standard deviations in parentheses (n=3 for each cathode

type).

Cathode chemistry Rine @ 4.00V Rine @ 4.14V Rine @ 430V
(Ohm) (Ohm) (Ohm)
Uncoated control 168 (31) 174 (59) 162 (79)
Zr0O,-coated, fired at 300 C 110 (10) 113 (15) 125 (20)
Zr0,-coated, fired at 400 C 80(33) 77 (28) 78 (26)
TiO,-coated, fired at 400 C 81(30) 74 (28) 72 (28)

the uncoated spinel. The spectra clearly showed more prominent
contributions from the third low frequency RC element, which we
attribute to the modified SEI layer formed by the coatings. The
internal resistance of freshly-coated ZrO, electrodes fired at 300 °C
was roughly double that of the uncoated spinel electrode, which is
likely due to limitations of Li*-ion transport through the coating.
This observation is consistent with the slightly reduced potential
and capacity of the coated electrodes on the first 1C discharge
profile (Fig. 6). However, the impedance rise of these ZrO,-coated
LiMn, 04 electrodes upon 1 C cycling at 55°C (50 cycles) was not
as severe as it was for the uncoated control electrode (Table 2);
these data emphasize the beneficial effect that the coatings have
on improving the stability of the spinel electrode surface to electro-
chemical cycling. The overall lower internal resistance of cells with
ZrO,-coated LiMn;04 electrodes is consistent with their slightly
improved 1 C cycling capacity compared to the uncoated control
spinel electrode (Figs. 6 and 7).

Fig. 13 shows the impedance spectra for a representative cell
containing a ZrO,-coated LiMn,04 electrode fired at 400°C. The
higher firing temperature slightly reduced the initial impedance of
the fresh cells, and decreased the prominence of the RC,,; element
associated with the coating. This agrees well with BET measure-

10 Zr0, coated, 400 °C fired
9}| before cyeling
8
£ 7
e} 6
= 5
)
£ 4
3
2
1
0
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Re(Z) / Ohm
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18
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g 430V
=
s 12
Z
o 10 Zr0, coated, 400 °C fired
~§ g after 50 1C cycles at 55 °C
"6
4
2
0
20 40 60 80 100 120
Re(Z) / Ohm

Fig. 13. Impedance spectra for a ZrO,-coated LiMn, 04 electrode fired at 400°C.
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Fig. 14. Impedance spectra for a TiO,-coated LiMn, 04 electrode fired at 400°C.

ments, indicating that the higher firing temperature resulted in
larger pore sizes that would be more conducive to Li* ionic trans-
port, hence lowering the overall impedance of the SEI component.
After 1C cycling at 55°C, the internal resistance of these cells
roughly doubled, but remained significantly lower than that of cells
with uncoated LiMn,04 electrodes and those fired at 300°C. Our
interpretation of the impedance spectra is consistent with that of
others, who showed that a mid-frequency impedance arc resulted
from a series of processes at the solid electrolyte interface, resulting
in an increased resistance to Li*-ion transport through the surface
film [70].

6. TiO,-coated LiMn;0,4 electrodes

Fig. 14 shows the impedance spectra for a representative cell
containing a TiO,-coated LiMn;04 electrode fired at 400°C. The
spectra show the same trends as ZrO,-coated electrodes that had
been fired at the same temperature; however, the TiO,-coated elec-
trodes showed slightly smaller impedance values. This effect is
tentatively attributed to the larger TiO, particles (4.8 nm), which
are expected to yield larger pores in the coatings than the smaller
ZrO, particles (3.3 nm). Upon cycling, the impedance of the TiO;-
coated LiMn, 04 electrodes increased modestly (Fig. 14), with the
internal cell resistances ranging from 50 to 70 2 (Table 2); the resis-
tance at the top of charge (4.3 V) remained lower than that obtained
at other voltages, even after cycling (Fig. 14).

Although the impedance values measured after high temper-
ature cycling were highly variable, the results for the TiO,- and
Zr0,-coated electrodes fired at 400 °C are particularly noteworthy
because the average internal resistance values are less than half that
of the uncoated spinel electrode (Table 2). We accredit the superior
1 Chigh temperature cycling capacity of the TiO,- and ZrO,-coated
electrodes to the protection of the LiMn,04 surface and the rela-
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tively low impedance imparted by the coatings. These results are
consistent with related studies in which it was demonstrated that
nanoparticulate metal oxide coatings applied to 5-V spinel elec-
trodes improved both cycling performance and rate capability at
high temperatures by suppressing the formation of thick SEI layers
and enhancing charge-transfer kinetics [71,72].

7. Conclusions

This study has demonstrated that the stabilizing effect of
nanoporous ZrO, and TiO, coatings on LiMn, 04 electrodes appears
to result predominantly from two distinct processes: (1) neutral-
ization of HF, which suppresses the acid attack of, and damage to,
the LiMn;04 electrode and (2) a more uniform current distribu-
tion provided by the nanoporous coating at the LiMn;04 particle
surface. The effect of firing temperature on pore size has been
demonstrated for ZrO, coatings, and the superior cycling stability
and discharge performance of coated electrodes has been shown
to result from greatly reduced electrochemical impedance. Further
work is required to investigate and tailor the surface properties of
other amphoteric metal oxide coatings such as MgO, ZnO and Al, O3
to find the optimum material for optimizing the electrochemical
properties and long-term cycling stability of LiMn, 04 spinel elec-
trodes.

While the ZrO, and TiO, coatings were only applied to
stoichiometric LiMn,04 spinel electrodes, the benefits offered
by nanoporous thin films may prove useful for other cathode
chemistries such as high capacity, layered lithium-mixed-metal-
oxides that require a charging potential (4.6 V) and the family of
5V spinels [73]. If developed on a commercial scale, such nanofab-
rication techniques may offer an attractive option forimplementing
significant improvements in lithium-ion battery performance and
lifetime.
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