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Abstract

Carbon- and binder-free layered-oxide and spinel-oxide electrodes of various compositions have been prepared to determine performance
degradation mechanisms of Li-ion cells that are associated with the active materials. In this work, we report the preparation of these sub-micrometer
thick electrodes by a non-aqueous sol—gel spin coating on a Pt foil substrate. The active materials were characterized by various techniques including
X-ray diffraction and scanning electron microscopy. Electrode properties were evaluated before and after accelerated aging by cyclic voltammetry,

galvanostatic cycling and electrochemical impedance spectroscopy.
Published by Elsevier B.V.
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1. Introduction

High-power lithium-ion batteries for hybrid electric vehicles
(HEV) applications are being studied at Argonne National Labo-
ratory (ANL) as part of the US DOE’s FreedomCar and Vehicle
Technologies program. Extensive tests on 18650-, prismatic-,
and coin-type high-power lithium-ion cells are being conducted
to identify factors that undermine their power performance
and thermal safety characteristics. The investigated cells have
contained a range of chemistries including layered oxides and
Mn-spinels as positive electrode active materials, graphite, hard
carbons and Ti-spinels as negative electrode active materials,
and LiPFg and LiBOB as electrolyte salts [1-6]. The investiga-
tions are mainly conducted on composite, porous electrodes that
include the active material, electronic conductive additives, and
polyvinylidene difluoride (PVDF) binder.

A suite of diagnostic tools has been employed to deter-
mine the cause of cell performance degradation. These tools
include the use of a Li-Sn reference wire to isolate the
impedance contribution of individual electrodes [4], surface
analysis techniques such as X-ray photoelectron spectroscopy
to correlate changes at the electrode surfaces to electrode per-
formance [2], and analytical electron microscopy to examine
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changes in the electrode bulk [1]. These data have indicated
that the positive electrode is not only a dominant contribu-
tor to the impedance rise but also responsible for a portion
of the capacity fade. However, identifying specific mechanisms
responsible for the loss of electrode performance has been dif-
ficult; interpreting the role of the oxide materials in electrode
performance degradation is also complicated by the presence
of the electronic conducting carbon additives and the organic
binder.

In this paper, we report the preparation, characterization,
and evaluation of carbon- and binder-free (BCF) electrodes
containing LiNij;3Co13Mny303, Lis;3Ti5304 and LiMnyOy
active materials. Preparation of BCF film electrodes has been
reported by several research groups using radio frequency (rf)
magnetron sputtering [7-11], pulsed laser deposition (PLD)
[12-14], electrostatic spray deposition (ESD) [15-17], and
sol-gel spin coating [18-22]. Of these various experimental
techniques, the sol-gel spin coating offers advantages over
others in cost, ease of film preparation, and control of stoichiom-
etry and crystallinity [18,21,22]. In this work, sub-micrometer
thick BCF electrodes were prepared by non-aqueous sol-gel
spin coating on a Pt foil substrate followed by heat-treatment
in air. The active materials were characterized by various
techniques including X-ray diffraction (XRD) and scanning
electron microscopy (SEM). Electrochemical properties of the
materials were evaluated by cyclic voltammetry, galvanostatic
cycling and electrochemical impedance spectroscopy. Data from
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Fig. 1. SEM images of (a) LiNij;3Co1/3Mnj302, (b) LiMn; Oy, and (c¢) Lis3 Tis3O04 film electrodes.

accelerated aging experiments on the electrodes are also pre-
sented; diagnostic analysis and kinetic property measurement
data on fresh and aged electrodes will be reported in future
articles.

2. Electrode preparation

The LiNij3Co13Mn1/30; precursor sol was prepared by dis-
solving Li-acetate, Ni-acetate, Co-nitrate, and Mn-acetate in a
mixture solution of ethanol and acetic acid. Polyvinylpyrroli-
done (PVP, MW 55,000) was used as a chelating agent; PVP has
been reported to be an excellent sol additive for the preparation
of crack-free oxide films [19,21]. The LiMn;O4 precursor sol
was prepared by dissolving Li-acetate, Mn-chloride and PVP-
55000 in ethanol. The Lis/3Tis;304 precursor sol was prepared
by dissolving Li-acetate, Ti-isopropoxide and PVP-55000 in an
ethanol and acetic acid solution mixture. The prepared sols were
spin-coated on Pt foil at 3000 rpm for 30 s to obtain a gel film.
Thus prepared gel films were heat-treated at 600 °C for ~1 h in
air to burn off the organic components. The spin coating and
heat-treatment process were repeated several times until a film
of desired thickness was obtained. Each electrode was subjected
to a final heat-treatment in air to obtain the well-crystallized
oxide product: the LiNij;3Co1,3Mny30; electrode was heated
at 850 °C for 2 h, the LiMn,Oy4 electrode at 750 °C for 3 h, and
the Lig/3Tis304 electrode at 700 °C for 30 min. After this final
heat treatment, the electrodes were stored in an inert atmosphere
glove box to minimize sample contamination and to prevent
changes (if any) from ambient air reactions.

3. Materials characterization

Scanning electron microscopy (SEM) of the electrodes was
conducted on a high-resolution Hitachi S-4700 microscope with
a field emission electron source. X-ray diffraction (XRD) data
were collected on a Philips powder diffractometer using Cu Ka
radiation for two-theta values from 10° to 80°.

Fig. 1a—c shows morphologies of the LiNij;3Co13Mny305,
LiMn;Oy4, and Lig/3Ti5304 film electrodes, respectively. The
sizes of the primary oxide particles, determined from the
SEM pictures, are ~0.1-0.3 um for LiNij;3Co13Mny;302
and LiMnyQOy4, and ~50-100nm for Lig;3Tis;304. Note that
Lig/3Tis;304 exhibits much finer primary particles; accordingly,
the electrochemical active surface area of Lis/3Ti5;304 is signif-
icantly greater than for the other two electrodes.

Fig. 2a—c shows the XRD patterns obtained from the
LiNij;3Co13Mny30,, LiMnyOy, and Liyg/3Tis;304 film elec-
trodes, respectively. The most intense peaks in the diffraction
patterns are from the Pt substrate. The LiNij;3Co13Mny;302
film (Fig. 2a) exhibits the a-NaFeO; structure (space group R-
3m), which is the prototypical crystalline structure for layered
LiMO, (M =transition metal atom), with small impurity peaks
(denoted by *) corresponding to a cubic spinel structure such as
M304 (M =Co or Mn). The integrated intensity ratio (R) of the
(003) and (1 04) peaks of the LiNi{;3Co13Mn1,30; material is
1.4, which indicates that a well-layered compound with mini-
mal cation mixing was prepared. The diffraction pattern of the
LiMn;O4 film (Fig. 2b) shows the cubic spinel structure with a
space group of Fd-3m. The Lis/3Ti5;304 oxide film (Fig. 2¢) also
exhibits the diffraction pattern of cubic spinel structure (space
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Fig. 2. XRD patterns of (a) LiNij;3C013Mn;302, (b) LiMnyOy4, and (c) Lis/3Tis;304 film electrodes.
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group Fd-3m), with small impurity phase peaks of TiO, (denoted
by #). The lattice parameters calculated from the XRD pat-
terns of the three film electrode materials using the least square
method are: a =0.2863 &+ 0.0004 nm and ¢ = 1.424 £ 0.002 nm
(LiNij3Co13Mny307), a=0.8227+£0.0001 nm (LiMn,0y),
and a =0.8349 4+ 0.0001 nm (Lia/3Ti5304), which are in good
agreement with reported values [23-25].

4. Electrochemical evaluation

The electrochemical measurements were conducted on 2032-
type coin cells (20 mm dia, 3.2 mm thick) that were assembled
in an Ar-filled glove box. In addition to the oxide electrode,
the cells contained a lithium metal negative electrode and Cel-
gard 2325 separator: the electrolyte was 1 M LiPFg in a 1:1
(w/w) mixture of ethylene carbonate (EC) and diethyl carbon-
ate (DEC). The cyclic voltammetry (CV) data were obtained at a
sweep rate of 50 wV s~! on a Solartron 1480 MultiStat. The elec-
trochemical impedance spectroscopy (EIS) measurements were
conducted with an EG&G 273 A potentiostat and a Solartron SI
1260 frequency response analyzer controlled by ZPLOT mea-
surement software: the data were collected in the potentiostatic
mode with a 10 mV perturbation about the open circuit volt-
age. The galvanostatic cycling data were obtained on a Maccor
cycler; the coin cells were cycled at various currents in voltage
ranges appropriate for each material.

4.1. Initial characterization

Fig. 3a shows a CV curve obtained from a Li/LiNijs3
Co13Mn;30; cell in the voltage range of 2.5-4.3V. The
LiNij3Co1/3Mny30, material shows a simple CV curve with
oxidation and reduction peaks centered at 3.8 and 3.75V,
respectively, in contrast to LiNiO;-based cathode materi-
als that show multiple peaks in the CV due to distinct
phase transitions [26]. In Fig. 3b is given a CV curve of a
Li/LiMnyO4 cell between 3.4 and 4.4V. As is well known
for the stoichiometric LiMn,O4 spinel material [24,27], the
CV curve of the LiMnyO4 film electrode shows two dis-
tinct peaks during Li extraction/insertion from/into tetrahedral
site, which is attributed to ordering of the lithium ions [24]
or to cubic-to-cubic phase transition in the 4V region [27].

Fig. 3c shows a CV curve obtained from a Li/Lig/3Ti5304
cell in the voltage range of 1.2-1.8 V. The Lis;3Ti5;304
material exhibits single reduction/oxidation peak centered at
~1.55V resulting from the lithium insertion/extraction reac-
tion of Lig/3Tis304 + Li* + e~ <> Li7/3Tis;304 [25]. The cyclic
voltammograms (Fig. 3a—c), together with the XRD patterns
(Fig. 2a—c), show that the targeted BCF film electrodes with
layered and spinel structures were successfully fabricated by
the sol—gel spin coating technique.

4.2. Aging behavior

Fig. 4 shows the charge—discharge cycling behavior of
the LiNi1/3C01/3Mn1/302, LiMn204, and Li4/3Ti5/304 elec-
trodes at 0d and after storage at 55°C for 36d. The
LiNij3Co1/3Mn130, electrode capacity decreased from an ini-
tial value of 34-23.5 wAh after the 55 °C storage at 4 V versus
Li*/Li, i.e., a ~31% capacity fade in 36 d. The LiMn,Oy4 elec-
trode capacity decreased from an initial value of 151-102 wAh
after the 55 °C storage at 4.12V versus Li*/Li, i.e., a ~32%
capacity fade in 36 d. On the other hand, the Lis/3Ti5304 elec-
trode capacity remains unchanged after the 55°C storage at
1.55V versus Lit/Li.

Fig. 5 shows room-temperature EIS data obtained on
the LiNi1/3C01/3Mn1/302, LiMn204, and Li4/3Ti5/304 cells
before and after the 55°C storage. The cells containing the
LiNij3Co1/3Mny30, and LiMn;O4 electrodes show a signifi-
cantimpedance rise, whereas the cell containing the Lis/3Ti5;304
electrode shows a decrease inimpedance. Note that the EIS curve
for each cell is a superposition of impedances from both the
oxide and lithium metal electrodes. The observed impedance
increases for the LiNij;3Co13Mny30,2 and LiMnyO4 cells
could, therefore, contain contributions from the lithium counter
electrode. However, the absence of an impedance increase in
the Lig/3Tis;304 electrode cell suggests that the Li counter elec-
trode contributions to impedance increase on aging is probably
small. The observed decrease in impedance on aging for the
Lis3Tis;304 cell apparently results from improved electrolyte
wetting of the nano-particles (Fig. 1¢) during the 55 °C storage.

The capacity decrease on cell aging reflects a depletion
of cyclable lithium in the cell, which can result from sev-
eral factors that include the loss of electrode active material
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Fig. 3. Cyclic voltammograms obtained from Li cells employing the LiNij;3Co1/3Mny30; (a), LiMny O4 (b), and Lis/3 Tis;304 (c) film materials as positive electrodes
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Fig. 4. Charge—discharge cycling curves (measured at RT) of (a) Li/LiNij;3Coy/3Mn1303, (b) Li/LiMn; Oy, and (c) Li/Liga/3 Tis;3O4 cells at 2 A current (1.58 MA/cmz)

after storage at 55 °C for 0 and 36d.

through dissolution into the electrolyte, reduction in the specific
capacity because of phase changes in the material, and lithium-
consuming side reactions. The capacity fade and impedance
rise of the LiMnyO4 cells is most likely associated with
structural degradation of the oxide: loss of Mn from the
active material during cycling and aging is a well-known phe-
nomenon [28]. The LiNij;3Co13Mn30; cells capacity fade
and impedance rise probably results from (a) electronic iso-
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Fig. 5. EIS data (10kHz to 10mHz) (measured at RT) of (a)
Li/LiNij;3Co13Mn 30, (4.0V), (b) Li/LiMn,O4 (4.12V) and (c)

Li/Lig3Tis304 (1.55 V) cells after storage at 55 °C for 0 and 36d.

lation of the oxide particles and (b) formation of electrode
surface films that act as kinetic barriers to lithium transport at
the oxide/electrolyte interface. There may also be some disso-
lution of the LiNij;3Co13Mn1,30, material into the electrolyte
during the 55 °C storage [28]. The unchanged capacity of the
Liy3Tis;304 cells is a testament to the remarkable integrity of
the oxide under the test conditions.

Furthermore, the data reflect the absence of lithium-
consuming side reactions on the 1.55V Liy/3Ti5;304 electrode:
electrolyte reduction reactions responsible for the formation and
growth of the solid-electrolyte interface layer on graphite parti-
cles typically occur at <0.8 V versus Li*/Li. Further studies are
underway to explore the origin of the observed capacity loss and
impedance rise using various diagnostic techniques; these will
be discussed in future publications.

5. Conclusions

Carbon and binder-free LiNi;3Co1/3Mn;/307, LiMn;Oy4, and
Lis3Tis;304 sub-micrometer thick electrodes were prepared by
a non-aqueous sol—gel spin coating on a Pt foil substrate. XRD
patterns and electrochemistry data indicated that the materi-
als had the expected crystal structures and charge—discharge
cycling properties. Accelerated aging data showed capacity fade
and impedance rise for the LiNij;3Co13Mn1,30; and LiMn;O4
cells, which may result from dissolution, electronic isolation,
and surface film formation on the oxide particles. The unchanged
capacity of the Lig/3Tis;304 cell is in accord with the known sta-
bility of the oxide and the absence of lithium-consuming side
reactions on the active material particles.
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