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Abstract

Highly uniform films of pure LiNij sMn, 50, spinel were obtained by spin-coating stoichiometric amounts of Mn(CH3COO), and Ni(CH;COO),
dissolved in de-ionized water, and Li(i-OC3;H7) dissolved in a 1:2 CH3-COOH/i-C3;H;OH mixture, onto an Au substrate. The resulting gel was
transformed into a spinel by calcining at variable temperatures from 400 to 800 °C. The deposits, thus, obtained were characterized by scanning
electron microscopy (SEM), and X-ray diffraction and X-ray photoelectron spectroscopy (XPS), and their electrochemical properties determined
from potentiostatic and galvanostatic measurements. The spinel formed at 400 °C, with an earthworm-like shape, the origin of which was ascribed
to the formation of a layer of undecomposed organic components. At 800 °C, the film exhibited markedly improved in crystallinity and the spinel
particles adopted a polyhedral shape of submicron size with well-defined edges and faces, thus, reducing the interparticle connectivity. Nickel atoms
were found to occur in two chemical environments, namely: as Ni>* and Ni**, the former being the major component. The potentiostatic curves
obtained were consistent with the spinel formula as they exhibited two well-defined peaks in the 4.6—4.8 V region associated to Ni** — Ni** — Ni**
processes. Also, both potentiostatic curves and galvanostatic curves were consistent with a reversible Li insertion/extraction reaction; however, the
cells exhibited significant overcharge that was probably due to electrolyte decomposition catalyzed by gold. The thin deposits obtained were found
to deliver capacities around 148 mAh g~! and to efficiently retain them upon extended cycling. However, the coulombic efficiency of the deposits
was rather low (around 50% at the 50th cycle). Increasing the film thickness, raised the coulombic efficiency to 85% but decreased the delivered
capacity, probably through increased resistance of the electrode; however, capacity retention on cycling was maintained.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction tested [11-15], for this purpose. These materials can afford

potentials below 4.5 V. The partial replacement of manganese

The trend towards miniaturizing a host of electronic and
mechanical devices has raised the demand for small power
sources, such as rechargeable Li-ion microbatteries. This has
promoted extensive research into thin-film based microbatteries
as regards preparation technology and the deposited materials
[1-6]. Chemical vapor deposition and sputtering have so far been
the most frequently used deposition techniques used [7-10], and
LiCoO; and LiMn, Oy, the cathodic materials most commonly
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in LiMn,O4 with various transition metals is known to endow
this compound with the ability to deliver a substantial capac-
ity at voltages above 4.5 V [16—18]. LiNig sMnj 504 [19-20] is
the doped spinel exhibiting the best electrochemical properties
as a result of the nickel (i) being oxidized at a potential below
4.8V, which is somewhat lower than those for other transition
elements, such as Co, Fe or Cu (ca. 5V), the difference being
important because such a high potential can favor unwanted
reactions and (ii) exchanging two electrons (from Ni%* to Ni**),
whereas the other elements exchange only one. As a result,
the Ni-doped spinel delivers a higher capacity at this poten-
tial, which can open up prospects for a new generation of Li-ion
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batteries of higher energy than those commercially available at
present.

The electrochemical activity of LiNipsMnj 504 in thin-
film intercalation electrodes prepared by electrostatic spray
deposition has been known for a few years [21]. Cell per-
formance was essentially determined from cyclic voltamme-
try measurements. Although this technique provides valuable
information, particularly concerning the different steps of the
electrochemical reaction, some characteristics, such as spe-
cific charge—discharge capacities, coulombic efficiency and
cycle life are better examined by galvanostatic methods. We,
recently, reported on the performance of this spinel as a film
electrode prepared by electrophoretic deposition [22] in a
lithium cell, where it exhibited promising results as regards
both delivered capacity and cycle life. The greatest shortcom-
ing encountered was the need to press the active material in
order to ensure an adequate electrochemical response. In this
work, we used a different approach to prepare thin films of
the spinel (viz. a sol-gel method assisted by spin-coating)
and studied their structure and electrochemical properties in
depth.

2. Experimental

Thin-film LiNig sMn[ 504 electrodes were prepared by spin-
coating a homogeneous precursor solution onto Au substrates
13mm in diameter. The process is depicted in Fig. 1. Sto-
ichiometric amount of the precursors [Mn(CH3COO), and
Ni(CH3COO), dissolved in de-ionized water, and Li(OC3H7")
dissolved in a 1:2 CH3-COOH/i-C3H70OH mixture] were mixed
with stirring for 6h. Then, the sol was deposited onto the
substrate by using a spin-coater (SCS model G3P-8, supplied
by PI-KEM) at 3000 rpm. Once the gel formed, the deposi-
tion process was repeated several times in order to ensure
that the film thickness would be adequate for electrochemi-
cal measurements. The gel was transformed into a spinel at
400, 600 and 800 °C. Although stainless substrates were also
tested, their surface was strongly degraded and the spinel com-
position altered at high temperature. The amount of oxide
attached to the substrate was determined by weighing on a Sar-
torius microbalance sensitive to within 1 pg before and after
deposition.

The textural properties of the films were analyzed by scan-
ning electron microscopy using a Jeol 6400 instrument. X-ray
diffraction patterns were recorded on a Siemens D5000 X-ray
diffractometer using Cu Ka radiation and a graphite monochro-
mator for the diffracted beam. The scanning conditions were
15°-90° (26), a 0.03° step size and 12s per step. X-ray pho-
toelectron spectra were obtained with a Physical Electronics
PHI 5700 spectrometer using non-monochromated Mg Ko radi-
ation (hv=1253.6eV). Binding energies were corrected using
the binding energy values of C(1s) of adventitious carbon (and
of the methyl group) fixed at 284.8 eV. Samples were mounted
on a holder without adhesive tape and kept under high vacuum in
the preparation chamber overnight before they were transferred
to the analysis chamber of the spectrometer. Survey spectra over
the range 0-1200 eV were recorded at a 187.85 pass energy, each

Li(i-0C;Hy)

1:2 CH;-COOH / i-C3H;-OH
mixture

Ni(ac), - 4H,0
10 mL H,0

Mn(ac), - 4H,0
10 mL H;0

stirring for 6h

I

Spin-Coating
3000 rpm

Heating at 200°C

Calcination
at 400, 600
and 800°C

Fig. 1. Procedure for preparing LiNip sMn; 504 films by spin-coating.

region being scanned several times to ensure an adequate signal-
to-noise ratio. Spectra were processed by using PHI-Access V.6
and Multipak software, both from Physical Electronics. High-
resolution spectra were fitted following Shirley background cor-
rection and satellite subtraction. Surface atomic concentrations
were determined from peak areas, using Shirley background sub-
traction and the sensitivity factors provided by the spectrometer
manufacturer (Physical Electronics, Eden Prairie, MN). An Ar*
ion beam of 4 keV was used for depth profiling and the compo-
sition was measured from the integrated intensities of the XPS
spectra.

Electrochemical measurements were made with either two-
electrode Swagelock-type or CR2032 coin-type cells, using Li
(supplied by Strem) as anode and a piece of Whatman paper
as a spacer. The electrolyte, supplied by Merck, was 1 M anhy-
drous LiPF6 in a 1:1 mixture of ethylene carbonate and dimethyl
carbonate. Cells were assembled in an M-Braun glove-box.
Step potential electrochemical spectroscopy (SPES) curves were
recorded at 2.5 mV per 0.06 h per step. Galvanostatic tests were
conducted under a C/2 charge/discharge regime (C representing
one Li* ion exchanged in 1h). Both types of electrochemi-
cal measurements were performed on a McPile II (Biologic)
potentiostat—galvanostat system. All measurements were made
at least in duplicate in order to ensure reproducibility in the
electrochemical results.
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Fig. 2. XRD patterns for spin-coating deposits calcined at: (a) 400 and (b)
800 °C. (+) Substrate.

3. Results and discussion
3.1. Textural and structural properties

Fig. 2 shows the XRD patterns of the films on the Au sub-
strate. All peaks except those for the substrate can be indexed on
the spinel structure, which suggests that the deposited material
was highly pure. The increase in peak intensity and the decrease
in peak broadening with increasing annealing temperature are
consistent with improved crystallinity, which, as shown below,
has a strong influence on the electrochemical properties. The

lattice parameter obtained for the deposit prepared at 800 °C,
0.818038(7) nm, is consistent with others previously reported
for spinels of similar composition [23]. The virtual absence of
the (22 0) reflection is indicative of the prevalence of a normal
type structure where 8a sites are essentially occupied by Li-ions
and octahedral positions (16d) by the transition elements. On
the other hand, the good correlation between the intensities of
the peaks in the XRD patterns of Fig. 2 and those of the ASTM
card [24] suggests that particle growth was quite isotropic—the
absence of a preferred orientation is a common feature of these
deposits.

Fig. 3 shows the variation of the surface morphology with
the annealing temperature. At 400 °C, the deposits exhibited an
earthworm-like morphology around 4 pm in length and 0.5 pm
width, with a gel-like appearance. The formation of a layer of
undecomposed organic components coating the spinel particles
must be the origin of this peculiar morphology; also, it is con-
sistent with the crystalline nature of the deposit as revealed by
the XRD data. On further heating, the worm-like shape grad-
ually disappeared, and at 600 °C, the deposit surface consisted
of quasi-spherical submicronic grains. At 800 °C, the particles
developed a polyhedral morphology with well-defined edges and
faces typical of the spinel-type structure and ranging in size from
0.2 to 0.4 pm. This is consistent with the improved crystallinity
revealed by the decreased XRD line width. Fig. 3d shows a SEM
image of the cross-section of the deposit of 0.20 mg. The thick-
ness was seemingly quite uniform (~3 pm). Based on the spinel
density (4.4 g cm>) and the substrate area (1.32 cm?), a thick-
ness of 0.34 wm (viz. one order of magnitude smaller than that
observed by SEM) was calculated. This was a common finding
for other films containing variable amounts of spinel deposit.

Fig. 3. SEM images of the spin-coating deposits calcined at: (a) 400, (b) 600 and (c) 800 °C. (d) Cross-sectional view of a deposit calcined at 800 °C.
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Table 1
Binding energies, in eV, of the C 1s, O 1s and Ni 2p3,; emission peaks for the
deposit prepared by spin-coating at 800 °C

Cls Ni 2p3p Ols
284.8 (78) 854.1 (78) 529.4(72)
286.3 (11) 855.7 (22) 530.9 (19)
288.2 (11) 532.1 (6)
533.1(3)

The values in brackets are percent peak intensities.

Table 2
Atomic concentration of the elements (%) obtained from XPS data

C (6] Li Ni Mn Au

33.41 40.71 8.02 2.85 14.11 0.88

This means that the deposits were rather porous, as can also be
inferred from the top view image of Fig. 3c.

Supplementary information about the different chemical
environment of the elements in the spinel and the surface com-
position was obtained from the high-resolution XPS spectra for
O Is, C 1s, Mn 2p and Ni 2p shown in Fig. 4a—d, and the binding
energies (BE) and component proportions listed in Table 1. This
study was conducted on the coatings prepared at 800 °C, the
particles of which exhibited improved crystallinity and yielded
the best electrochemical response as shown below. The atomic
concentration found is also included in Table 2. The low inten-
sity/background ratio of the Li 1s emission peak resulting from
its low scattering coefficient towards X-rays introduced a signif-
icant error in both the element content and its BE. Three findings
are worth special note in this context, namely: (i) the appearance
of the Au 4f photoemission peak, the atomic concentration of
which, consistent with effective coating of the substrate surface

was quite low (ca. 1.0%); (ii) the C concentration was rather
high, but most C was adventitious carbon, consistent with the
presence of the organic precursors in traces amounts and (iii) an
Mn/Ni ratio close to five, which is substantially higher than the
stoichiometry value (3)—therefore, Mn tends to concentrate at
particle surfaces.

The O 1s spectrum exhibited a complex profile with a major
component centered at 529.6-529.8 eV that was assigned to
Mn(Ni, Li)-O bonds. The components at higher binding ener-
gies were of lower intensity and are typically associated to
either OH™ groups, 0>~ or the multiplicity of physisorbed and
chemisorbed water on and into the surface [25] or to some O
bound to carbon from organic precursor traces. The C 1s spec-
trum was fitted to three components. The lowest BE component
at 284.8 eV was due mainly to adventitious C, whereas the other
two corresponded to C bound to O (either through a single bond,
peak at 286.3 eV, or carboxylate or carbonate, the latter coming
from surface carbonation, peak at 288. 2 eV [26], these compo-
nents being very small).

The BE value for the Mn 2p3/; peak, 642.4 eV, is somewhat
higher than those reported for NiMn, Oy (formally with Mn3* as
the main component) [27] and LiMg 2Mnj §O4 (M =Fe, Co, Ni)
[28]. This must be related to the increased content in Mn** of the
spinels as derived from the average oxidation states. Moreover,
the absence of the satellite peak clearly observed 5eV above
the 2p3;» component [29] for Mn2* rules out the presence of
manganese in this oxidation state.

The Ni 2p spectrum, Fig. 4d, was fitted to three components.
The signal at 855.1eV was assigned to Ni** ions at octahedral
sites of the spinel structure and was the main component of the Ni
2p3/> emission peak. This value is consistent with those reported
for other Ni and Mn spinels (e.g., 855.2 eV for NiMn,04) [27],
but somewhat higher than that for LiNigsMnj 504 (854.3eV)

O 1s

Mn 2p

528 530 532 534

Intensity / a.u.

630 640 650 660 670

C1s

850 855 860 865 870 875 880 885

282 284 286 288 290

Binding Energy / eV

Fig. 4. XPS spectra for the O 1s, C 1s, Mn 2p and Ni 2p regions.
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[30]. However, values as low as 852.5 eV have been reported for
Nip.7Mn; 304 [31]. Charging effects, among other factors, could
be the origin of this difference. The assignation of the peak at
857.0eV is more uncertain, in fact, the peak can be assigned to
both Ni** cations [30] and surface nickel hydroxide species [32].
However, an Mn/Ni atomic ratio greater than 3.0 is inconsistent
with the presence of surface hydroxide as the formation of this
species would result in an Mn/Ni ratio lower than the theoretical
one. The presence of Ni** would require an equivalent content
of Mn3* in the spinel lattice. This is further confirmed by the
electrochemical data. The “shake up” satellite peak centered at
861.5 eV must be due to both types of Ni. The presence of Mn3*
has also been ascribed to some defect of oxygen in the structure
[33]. However, our experience with bulk spinels prepared from
similar precursors is more consistent with a stoichiometric for-
mula in oxygen [34], so we are inclined to relate the presence
of Mn** with Ni**,

In order to better characterize the film surface, some depth
profiles were recorded. Fig. 5 shows the XPS concentrations for
carbon, oxygen, manganese, nickel and Au. Carbon was the sole
element, the content in which decreased with etching; after few
minutes, its concentration fell to nearly negligible values, which
suggests that most of the carbon observed was adventitious car-
bon; this is consistent with virtually complete pyrolysis of the
organic precursors. The oxygen concentration barely changed
with etching; however, the concentrations of nickel and man-
ganese increased during the first few minutes of etching and
then levelled off on prolonged etching. The Au concentration,
which, as noted previously, was very low, tended to increase
slightly, probably through pickling of the deposit produced by
the sputtering process. In summary, a thin layer of carbon coats,
the deposit, the presence of which, however, seems to have no
adverse effect on its electrochemical properties in lithium cells.

3.2. Electrochemical properties

The electrochemical response of the coating was ini-
tially monitored by step potential electrochemical spectroscopy
(SPES). Fig. 6 shows the SPES curves for three films pre-
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Fig. 5. XPS depth profiles for a spin-coating deposit calcined at 800 °C.
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Fig. 6. SPES curves for the spin-coating deposits calcined at: (a) 400, (b) 600
and (c) 800°C.

pared at 400, 600 and 800 °C. Although the shape of the curves
reveals similar features and essentially reflects the reversibil-
ity of the redox reaction involved in the removal and insertion
of Li, there are clear differences in the peak intensity. Thus,
the anodic scans exhibit two regions of electrochemical activity
over the ranges 3.9-4.4 and 4.5-5.0 V, respectively. The former
is related to the Mn**/Mn** redox couple. The intensity of this
broad peak decreased with increasing temperature, so much so
that the peak was barely detectable at 800 °C. These means that
heating decreased the Mn3* content, as also observed in the bulk
spinel [34]. No significant change in the Ni**/Ni** ratio in the
XPS spectra on heating was observed. Thereby, the decrease in
Mn3* content must be associated with oxidation of this element
as the calcining temperature is raised. Electrochemical activ-
ity occurs mainly in the 4.7-5.0 V region, where a double peak
associated to the NiZ* — Ni** process, the mechanism of which
reportedly involves two cubic/cubic two-phase reactions [35],
appears. Also, based on spectroscopic results [36], the oxidation
of Ni%* to Ni** takes place via the following reactions involving
the formation of Ni3* as an intermediate species:

Li[Ni(ID)g sMn(IV) 5104 — Lig s[Ni(IlT)o sMn(IV); 5]04
+0.5Li" +0.5e™ — [Ni(IV)gsMn(IV); 5]04 +0.5Li*"
+0.5¢~ (D

This process is reversible and the calcination temperature affects
the shape of the curve rather than its area, which is consistent
with the preservation of the Ni**/Ni>* ratio. Increasing the tem-
perature alters the curve shape in two respects, mainly: (i) it
sharpens both peaks, which is consistent with an increase in the
rate of lithium insertion and extraction and (ii) it results in a
more pronounced current drop after the higher voltage peak in
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Table 3

Charge/discharge capacity values (Ahkg~!) obtained from the SPES curves
Cycle Charge Discharge
First 176.5 59.5
Second 163.2 66.8
Third 161.0 68.6
Fourth 148.6 70.9

Fifth 137.0 732

Coating calcined at 800 °C.

the anodic scan. Both results can be associated to the improved
crystallinity of the deposits on heating. On the other hand, the
persistence of some current above the high-voltage peak, par-
ticularly the coating prepared at 400 °C, can be ascribed to the
release of oxygen, which increases with increasing lattice dis-
order [37].

The charge/discharge capacities values obtained from the
SPES curves are shown in Table 3. These data correspond to
the coating prepared at 800 °C, which proved the best electro-
chemical performer. As can be seen, its charge capacity nearly
trebled the discharge capacity; also, it deviated from the theo-
retical capacity (ca. 148 mAh g’l based on the LiNig sMnj 504
stoichiometry) in the three first cycles. The origin of this dif-
ference, and especially, the overcharge observed, is unclear as
discussed below. These results differ from those reported for
LiNig.sMn; 504 deposited by electrostatic spraying on gold sub-
strates but analyzed by cyclic voltammetry [21]. The electrode,
made from 0.097 mgcm™2, delivered a capacity very close to
the theoretical value.

The cycling properties of the cell were tested galvanostati-
cally over the range 3.5-5.0 V and at a C/2 rate. Based on the
potentiostatic data, only the coatings calcined at 800 °C were
examined under this regime. Fig. 7 shows the charge/discharge
curves for some of the 50 cycles. The most salient feature of
the charge curve is the presence of two well-defined pseudo-
plateaux in the 4.6-4.8 V region consistent with the two peaks
of the SPES curve (Fig. 6¢). A small inflection centred at ca.

10 3 2
o
a —
-
i
'g S 50" cycle
> 1:4» 500
(] n
o > 0
= o
g
© 500
3,5 40 45 5,0
Voltage / V vs Li"/Li

0 100 200 300
Specific capacity / Ah-Kg™

Fig. 7. Galvanostatic charge—discharge curves for a spin-coating deposit
(0.066 mg cm~2) cycled over the voltage range 3.5-5.0 V. The inset shows the
differential capacity for the cell at the 50th cycle.

4.2V is also present that is associated with the oxidation of a
small fraction of Mn** to Mn**. This confirms that the average
coating stoichiometry is close to LiNig5Mnj 504, The slope of
the curve above 4.8 V can be ascribed to the release of some
oxygen from the spinel framework. The discharge curves were
similar to those for the charge process and exhibited two well-
defined plateaux over the range 4.5-4.8 V that can be ascribed to
the reduction of Ni** to Ni?*, and is followed by a short plateau
at around 4.0 V that accounts for the reduction of Mn** to Mn>*.
All these features were retained over a large number of cycles,
which confirms the electrochemical reversibility of the lithium
insertion/deinsertion reaction in the coatings. The shape of the
differential charge/discharge capacity curves after 50 cycles (see
inset in Fig. 7) is similar to that of the SPES curves, Fig. 6c; also,
they exhibit two well-resolved peaks in the 4.5-5.0 V region that
are consistent with the reversibility of reaction (1) and the reten-
tion of the spinel structure on prolonged cycling. Again, the
charge curve was much longer than the discharge curve, so the
electrode was significantly overcharged under a galvanostatic
regime.

The origin of the overcharge was additionally studied in two
tests. One was intended to clarify the role played by the sub-
strate in the side reaction (viz. an electrolyte decomposition
catalyzed by gold). Fig. 8 shows the first charge/discharge curves
for the cell made from uncoated substrate. On charging the cell,
a pseudo-plateau was observed in the region of 4.5-5.0V (the
same where the oxidation peak for Ni>* appears). The oxidation
of gold as the origin of this reaction is ruled out because it is
irreversible as revealed the discharge curve strongly polarized.
Thus, the electrochemical reaction might affect to the electrolyte
oxidation probably catalyzed by the gold surface. The extent of
such a reaction, that decreased on further cycling, was difficult
to quantify because the difficulty to know the amount of active
electrolyte in the electrochemical reaction and the final reac-
tion products. Anyway, this test demonstrates that the substrate
was sensitive to the electrolyte decomposition; however, how
the extent of reaction could be quantified remains unclear.
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Fig. 8. Galvanostatic curves for an Au/electrolyte/Li cell. Voltage range
3.5-50V.
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For the second test, we selected two electrodes of different
load, 0.066 mg cm~2 — the electrochemical properties of which
have been commented above (see Fig. 7) —and 0.331 mgcm 2.
Although the shape of the charge and discharge curves for the
two deposits, Figs. 7 and 9, reflected the principal electrochemi-
cal characteristics of the spinel (viz. the presence of two pseudo-
plateaux and two peaks in the 4.5-4.9 V range for the galvano-
static and cyclic voltammetric curves, respectively), there were
two differences worth note, one in the overcharge values and
the other in the capacities delivered by the cells. Thus, the thin-
ner electrode produced significant overcharge (more than three
times the capacity delivered in the first few cycles). Although,
the overcharge was markedly reduced on increasing the elec-
trode thickness, Fig. 9, it exceeded that of the bulk spinel [38].
Concerning the capacity delivered by the cell, the thinner deposit
was capable of delivering 130 mAh g~!, a value somewhat lower
than that estimated from the spinel stoichiometry. Moreover,
the cell exhibited an acceptable capacity retention in succes-
sive cycles (it decreased to 105mAhg~" at the 50 cycle, see
Fig. 10). Cells with thicker coatings also retained most of their
capacity, at the expense of a marked decrease in the delivered
capacity (more than a 50%). However, the coulombic efficiency
(Fig. 11) was higher for the thicker electrode and approached
85% after prolonged cycling (versus 55% for the thinner elec-
trode). An increased thickness probably hinders contact between
the electrolyte and substrate, thus, decreasing the overcharge and
increasing the coulombic efficiency. In any case, the value of this
parameter is smaller than that obtained for the cell made from
the bulk spinel using a steel grid as current collector [38], which
suggests the involvement of gold in the electrochemical process.

The decreased capacity delivered by the cells made from the
thicker electrodes can be ascribed to at least two factors, namely:
the absence of carbon to improve the electronic conductivity
of the electrode and the decrease in interparticle connectivity
with increasing deposit thickness, typical of porous deposits
(see Fig. 2). In fact, LiNigsMn; 504 is a poor semiconductor
owing to the lack of Mn**, which hinders the electron hopping
mechanism and causes a significant decrease in electronic con-
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Fig. 10. Variation of the capacity delivered by the cells as a function of the
number of cycles. Amount deposited: 0.066 ([J) and 0.331 mg cm~2 (M).
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Fig. 11. Variation of the coulombic efficiency as a function of the number of
cycles. Amount deposited: 0.066 ([J) and 0.331 mg cm™2 ().

ductivity relative to the LiMn, O spinel [39]. New experiments
in progress will hopefully reduce the overcharge observed on
charging the cell and result in improved electrode performance
irrespective of the particular coating thickness. Special atten-
tion will be paid to the use of alternative electrolytes, such as
lithium a bis(oxalate)borate (LiBOB)-based electrolyte which
has exhibited quite attractive properties at high potentials and
temperatures [40].

4. Conclusions

Spin-coating methodology is an effective tool for prepar-
ing homogeneous deposits of LiNip5Mn; 504 spinel by using
an appropriate solvent precursor to wet the substrate. Ensuring
good electrochemical performance requires a high crystallinity
that can be achieved by calcining at high temperatures (e.g.,
800 °C). This precludes the use of substrates, such as stainless
steel because it undergoes surface deterioration at high temper-
atures. Gold is a good choice for preparing deposits of highly
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purity crystallinity in addition to a well-defined particle shape.
When use as electrodes in lithium cells, these deposits react
reversibly with lithium upon extended cycling, but are subject to
two major problems, namely: (i) a high overcharge that results in
low coulombic efficiencies (particularly in the first few cycles),
the overcharge being ascribed to the electrolyte decomposition
above 4 V catalyzed by gold and (ii) the dependence of the capac-
ity delivered by the cell on the coating thickness. Thus, at a
low thickness, the capacity was similar to that estimated from
the spinel stoichiometry (around 148 mAh g!); at higher ones,
however, the capacity was significantly reduced. This may have
resulted from degraded electronic conductivity — these deposits
contain no additive conductors, such as carbon, so particles are
loosely bound — reducing the mobility of charge carriers.
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