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Highlights

e (Cobalt orthosilicate (CSO) as active material for secondary lithium-ion batteries.

o A lithium storage mechanism in CSO is proposed based on in situ XRD combined
with ex sifu XPS and SEM studies

o Initially formed metallic cobalt enables the reversible formation of lithium silicate.

e (CSO-based electrodes reveal a highly stable cycling behavior and a good high rate

performance.
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Abstract

Herein, cobalt orthosilicate (Co0,Si04, CSO) is presented as a new electrode material for
rechargeable lithium-ion batteries. Orthorhombic a-Co,Si04 (space group: Pbnm) was synthesized by

a conventional solid-state method and subsequently characterized using X-ray diffraction (XRD)
and scanning electron microscopy (SEM). To study the reversible lithium uptake and release
cyclic voltammetry (CV), in situ XRD, as well as ex situ X-ray photoelectron spectroscopy
(XPS) and SEM analysis were performed. Based on these results a new reaction mechanism
is proposed including the reversible formation of lithium silicate. In addition, the
electrochemical performance of CSO-based electrodes was investigated by galvanostatic
cycling, applying varying specific currents. Such electrodes revealed a good high rate
capability and a highly reversible cycling behavior, providing a specific capacity exceeding

650 mAh g after 60 cycles.

Keywords: Co,Si0,, cobalt orthosilicate, solid state synthesis, conversion, lithium-ion battery
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Introduction

The steadily increasing demand for high energy storage devices for portable electronics and,
recently, also for large scale applications as, for instance, electric vehicles has aroused a worldwide
scientific interest in identifying and researching new active materials for lithium-ion batteries, the
currently leading technology.'” Regarding the anode side, these new active materials preferably offer
higher specific capacities than the state-of-the-art anode material graphite, while operating at a
reasonably low potential to provide increased energy densities considering their final application in
lithium-ion cells. With respect to the lithium storage mechanism, the main approaches undertaken are

the electrochemical (de-)alloying of lithium (basically involving elements like silicon*” or tin'®'*)

19-30 31-34

and the catalytically induced, reversible conversion of transition metal oxides ', nitrides,

35-38 —47

fluorides, or phosphides,”® ™" reported for the first time by Poizot et al. in 2000.* Rather
recently, the combination of these two approaches has also been proposed.*’

Following the conversion approach, a class of materials, which — to the best of our knowledge —
has never been considered so far, are transition metal silicates, a class of materials which is of
particular mineralogical and geophysical interest due to the high abundance of fayalite structured
silicates in the earth’s crust.®"** In fact, the formation of lithium silicate, starting from silicon oxide
(SiOy, x <2) was so far commonly considered to be irreversible.”* "

Herein we show, however, that this initial lithium silicate formation is reversible when starting
from transition metal silicates as, for instance, cobalt silicate (Co,Si0,), providing a reversible

specific capacity of about 600 mAh g while at the same time showing a very promising high-rate

capability.

Experimental
Co,5i0, synthesis
CSO was synthesized by a conventional ceramic solid state method according to Sazonov et al..”

Stoichiometric amounts of cobalt monoxide (CoO, Alfa Aesar, 95 %) and silicon dioxide (SiO,,
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Aldrich, 99.8 %) were manually mixed within an agate mortar. The mixed powder was pressed into
pellets with a pressure of 8 tons for 2 minutes and subsequently annealed in a tubular furnace
(R50/250/12, Nabertherm) at 1400 K for 48 h in air (heating rate: 100 K min™). After this initial

annealing step the pellets were ground again and the procedure was repeated once.

Structural and morphological characterization

The crystal structure and phase purity of CSO were determined by means of X-ray diffraction
(XRD) analysis (Bruker D8 Advance equipped with a copper X-ray tube, Cu-K,; radiation, A =
154.06 pm). The morphological investigation of the powder was carried out by high resolution
scanning electron microscopy (HRSEM, Carl Zeiss Auriga®) equipped with a focused-ion-beam
(Oxford Instruments). For this purpose, the sample was sputtered with gold for 50 s at 20 mA using a

sputter coater (Quorum Technologies PQ150T ES) in order to improve its electronic conductivity.

Electrochemical characterization

Electrodes comprising the active material, conductive carbon, and binder in a weight ratio of
75:20:5 were prepared dissolving the binding agent (sodium carboxymethylcellulose, CMC, Dow
Wolff Cellulosics) in ultrapure water and subsequently adding the active material (CSO) as well as
the conductive agent (carbon black, Super C65%, TIMCAL). Subsequently, the solution was
homogenized utilizing a planetary ball mill (Vario-Planetary Mill Pulverisette 4, Fritsch, mixing
parameters: 4x 30 min at 400/-800 rpm with 10 min rest in-between). The obtained slurry was
immediately cast on dendritic copper foil (Schlenk, 99.9 %) with a wet film thickness of 120 pm.
The coated electrode was dried for 10 min at 80 °C and subsequently over night at room temperature.
After punching disc electrodes (o= 12 mm) the electrodes were further dried under vacuum at
120 °C for 24 h. The active material mass loading of the electrodes ranged between 1.4 and
2.2 mgcem”.

The electrochemical performance was evaluated in three-electrode Swagelok® cells using lithium
foil (Rockwood Lithium, battery grade) as counter and reference electrode. Six layers of Freudenberg
FS2190 served as separator while the 1M solution of LiPF¢ in ethylene carbonate/diethyl carbonate

4
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(3:7 by volume, UBE) was used as electrolyte. Cell assembly was carried out in an Ar-filled glove
box (MBraun UNIlab, H,O and O, content < 0.1 ppm). Prior to the electrochemical characterization
the cells were allowed to rest for 24 h. Cyclic voltammetry was carried out using a VMP3
potentiostat (BioLogic), setting the reversing potentials to 0.01 and 3.0 V vs. Li/Li" and applying a
sweep rate of 50 uV s'. Galvanostatic cycling was performed utilizing a Maccor Battery Tester 4300

at a temperature of 20 1 °C, setting the cut-off potentials to 0.01 and 3.0 V vs. Li/Li".

In situ XRD and ex situ XPS & SEM analysis

In order to gain further insight into the reaction mechanism in situ XRD as well as ex situ X-ray
photoelectron spectroscopy (XPS) and SEM analysis of pristine and cycled electrodes were
performed. In situ XRD analysis was carried out as very recently reported by Bresser et al.*>”® The
cell was discharged potentiodynamically to 0.01 V and subsequently charged to an anodic reversing
potential of 3.0 V using a VSP potentiostat (BioLogic), applying a sweep rate of 0.04 mV s™.
Simultaneously, XRD measurements were conducted in a 20 range of 20° to 45° (step size: 0.0236°,
scan speed 0.0393° s, subsequent rest step: 387 s, total scan time: 30 min). Ex situ XPS (KRATOS
Axis Ultra HAS spectroscope endowed with a monochromatic Al K, source) analysis of a series of
electrodes at different states of charge was performed at 10 mA and 12 kV. The pass energy was
adjusted to 20 eV. In order to avoid charging of the samples, a charge neutralizer was utilized. For
each measurement a surface area of about 300 um x 700 um was analyzed. All spectra were
calibrated on the amorphous carbon peak in the C 1s spectrum at 285 eV. For this purpose, CSO-
based electrodes were galvanostatically cycled and cycling was stopped at different potentials. The
cells were then disassembled in a glove box under Ar-atmosphere and briefly rinsed with dimethyl
carbonate. Subsequently, the electrodes were dried and transferred to the XPS device without contact
to air and moisture. For the ex situ SEM analysis, the cycled electrodes were treated analogously to
those used for the ex situ XPS analysis. The thus prepared samples were then transferred to the SEM

chamber utilizing a self-designed sample holder in order to avoid any contact to air and moisture.
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Results and discussion
Co,Si0, synthesis: structural & morphological characterization

The XRD pattern of the synthesized CSO sample is presented in Figure 1. A comparison with the
JCPDS reference (JCPDS card No. 01-076-1501) reveals the orthorhombic a-Co0,SiOy structure with
the Pbnm space group. Since no additional reflections are observed, the material can be considered as
phase pure within the XRD detection limits. In addition, SEM analysis was carried out. The SEM
images (Figure 2) show micron-sized CSO particles with diameters ranging from 0.5 um to 2.5 pum,
i.e., a rather wide particle size distribution, which is, actually, expected for particles obtained by

solid-state synthesis.

Cyclic voltammetry

In Figure 3a the first potentiodynamic sweep of a CSO-based electrode is presented. The initial
cathodic sweep shows three reduction peaks at (A) 1.2V, (B) 1.0 V, and (C) 0.86 V while the first
anodic sweep exhibits two oxidation peaks at (D) 1.3 V (very weak and broad) and (E) 2.3 V. After
the first cycle the specific current of peak (A) decreases significantly before it completely vanishes
upon further cycling (Figure 3b). Considering the catalytic effect of transition metals on the
electrochemical decomposition of common organic carbonate-based electrolytes,”” peak (A) is
assigned to the formation of the solid electrolyte interphase (SEI). The current peaks (B) and (C) are
present only in the first cathodic sweep and are generally (at least in case of spinel-structured
transition metal oxides) considered to be related to an initial lithium ion insertion into the crystalline
lattice and the subsequent reduction of the comprised transition metal(s).”*"® The different profile of
the subsequent cathodic sweeps, showing a new current peak appearing at about 1.7 V (Figure 3,
(F)), are characteristic for conversion-type electrochemical reactions with lithium, indicating the
complete structural reorganization after the initial lithiation and a modified lithium uptake reaction
mechanism.”>*****” Regarding the anodic sweep, the small feature at about 1.3 V (Figure 3, (D))
might be related to the partially reversible SEI formation,”* " as already observed by means of cyclic

voltammetry for metallic tin."*”"* Nevertheless, this assumption certainly deserves a more detailed

6
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investigation in future studies. The main anodic peak (E) at about 2.3 V, however, is assigned to the
re-oxidation of the comprised transition metal(s) — in the present case cobalt — which is in rather good
agreement with previous studies on cobalt oxide.*****'* Upon continuous potentiodynamic cycling
the main cathodic (F) and anodic (E) peaks are shifted to higher potentials, while slightly decreasing
in intensity, presumably related to a reduced electrode polarization caused by some kind of
electrochemical grinding of the active material.** Nonetheless, the general profile of the cathodic and

anodic sweep appears highly reversible upon subsequent cycles.

In situ XRD coupled with cyclic voltammetry

In order to better understand the reactions taking place upon the initial (de-)lithiation of CSO, in
situ XRD analysis was performed coupled with a simultaneous potentiodynamic cathodic and anodic
polarization of the electrode (Figure 4). The initial cathodic sweep exhibits basically two peaks at
potentials of about 1.1 V (A) and 0.84 V (C), the latter showing a shoulder feature (B) at slightly
higher potentials (about 0.9 V), which are in good agreement with the results of the cyclic
voltammogram in Figure 3a. However, due to the higher electrode mass loading, and the resulting
lithiation gradient, the profile of the potentiodynamic sweep shows broader peaks compared to the
cyclic voltammogram. Hence, the distinction between the two peaks below 1 V is not that obvious.
Considering the simultaneously performed XRD analysis of the electrode, it is obvious that changes
of the pattern occur below 1.0 V, confirming the former assumption that the first cathodic peak at
about 1.1 V is related to the SEI formation on the particles surface. Then, starting from around 0.9 V
the intensity of the reflections begin to decrease and finally vanishes completely when the cell
voltage reached the maximum peak current at 0.84 V, indicating the decomposition of the
orthorhombic crystal structure. This observation confirms the previous evidence that at potentials
lower than 1.0 V the comprised cobalt is reduced, presumably resulting in the formation of a lithium,
silicon, and oxygen containing matrix — comparable to the formation of the lithium oxide matrix in
the case of transition metal oxides.**""*"*7® A further characterization of the obtained composite will
be given in the subsequent paragraph on the ex situ XPS study of a series of electrodes at different

states of charge. Nonetheless, it appears noteworthy that no reflections appeared upon the subsequent

7
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anodic sweep (result not shown here), indicating that the active material remained (quasi-)amorphous
after the first lithiation, which is in good agreement with previous results for, e.g., cobalt oxide*>” or

. . 58
zinc ferrite™.

Ex situ XPS and SEM investigation

In Figure 5 the Co 2p and Si 2p spectra of the ex situ XPS analysis are presented. The pristine
CSO-based electrode shows four overlapping features in the Co 2p spectrum (Figure 5, left panel) at
binding energies of 805 eV, 799 eV, 790 eV, and 784 eV. The main peaks at 799 eV and 784 eV are
assigned to Co 2p;, and Co 2ps,, respectively, and the smaller peaks at 805 eV and 790 eV
correspond to satellite peaks, resulting from shake excitations.** The difference in binding energy
for the main and satellite peaks of about 6 eV is relatively low compared to pure CoO (9.5 eV),*
which might be related to the different covalence of cobalt in cobalt silicate compared to cobalt
monoxide. Regarding the oxidation state of cobalt, which is expected to be divalent, a distinction
between Co>" and Co’" on the basis of XPS data is rather difficult due to the very low difference in
binding energy of these two oxidation states.*® Nonetheless, the XRD results revealing a phase-pure
sample indicate that the maximum content of Co’* cannot be substantially higher than 5%, which is
roughly the detection limit of the XRD instrument. The Si 2p spectrum (Figure 5, right panel) of the
pristine electrode exhibits basically only one peak at about 104 ¢V, which is assigned to tetravalent
silicon (Si*").*’

Upon lithiation to 0.5 V and further to 0.01 V the Co 2p peaks disappear. With respect to the
limited detection depth of the X-ray beam, which is about 8 to 10 nm only, this is explained by the
formation of a rather thick SEI layer on the particles surface, indicating that the formation of this
layer starts at potentials higher than 0.5 V already. However, when the electrode is delithiated, the
cobalt-related peaks reappear, although shifted to slightly lower binding energies. This observation
suggests that the cobalt might not be fully re-oxidized again or the binding environment is simply
different once the material is fully lithiated, which is, in fact, in good agreement with the results
obtained by cyclic voltammetry (Figure 3). However, the reappearance of the peaks moreover

confirms the partial reversibility, i.e., dissolution, of the SEI formation on CSO particles, which was

8
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reported already for transition metal oxides.”’*7*’® These results are additionally verified by the
XPS investigation of CSO-based electrodes subjected to a second cycle (discharge and charge),
revealing that the lithium uptake mechanism of CSO is reversible after the initial lithiation process
(see also Figure 3b).

The Si 2p spectra show basically the same phenomenon. The peaks disappear upon discharge and
appear again upon the subsequent charge (delithiation) up to 3.0 V, confirming the previous
conclusions derived from the XPS results for cobalt. The presence of a silicon peak at 0.5 V, at which
the cobalt peaks had vanished already completely, might be a hint either that the thickness of the SEI
layer at such potential is at the limit of the XPS detection limit or that particularly the comprised
cobalt is responsible for the electrolyte decomposition. More remarkable, however, is the shift of the
silicon peak towards significantly lower binding energies upon discharge, indicating a partial
reduction upon discharge compared to the pristine material and presumably the formation of lithium
silicate Li4Si0,, and elemental silicon to some very minor extent.**** The formation of Li,S10;, 1s
only conceivable when starting from cobalt silicate and assuming the reduction of cobalt to the
metallic state. The formation of elemental silicon, however, would have to be accompanied by the
formation of some Li,O. To clarifying this latter reaction in detail, nonetheless, complementary
studies as, for instance, *’Si NMR are required to gain further insight into the exact composition of
this lithium-silicon-oxygen matrix. Upon the subsequent charge, the XPS peak shifts to higher
binding energies again, indicating the partial re-oxidation of the silicon-comprising compound and/or
simply a change of the binding environment, as proposed already for cobalt.

Finally, it should be noted, that the decreased intensity of all peaks observed for cobalt and silicon
after the second cycle might result from the only partially reversible SEI formation.

This partially reversible formation of the SEI film is furthermore confirmed by ex situ SEM
studies on cycled electrodes at different states of charge (Figure 6). Comparing the SEM images of a
pristine electrode (Figure 6a) with discharged and charged electrodes clearly reveals the formation
of a thick SEI layer on the CSO particles in the discharged state (Figure 6b and d, showing two
electrodes discharged once and twice, respectively), which vanishes substantially upon charge

(Figure 6¢ and e, showing two electrodes charged once and twice, respectively). Using the FIB, a

9
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cross-sectional analysis of the SEI layer on a CSO particle after the first discharge was performed,

showing that the thickness of this film is about 10-20 nm (Figure 6f).

Galvanostatic electrochemical characterization & proposal of a reaction mechanism

The reversible lithium storage capability of Co,Si0, was investigated by means of galvanostatic
cycling (Figure 7). In Figure 7a the potential profile of the first cycle is presented. Upon discharge
two rather short plateaus at (A) 1.2 V and (B) 1.0-1.1 V and a very pronounced plateau at (C) 0.9-
1.0 V are observed, being in good agreement with the cathodic peaks observed by performing cyclic
voltammetry (Figure 3). Accordingly, (A), (B), and (C) are presumably related to the electrolyte
decomposition induced by the catalytic properties of the active material, the initial lithium ion
insertion into the orthorhombic host lattice, and the subsequent decomposition of the crystalline
structure, respectively. Assuming the formation of Li,SiO, as the main electrochemical reaction,
which theoretically provides a specific capacity of 510.6 mAh g, the result is in very good
agreement with the capacity obtained for (B) and (C) only. After the third potential plateau at about
0.9-1.0 V the potential decreases steadily further, finally reaching a discharge capacity of
906.0 mAh g'. The additional capacity can be mainly assigned to an ongoing electrolyte
decomposition as reported for cobalt oxide by Ponrouch et al.”* Upon the subsequent charge, only
one rather slopy plateau at about 2.2V (E) is observed, being again in line with the cyclic
voltammetry results (Figure 3).The very minor anodic peak at about 1.3 V (D) is presumably simply
too low in intensity to be clearly observed in the potential profile of the charge step. After the first
lithiation, the discharge process shows a completely changed profile with a new — although rather
slopy — potential plateau at about 1.9 to 1.7 V, while the charge profile basically remains the same
(Figure 7b; see also Figure 3b). However, upon continuous cycling the two potential plateaus upon
discharge and charge are getting less and less distinct (as indicated by the left arrow in Figure 7b)
and the charge and discharge potential profiles become more and more slopy, which is also in good
agreement with the decreasing current intensity observed by the continuous potentiodynamic cycling
(Figure 3 b). Besides, the reversible specific capacity of initially 592 mAh g is increasing with an

increasing cycle number, finally reaching 652 mAh g after 60 cycles (indicated by the upper right

10
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arrow in Figure 7b). This additional capacity is mainly obtained in the potential region below 0.7 V,
confirming the assumption of the reversible formation of a polymeric layer on the CSO particles
already evidenced by ex situ XPS and SEM (Figure 5 and 6, respectively). A similar phenomenon

74,78,88 -
>% as well as combined

was, indeed, already reported in literature for transition metal oxides
conversion/alloying materials’®*®. In Figure 7¢ the specific capacity is plotted vs. the cycle number,
once again showing the highly reversible cycling behavior, a high coulombic efficiency of about
99 %, and the increasing specific capacity upon continuous (dis-)charge of the electrode.

Considering now, all the herein described results, the following reaction mechanism for the

reversible lithium storage of cobalt orthosilicate (C0,Si0,) is proposed:

)] First discharge: C0,Si0, +4 Li" +4 ¢ — 2 Co” + Li,SiO,

2) Subsequent charge/discharge: x Co’ + LiySiO, — 4 Li' +4 ¢ + Co,SiOy

As mentioned in the introduction, the formation of lithium silicate (Li4SiO;), starting from SiO,
(X < 2) was so far considered to be irreversible.”” 7 However, by starting from a transition metal
silicate, as for instance, cobalt silicate, as presented herein, the formation of Li;SiO, appears to be
reversible, supposably enabled by the initial formation of metallic cobalt nanograins as reported first

1.*% in 2000. Additional electrochemical reactions as, for

for transition metal oxides by Poizot et a
instance, the partial reduction to elemental silicon and its alloying with lithium are certainly also
possible. However, from the herein presented results there is no hint on such reactions and/or the
formation of elemental silicon or its lithium alloy. Thus, at least the complete reduction of CSO to
metallic cobalt and elemental silicon can be discarded.

As a last step, the rate performance of CSO-based electrodes was studied by applying elevated
specific currents, i.e., 0.08 Ag”', 0.16Ag", 0.32A¢g"', 0.79A¢", 1.58A¢", 3.17A¢g", and
7.19 A g'. Figure 8a shows the results of this multi-rate test and Figure 8b the corresponding

potential profiles. The reversible specific capacities delivered at the fifth cycle for each rate were

575mAh g’ (0.08Ag"), 576mAhg' (0.16Ag"), 548mAhg' (032Ag"'), 477mAhg’

11
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(0.79 Ag"), 370 mAh g’ (1.58 A g"), 238 mAhg"' (3.17Ag"), and 83 mAhg' (7.91 Ag"). It is
quite remarkable that the specific capacity at a rather high specific current of 1.58 A g (370 mAh g’
', i.e., 64.3% of the initial reversible capacity) is still as high as the theoretical capacity of graphite,
while the applied current would correspond to a C rate of more than 4C for this state-of-the-art anode
material. In regard to the proposed reaction mechanism, this very interesting high rate capability of
CSO — particularly considering the relatively large particle size — might be related to the good lithium
ion conductivity of the formed lithium silicate phase Li,Si0,.% Nevertheless, the basic reason for the
capacity decrease at elevated C rates is obviously an increasing polarization (Figure 8b). However,
this might be addressed in future by the utilization of nanosized particles, increasing the
electrode/electrolyte contact area and, hence, reducing the applied current density per unit surface
area, and/or by embedding such particles in electronically conductive matrices. Finally, the very good

capacity retention of 579 mAh g at 0.16 A g after applying such high currents appears noteworthy.

Conclusions

Co,S104 was synthesized by a common solid-state method and characterized morphologically,
structurally, and electrochemically with respect to its application as lithium-ion active material.
Cyclic voltammetry experiments indicated a conversion-type electrochemical reaction with lithium,
based on the reversible formation of lithium silicate (Li;,Si0,), which was confirmed by in situ XRD,
ex situ XPS and SEM, as well as galvanostatic electrochemical analysis of electrodes comprising
cobalt silicate as active material. In addition, the partially reversible formation of the continuously
formed SEI layer on the CSO particles, having a thickness of about 10 to 20 nm was confirmed,
being the reason for a slight increase of the specific capacity upon cycling. Indeed, micron-sized
CSO particles show a highly stable lithium storage capability and, in addition, a very interesting high
rate capability, particularly considering the rather large particle size.

These results might trigger further studies on other transition metal silicates, having an optimized
particle morphology and size, as well as composites containing a conductive matrix for such silicates
in order to further improve their electrochemical performance and, in particular, their high rate

capability. Moreover, considering previous studies on conversion-type materials, a similar reaction

12

Page 12 of 25



Page 13 of 25

Dalton Transactions

mechanism is expected to occur for iron and manganese silicate with lithium at low potentials. These
silicates are of particular interest since the analogous lithium transition metal silicates are currently

investigated as potential candidates for lithium-ion cathodes.
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Co,Si0, is investigated for the first time as lithium-ion active material and a lithium storage
mechanism is proposed including the reversible formation of Li,SiO,.

nanosized Co®
reversible formation of
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Figure 1. XRD pattern of as-synthesized CSO; as reference given in the bottom: JCPDS card
No. 01-076-1501.
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Figure 2. SEM images of as-synthesized CSO at a magnification of (a) 5kx and (b) 10kx.
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Figure 3. Cyclic voltammograms of CSO-based electrodes: (a) 1% sweep. (b) 2™ to 10™ sweep.

Sweep rate: 50 uVs', reversing potentials: 0.01V and 3.0V vs. Li/Li".
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consecutively recorded XRD patterns in a 20 range of 20° to 45°; right panel: the

corresponding plot of the specific current vs. potential for the 1 lithiation.
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Figure 5. Co 2p and Si 2p XPS spectra of CSO-based electrodes at different states of charge.
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SEM images of CSO-based electrodes: (a) pristine electrode (magnification 75kx); (b)
after the 1% discharge (magnification 75kx); (c) after the 1* charge (magnification
75kx); (d) after the 2" discharge (magnification 75kx); (e) after the 2™ charge
(magnification 75kx); (f) cross section after the 1** discharge (magnification 100kx).
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Figure 7.

Electrochemical galvanostatic investigation of CSO-based electrodes: (a) potential
profile of the 1% cycle (specific current: 80 mA g); (b) potential profiles of each 10"
cycle (specific current: 160 mA g); (c) specific capacity vs. cycle number, including
three formation cycles at 80 mA g™, followed by constant current cycling at 160 mA g’
' cut-off potentials: 0.01 V and 3.0 V vs. Li/Li".
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cycle number, including two formation cycles at 0.08 A g (i.e., 80 mA g"), followed
by each 10 cycles at 0.08 Ag', 0.16 Ag', 032A¢g",079Ag", 1.58 Ag",3.17Ag
', and 7.91 A g"'; subsequently, the applied specific current was decreased back to
0.16 A g'; (b) corresponding potential profiles at different specific currents (0.08 A g
016 Ag", 032Ag", 0.79Ag", 1.58A¢", 3.17Ag", and 791 Ag"); cut-off

potentials: 0.01 V and 3.0 V vs. Li/Li".



