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Li 53(NiysMn3) O, and Li 3 +x(NiysMny3) O, by EIS
and GITT

K. M. Shaju, G. V. Subba Rao, and B. V. R. Chowdarf

Department of Physics, National University of Singapore, Singapore 119260

The kinetics of Li-ion intercalation into O2 structure layered nickel-manganese oxidggNLijMn,3)O, [O2 (Li)] and
Li(213)+x(NigsMny5) O,, x = 1/3[02 (Li + x)] were determined by electrochemical impedance spectros&ifly and galvano-

static intermittent titration techniquéITT) in conjunction with other electrochemical techniques. Modeling the EIS data with
equivalent circuit approach enabled the determination of charge transfer, bulk, and surface film resistances. The formation and
nature of surface film is shown to be the signature for the cell performance which in turn affects the kinetics of electrode processes.
The improved cycling performance of O2 (ki x) is shown to be due to the better electrode kinetics and the formation of stable
surface film. The Li-ion diffusion coefficientY;;) was determined at different cell potentials by GITT on @B and O2 (Li

+ x) and analyzing the Warburg region of the impedance plots of O2HIx). TheD,; values are in the range 1:0 10 ! to

10710 cn?/s for both the compounds in the entire compositienitage range. TheD; (GITT) values are lower by a factor of two

as compared to those obtained from EIS in the entire voltage range for O2 )i The irreversible phase change from the T2

to O2 structure observed during the first charging in these compounds, is reflected as minimB ipnuhesoltage plots in the

vicinity of the cyclic voltammetric peaks.
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Recently, layered nickel ~manganese oxide, O2- reversible and stable cycling performance as cattwsdei anode at
Li,s(NigsMny2) O, has been synthesized and studied by Dahn and25 and 50°C The performance of this compound as cathode in
his co-worker§* as the cathode material for Li-ion batteries. The Li-ion cell with mesocarbon microbead graphite has also been dem-
stable cycling performance observed for this compound, as comenstrated. Further, the performance of the extra lithium incorporated
pared to LiIMnQ is due to the fact that the oxygen stacking se- compound is shown to be superior to the as prepared O2-phase
guence in the O2-phase compounds necessitates breaking and reapmpound with respect to its reversible capacity, cycling perfor-
rangement of M-O (M= Ni, Mn) bonds to convert it to the spinel mance, and high current rate charge/discharge capdbility.
structure, whereas for the O3-LiMBRG minor cationic rearrange- Understanding of the kinetic parameters which control the per-
ment can lead to the spinel structdr@>’ O3 and O2 structure formance and the processes which are responsible for the stabiliza-
implies an octahedral oxygen coordination for Li ions and the unittion or failure of intercalation electrodes are crucial for their opti-
cell contains 3 and 2 MQlayers, respectively. The O2 compound is mization in Li-ion batteries. The factors which control the rate of Li
obtained by ion exchanging the P2-phase,N&iiMnyg) 0, intercalation/deintercalation in layered intercalation compounds and
which can be prepared by high temperature solid-state rea@®n the performance wherein depend on the bulk properties like diffu-
implies trigonal prismatic oxygen coordination for Li ions and the sion of Li within the compound and its electronic conductivity as
unit cell contains 2 M@ layers. The P2 to O2 structure conversion Well as the kinetics of the electrochemical processes at the interface.
involves only minor sliding of the M@sheets with respect to one The structural modification and phase transitigrany) of the elec-
another in the layer structure and occurs during the ion exchang&ode material at varying levels of intercalati¢eell voltage and/or
process. Detailedn situ XRD studies by Paulseet all3 have composition and the morphological changéparticle to particle
shown that the P2 structure converts first to the T2 strudfise connectivity brought about by repeated cycling also have substan-
torted tetrahedral oxygen coordination of Li and superstructure-tial effects on the kinetics and hence the performance of the elec-
ordering of Ni and Mn ions in the MOsheets during the Na to Li trode. There are different opinions on the factors which affect and
ion exchange. After the first cycle of electrochemical charge/control the performance of the electrodes. The diffusion of Li ions
discharge, the T2 to O2 conversion occurs, possibly with somewithin the intercalation compound was thought to be the process
stacking faults. Since the T2 and O2 structures are closely related, twhich controls the electrode kinetics. On the other hand it is as-
a first approximation, the as-prepared,4(iNi;;sMn,5)O, can be  sumed that the electronic charge transfer and the Li-ion adsorption
indexed as O2 phase. O2,}5(Ni;;sMn,5) O, as the positivecath- at the electrode/electrolyte interface may be the rate determining
ode electrode was shown to give a reversible capacity of 180step. Therefore, a quantitative study of lithiation/delithiation rates
mAh/g between 2.5 and 4.6 Vs. Li and %ood capacity retention together with the determination of the diffusion coefficient of Li
during cycling at low C rates at 30 and 55*¢:3°However, the first  within the electrode would provide more insight into its perfor-
extraction (charge capacity of this material is found to be mance. To this end, detailed study on the electrochemical perfor-
~100 mAh/g and corresponds to only 1/3 mol of Li extraction. mance together with various electroanalytical techniques proved to
Charging the cell much above the usual voltage liffi to 5.4 Vvs. be helpful. The latter techniques which are commonly used are elec-
Li) did not show any indication of full extractiof2/3 mo) of Li trochemical impedance spectroscdjitS),*%28 galvanostatic inter-
from the compound.This inability to extract all the Li from O2-  mittent titration techniquéGITT),?%3* potentiostatic intermittent ti-
Li,s(NigsMn,5) O, seems to be the inherent property of the com- tration technique(PITT),*>3" and slow scan cyclic voltammetry
pound, even though the reasons are not known. We have bee(SSCV).*>*%36 Though the structural aspects and electrochemical
able to incorporate extra lithium x(= 1/3) to obtain O2-  performance of the O2-phase compounds,s{Ii;;sMn,5) O, and
Li 273 +x(Ni13Mn55) O, using Lil as the reducing agent and showed Li,;(Ca, ;Mg g9 0,, have been elucidatéd’ there are no re-
that it gives a higher first extraction capacity together with highly ports on the kinetic parameters which control the cell performance.

Further, it would be informative to differentiate the factors which
lead to an improved performance of the lithiated compound,

2 E-mail: phychowd@nus.edu.sg Li; o(NiysMn,9) O,.8 The present report deals with EIS and GITT
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studies on Lj;3(NiysMny5) O, and Li o Niq;sMn,,5) O, to obtain the
electrode kinetic parameters and to correlate them with the electro-
chemical performance.

Experimental

002

The precursor compound, BgNi;sMn,5) O, was synthesized
by high temgerature(900°c) solid-state reaction as described
elsewheré:>8°|on exchange for sodium to lithium was done using
the melt of an eutectic mixture of LiNQand LiCl (88:12 mol % at
280°C. Afte 2 h of soaking in the eutectic which contains seven
times excess lithium, the melt was cooled, the product was dissolved
in deionized water and the solution was filtered to recover the de-
sired compound Lj(NiqsMn,3)O,. The powder was dried at
100°C for 12 h in an air oven and used for characterization by X-ray
diffraction (XRD) (Siemens D5005; Cu & radiation) and chemical
analysis. Incorporation of extra lithiunx) was done during the ion
exchange process using a fresh batch of the precursor. The ion ex-
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change was allowed to proceed as described above for 1 h, after < g P

which solid powder of lithium iodidgmole ratio, compound: Lil g§ :“-'_ -« © o‘-o ~

= 1:0.6) was added to the melt and the soaking was continued for S Sg7 &8 g §“g
o - N

two more hours. The product was then cooled to room temperature LOZ(L')
and the desired compound was recovered by the procedure de-
scribed above and characterized.

Chemical analysis for Na, Li, Ni, and Mn in the compounds was
done by inductively coupled plasm&CP) spectroscopic analysis.
The elemental concentration data were normalized to;Nissum-
ing the total metal content to be 1.67 and 2.0 before and after Lil J
treatment of the compounds. The oxygen content was not deter-
mined and was assumed to be 2.0. For the electrochemical studies, r
the positive electrodes were fabricated as folldWsctive material, 10 20 30 40 50 60 70 80
super P carbon black as conducting additive, and Kynar 2801 as 2 d
binder were mixed in 80:10:1@vt %) ratio and made homogeneous , degree
slurry in N-methylpyrrolidinone. The viscous paste was then applied
onto an etched aluminu@l) foil (15 wm thick and 25 crharea to
form a thick layer(20-25 um) by doctor blade technique. The film
was then dried at 100°C in an air oven, smoothened by passin
through a twin roller(stainless stegland cut into circular strips of
16 mm diam. The strips were vacuum dried at 70°C for 12 h and
kept in an argon filled glove box which maintairsl ppm of HO and Liy ggNag god Nig 3dMNng 67) O, , respectively. The chemical analy-
and Q (MBraun, Germany sis shows that the ion exchange for Na by Li is complete for both the

Coin cells(size 2016 were assembled in the glove box with 1 M compounds, O2(Li) and O2 (Li+ x). Taking into account a
LiPFg in ethylene carbonate diethyl carbonate (EC  *+5-8% uncertainty in determining the Na and Li content, and
+ DEC, 1:1 volume, Merck, Selectipur LP3@s the electrolyte  =2-4% uncertainty in the analysis of Ni and Mn, the compounds
and Celgard 2502 membrane as separator. Li metal(igibkuto show the expected stoichiometry. Further, it is evident that the in-
Metal Co., Japanwas cut into circular disk§16 mm diam to cover  corporation of extra lithiumx = 1/3) by the present lithiation tech-
the electrode ar¢aand were used as anode. Charge/discharge cynique is successful to give 02 (ki x).
cling and cyclic voltammetry(CV) tests at 25°C were carried out The powder XRD patterns of P@Na), O2 (Li), and 02 (Li
with a potentiostat/galvanostat syste(viacPile 1l, Bio-logic, + X) are shown in Fig. 1. The patterns of P®a) and O2(Li)
Fl’anCQ and Bitrode multlp|e battel’y Festémodel SCN, Bitrode, Compounds match well with those reported by PaumaLl'g The
USA). For GITT measurement, the Bitrode battery tester was pro-hexagonal lattice parameters obtained for(Ra) after least squares
grammed to supply a constant current flux for a known time fol- fitting the (hkl) and d values area = 2.892 ¢-0.001) A and
lowed by open circuit stand for the specified time. The sequence was _ 11.23(¢-0.01) A. The 02(Li) is indexed as the T2 phase
continued for the compositiorx(in Li,MO, or voltage of interest (orthorhombic, space groumca and the lattice parameters are
and for the required number of charge/discharge cycles. EIS haa = 2.865 (£0.001), b= 4.954 (+0.002), and c = 10.056
been done using the Solartron impedance/gain-phase andfker ) T ' ' e ! .
1260 coupled with a battery test unit470. The amplitude of the

ac signal was kept at 5 mV and the frequency range of measuremeéaears good resemblence to that of @R and shows that the crystal

was 0.35 MHz to 2 mHz. Impedance data acquisition and analysi ; .
were performed, respectively, by using the electrochemical imped-system remains the same. The broadening of the XRD peaks for 02

ance software ZPlot and Zviewwersion 2.2, Scribner Associates (Li + x) indicates that the Lil treatment leads to a reduction in its
Inc.). - crystallite size. Further, a few lines which are present in (02

[e.g, (004), (020), (112, and(024)] disappear in O2 (Lit x). The
Results and Discussion reasons for this are not known at present but could be caused by the
stacking faults in the lattice formed during the P2 to [ O2
Composition and structure-The chemical composition obtained by conversion. Similar XRD patterns were also observed by Paulsen
ICP  for the compounds Na(NiysMny)O, [P2ANa)], and Dahri® for Liys(LiyeMnsg) O, and Liys(Cop1dMng g9 O, and
Lizg(NigsMnyg) O, [02 (Li)], and Lig/g-x(NiggMngs) O, [02 (Li are shown to be due to the stacking faulted O2 structure. The ortho-
+ X)], are Nggi(Nig3dMnge) Oy, LigeNag god Nig3dMNng e O, rhombic lattice parameters obtained for 02 (Lix) are

Figure 1. XRD patterns (Cu Ka radiation of Nays(NiysMnys)0,
[P2 (N&)], Lig(NigsMny) O, [O2 (Li)], and Ligg)+x(Niys8Mny) 0, [02
éLi + x)]. (hkl) are shown.

(+0.004) A. These values are in good agreement with the values
feported by Paulsest all® The XRD pattern of the O2 (Li X)
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5.0 In principle, it should be possible to extract all the lithium from the
{(a) o2(Li+x); C/5; 2.5-4.6V 40,30,20,2, 10 cathode if the rest of thé1/6) Ni?* or (1/3) of Ni** ions can be
4.51 Charge Z oxidized to Nf* ions, similar to the case of O3-LifliO, and

= Li(Ni,C0)3*0,.3%*%The reason for the lower first extraction capac-
ity in O2 (Li) is still not clear and was discussed by Lu and Dahn.
The first-discharge profile of OQ.i) consists of two almost equally
divided plateaus with a total capacity of 142 mAh/g. At C/10 rate we
have observed a reversible capacity of 187 mAh/g which corre-
sponds to~2/3 mol of Li in the compound:® This higher discharge
capacity, as compared to the initial charge capacity, is expected be-
40,30,1,20,2, 10 cause in addition to the 1/3 mol Li insertion due to the reverse
reaction as shown in Eq. 1, 1/3 mol of extra Li is added to the lattice
with the simultaneous reduction of ¥h as per the reaction

Voltage, V

0 20 40 60 80 100 120 140 160 180

1(b) o2(iy ci5; 254.6v 1 40 3 202 10
4.5 g
] (113 + (1ALi™ + Liyg(NiZ5Mn35)0,
4.0
?5 — Liy NiZ5Mn35MNT5)0, (3 V plateay [2]
o 3.54
8
O 3.01 . , .
> This is reproduced during the second charging process and subse-
25 Discharge 10 quent charge/discharge cycles indicating that both Mn and Ni ions
] 3/‘ /\ are participating in the redox processes. A reversible capacity of 180
20 , : : 4. % 2021 mAh/g was reported by Dahet al. at a low C rate(C/40) in the
0O 20 40 60 80 100 120 140 160 same voltage window?

The first extraction capacity for O2 (L x) is 171 mAh/g at

C/5 rate. At C/10 rate it delivers 15190 mAh/g which is almost equiva-

. : . ' : lent to the removal of 2/3 mol of Li.Comparing this value with the
Figure 2. The voltagevs. cathodic capacity profile at C/5 rate for different .~ . . : .
chgarge/discharge c?cles between 2.2 to ig/y Li) recorded at 25°Qa) initial eXtra_Ct'or_' capacity .Of the OZL')_ pha§e (105 _mAh/g,
02 (Li + x) and(b) O2 (Li). Cycle numbers are indicated. ~1/3mol Li) (Fig. 2b confirms that the insertion of Li into the
lattice has indeed taken place by our lithiation process using Lil.
This led to a twofold increase in the first extraction capacity for the
02 (Li + x) over O2(Li) and the chemical formula of O2 (Li

. N2 M3t AT 8 Thic ic i
(£0.01) A. The larger values af andb in O2 (Li + x) compared *+ x) can be written as Lig(Ni3sMny3Mny5) O, .~ This is in good

to 02 (Li) can be explained by the increased concentration of large29"¢ement with the chemical analysis data on O2{Lx). The =
Mn3* ions in 02 (Li+ x) due to the reduction of 0.33 M# ions oxidation processes taking place during the first charge in O2 (Li

: L I . + X) can be written as reverse processes of Eq. 2 and 1, respec-
by the Lil treatment. A significant reduction in tleelattice param- . . . N
ez/er as compared to thegQIZi) phase is observed for thg 02 (Li tively. The first discharge capacr[y_ls 158 mAh/g at (_3/5 rate. The
+ x).8 This is due to the fact that the 1/3 vacant sites in the(lO® performance of the electrode materials, @B and 02 (Li+ x) on
are occupied by Li ions in the Li layer in O2 (ki x) thereby repeated charge/discharge cycling is compared in Fig. 2. It can be

reducing the repulsive interaction between the oxide-ion layers. seen thap the capacity fade for the .02 {Lix) is minimal over 40
charge/discharge cycles. However, in the same voltage window and

Electrochemical behavior of the 02 (L)) and ORi + ) current rate, the capacity fade for @2) after the 20th cycle is very

electrodes—Before analyzing the electroanalytical response andProminent. It is also known that the rate capability of O2 (Li
correlating it with the electrode kinetics, it is important to have the + X) is much better than the cell with ORi) at 25 and 50°C.
data on the electrochemical performance and kinetics of the elecQualitative difference in the voltages. capacity curves of O2 (Li
trodes together with its implications to the structural aspects. Par+ x) and O2(Li) can be clearly seen from Fig. 2a and b: a twofold
ticularly, it would be interesting to identify the change in Li-ion increase in the first extraction capacity is observed for the O2 (Li
intercalation/deintercalation kinetics associated with the electro-+ x) over O2(Li) and a smooth capacitys. voltage profile is
chemically assisted irreversible phase cha(ii2to O2 observed  observed for the O2 (Li+ x) as compared to a nearly 1 V drop in
for these compounds during their first deintercalation cyéi&®  yoltage for the OALI) in the 3.0-3.5 V(vs. Li) region. Further, an
The voltagevs. capacity profiles and the cycling performance at a jrreversible plateau is observed for O2 (tix) during its first

C/5 rate for the O2 (Li+ x) and O2(Li) compounds as cathodes charge in the voltage range 4.5-4.6 V, similar to the one observed by
for different charge/discharge cycles between 2.5 to 4.&3/Li) Paulseret al*!in Liys(LiygMnse) O, and Liys(Coy1gMng 719 O, .

are shown in Fig. 2. The ORLi) shows only one extractiofLi CVs recorded on the cells Li/O2 (L4 x) and Li/O2 (Li) are
deintercalationplateau centered around 4 V with a capacity of 105 ghown in Fig. 3. The CV of the O@i) compound(Fig. 33 shows
mAh/g. The low initial extraction capacity is due to the fact that o1y one oxidation peak centered around 4.2 V in the first anodic
only 1/3 mol of lithium can be extracted from the compound corre- gcan \whereas two oxidation/reduction peaks are seen with almost

Capacity, mAh/g

a= 2947 (x0.004), b= 5002 (+0.007), and c = 9.91

sponding to the omda_nogl of 1/3 Ri to Ni** or 1/6 NF* to Ni** equal areas in the subsequent cathodic as well as anodic scans. The
ions in the crystal lattice CV profiles are in accordance with the charge/discharge cycling per-
. (DA ) 3 4t L, formance of the respective cells with the Li anode. The single oxi-
Ligs(NiggMn35) Oy — Ligjs(Nij;sMn;5)0, + (1/3)Li dation peak for the first aodic scan is ascribed to the oxidation of
+ (1/3e or NiZ* in the lattice with 1/3 mol Li extraction as per Eq. 1. The
observed two peaks in the subsequent cathodic and anodic scans are
LizNifsMn5) Oz — Liya(NifNizsMn) O, + (1/3)Li " asossociated with the redox couple of NiNi®* or NiZ*/Ni** (4

V) and Mr**/Mn** (3 V). The peak at 4.2 V noted during the first
+ (1/3)e” (4 V plateau [1] oxidation gets shifted by 0.25 V to the lower voltage side in the
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first cycle in O2 (Li+ x), somehow seem to shift the main redox
potential of O2 (Li+ Xx) to 4 V region.
The CV profile of the O2 (Li+ x) phase is qualitatively differ-

ent from that of O2Li) as can be seen in Fig 3. Also, for both the
compounds, the profile of the first anodic scan is distinctly different
from the subsequent ones. The shifting of the first oxidation peak at
4.2 V to the lower voltage side by 0.25 V in both @Q2) and 02

(Li + x) in the respective second and subsequent cycles may be
due to the initial activation processes of the electrode material
and/or due to the reduction of stacking faults associated with the T2
to O2 phase transition in the compouffdsThe appearance of the
irreversible and sharp peak at 4.65 V in the first anodic scan ob-
served in O2 (Li+ x) is not seen in O2Li). This irreversible peak

is seen as irreversible plateau in the voltage profile of O2 (Li
+ X) during its first charge. Similar irreversible plateau is observed
by Paulsen etal® in 02-type Liys(LigMnseO, and

Li 25 C011gMN1719 O, and by us in Ljz(Cop 1M g9 O,." These
materials are shown to have stacking faulted O2-type strugiure.
The reasons for this are not known at present. Contribution of elec-
trolyte decomposition for this peak cannot be ruled out due to the
high potential. But the irreversible nature of the peak which does not
appear in the subsequent cycles reveals that the profile is inherent to
02 (Li + x). The reduction in intensity observed in the CV profiles
during 5-25(or 30) cycles for both the compounds is possibly due to
the electrolyte decomposition due to the fact that the upper voltage
3'5 ) 4'0 ¥ 4'5 i 5.0 limit for the measurement was 4.8 V. Therefore, we conclude that
’ ) ) ’ the compound O2 (L# x) shows an improved performance over
Voltage,V 02 (Li) by way of better capacity retention on charge discharge
cycling and an improved rate capability.

AQ, mA.h (x 10™)

T T
2.0 25 3.0

Figure 3. Cyclic voltammograms of the catho@® Li /5(NiyzMn,) O, [02 . . .
(Li)] and (b) Li(z)+x(NiysMny)O, [O2 (Li + x)] for various cycles re- Elec_troch_emlcal l_mpe_dance_ s_pectr_oscepEIS IS a powerfu_l
corded at a scan rate of 0.052 mV/s between 2.0 and 4.7 V. Li used ad00! to identify the Iflzrgetlcs of lithium intercalation/deintercalation
reference and counter electrode. Cycle numbers are indicated. into the electrode$?® The measured impedance of the electro-
chemical cell is a collective response of kinetic processes occurring
in the electrode. The Li intercalation and deintercalation into the
positive electrode materials is normally modeled as a multistep pro-
cess which involves and reflects a serial nature of many processes
second cycle. These CV profiles are in agreement with the differenoccurring during intercalation/deintercalation. The main challenge
tial capacityvs. voltage plots derivable from low current charge/ for the interpretation of impedance data is to identify the proper
discharge profiles reported by Paulsstrall? equivalent circuits which are more consistent with the processes
For the O2 (Li+ x) compound, three distinct oxidation peaks occurring in the electrode envisaged by parallel physicoelectro-
are seen in the first anodic scan, a minor peak at 3.25 V whichchemical investigations. There are different models to explain the
almost merges with the second at 4.2 V and an irreversible peakmpedance response of the intercalation syst&ffi. Theoretical
centered at 4.65 Fig. 3b. Subsequent cathodic and anodic scans analysis of complex impedance response for lithium insertion into
show only peaks, similar to O2Li). However, for the O2 (Li  thin WO, film has been performed by Het all° Modeling of the
+ X), the relative areas under the peaks are different, the higheimpedance response of the cell with LiCp@s positive electrode
voltage region(3.65-3.95 \f showing larger area. Further, the peaks material was reported by Thomasall! The general nature of most
observed at 3.25 and 4.2 V during the first oxidation get shifted byof these models is to account and explain the Li-ion migration
0.15 and 0.25V, respectively, to the lower voltage side in the secondhrough the surface film, charge-transfer through the electrode/
cycle and remain almost unaltered in the subsequent cycles. Alsalectrolyte interface, and the solid-state diffusion of Li in the
the relative areas of the peaks remain the same. The first anodic pealompound:?28 The involvement of material conductivity on the im-
at 3.25 Vin 02 (Li+ x) can be ascribed to the oxidation of Rfn ~ pedance response has also been addressed in some t&pdits.
ions in the lattice(reverse of Eg. 2 However, since its intensity is  the present study, the possible and experimentally visualized pro-
small compared to the main 3.95 V oxidation peak, we can assumeesses which are at par with other observations gre (resistive
that only smaller number of Mii ions contribute to it whereas the component R,) arising from the electrolyte resistance and cell com-
majority of these participate in the oxidation processes, along withponents, i) the double layerdl) capacitance of the surface film
Ni%* ions at the 4 V region. This assumption is due to the fact thatand the associated impedand@(and R), (iii) the impedance
changes in the deintercalation/intercalation voltage can occur duessociated with the bulk of the active material and the capacitance
to the Ni-Mn, Ni-Co, or Ni-Co-Mn ion interactions in the layer gssociated with it R, and G), (iv) the charge transfefelectron
compounds as has been experimentally observed recently ifvansfej resistance of the intercalation reaction and the capacitance
Lioe(CO.dMng e O,,* Li(Coyo,NisMn)O,, x = 1/4 and 3/8°  of the dI (Ry andCy), and @) a Warburg contribution\y/, ; finite
and x = 1/3* and in Li(Niy,Mn;;,)O,,%*6 and is supported by length Warburg open-circuit terminalvhich is characteristic of the
recent theoretical calculatioiSWe note that the average valency of Li ion diffusion through the bulk of the active material.
Mn in 02 (Li + x) is 3.5 before anodic oxidation, and increases  Figures 4 and 5 represent the Nyquist plots measured on the cell
toward 4.0 V at the onset of anodic cycle. This is exactly analogouswith O2 (Li + x) (fifth charge and O2(Li) (second charge re-
to the spinel, LiMBO, exhibiting 4 V behavior for Mn valency spectively, as cathodes at different cell potentiithium contentx
= 3.5 and 3 V behavior for Mn valency. 3.5. Thus Lil treatment  in Li,MO, (M = Niy;sMny5)] during the lithium deintercalation
of O2 (Li) and the irreversible peak observed at 4.65 V during thecycle. For each impedance measurement, the cells were galvano-
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300 {(a) o2(Li+x); 5"Charge —; = 02(Li); 2™
250 - 250- i); 2" Charge
g 200_: g \ 11 mHz zm_?gmHz
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Figure 5. Family of Nyquist plots for OZLi) electrode at different voltages
Figure 4. Family of Nyquist plots for O2 (Li+ x) electrode at different (under OCV conditionsduring the_course of second gharg|@ for full

voltage (under open cicuit voltagéOCV) conditions during the course of ~ range ofZ’ values,(b) expanded view of the loit’ region in(a). (c) the
fifth charging(a) for full range ofZ’ values,(b) expanded view of the lo&’ equivalent circuit used to fit the experlr_nental data. The voltages_ are |n(_j|-
region in(a). Voltages are indicated and the respective symbols are commorfated. The symb_ols represent the experlr_nental data and the continuous lines
to (a) and (b). The symbols represent experimental data and the continuougd€Present the fitting with equivalent circuit.

line represents the fitting with equivalent circuit) the equivalent circuit

used to fit the experimental data.

. ) ) Depending on the measurement conditions like voltagdithium
open-circuit condition fo 3 h to relax the cell potential§) to @  impedance contributions as mentioned above may be absent and/or
stable value. The impedance spectra were then measured at opedistinguishable in the frequency range of measurement as can be
circuit condition. The spectra of O2 (L4 x) consist of two over-  seen from Fig. 4, 5, and 6. For instance, the Warburg contribution in
lapped semicircles in the high- to medium-frequency rat@85 02 (Li + x) disappears at the end of deintercalatidm3 V) (Fig.

MHz to 20H2), a broad semicircle at the low frequen@0 Hzt0 20 44) and the impedance plots of QRi) do not show the low fre-
mHz), and Warburg impedance at very low frequei2-2 mH2. It quency Warburg contribution for the full voltage ran¢gecond

may be noted that the high frequency as well as the medium frecharge, 2.5-4.6 Yof measuremenFig. 53.

guency semicircles at the beginning and end of deintercalation are The impedance spectra of Fig. 4 and 5 were analyzed using
not clearly seen in Fig. 4 and 5 due to the laijevalue of the low  physical processes that could be represented by resistive/capacitive
frequency semicircle. The expanded views of the Bwdomains of ~ combination. The relevant equivalent circuits are shown in Fig. 4c
Fig. 4a and 5a are shown in Fig. 4b and 5b, respectively. The naturand 5c, respectively. The respective circuit elements were deduced
of variation of the shape and’ values in the high-to-medium fre- by fitting the experimental data points with the equivalent circuit. To
guency region of the impedance spectra for both the compounds areompensate for the nonhomogeneity of the composite electrode sys-
almost similar. Both show two overlapped semicircles, the shape oftem (reflected as depressed semicircle in the impedance regpanse
which do not change much with cell voltage during a single titration. constant phase eleme(@PE) is used in place of capacitor to model
However, the impedance response of the freshly prepared cell durinthe data as shown in Fig. 4c and 5c. The impedance of the CPE is
its first charge cycle, shown in Fig. 6, is different from that observed defined asZ = 1/B(jw)" wherej = =1, o is the angular fre-

in cells subjected to second and subsequent charge/discharge cyclefiency,B andn are constants. The CPE become an ideal capacitor
The high frequency semicircle is absent or masked by the mediumc) whenn = 1 and henc® = C. The values of observed in the
frequency semicircle for the fresh cells and become distinguishablgyresent study range from 0.7-1.0. In Fig. 4 and 5, the continuous line
only after starting the deintercalation process3(8 V) for both O2  represents the fitting as per the equivalent circuit whereas the sym-
(Li + x) and O2(Li) as can be seen in Fig. 6. Further, the gradual bols denote the experimental data as a function of frequency for a
decrease in th&’ values of the high to medium frequency contri- given voltage. For the spectra which do not contain the Warburg
bution seen during the first charge cycle is absent in the cycled cellscontribution(and/or other contributionsthe respective circuit ele-
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40 (@) O2(Livx); First charge 310V, —o—353V the arc of the respective impedance spectra. In Fhe case of O2 (Li
870Hz ——366V: ——3.83V + Xx), theR value for the freshly fabricated cell is highh750();
30+ 1 ——4.02V: ——422V cell voltage, 3.10 V. There is a rapid decrease in tRg; value as
—«—4.38V;, ——4.40V deintercalation starts and falls to 780at 3.60 V.R; passes through
a broad minimum in the voltage range 3.6-4.3d¢rresponding to
x = 0.8-0.40 in LiMO,) and then increases again to high values at
the end of deintercalatio(693 ) at 4.40 V; Fig. 7. For the subse-
quent Li intercalatior(first-discharge procegsthe R, value gradu-
ally decreases below 3.7 V and approaches a value ofB&402.81
') atndll V. A gradual decrease in thR values for the first discharge and
0 10 20 30 40 50 60 70 80 subsequent charge/discharge cycles are seen due to the activation of
the electrode for charge transfer with the onset of current flux. The
activation of the electrode surface can be brought about by different
ways: an effective electrolyte penetration into the composite elec-
trode resulting in more surface of the active mass exposed to the
electrolyte, change in the surface layer thickness due to the current
flux as discussed by Leeit al,'* replacement of the pristine surface
film covering the electrode by more active one by the interactions
between solution species, and the active mass assisted by the current
flux. The identical values oR.; observed for the fifth charge and
discharge cycles for O2 (Lt x) reveals that the initial formation
r T T T T (activation of the electrode is complete by the fifth cycle and the
0 20 40 60 80 100 120 140 increase in its values at the end of intercalation is also minimal. The
Z', ohms stableR values observed for the fifth cycle in the range 3.7-4.1 V
(x = 0.4-0.8) are of the order of 20-30. A similar variation ofR;
Figure 6. Variation of the high- to medium-frequency range of the of Ny- with voltage was reported for the well-known cathodesNi®, ,*?
quist plots during the first charging cyclé@ 02 (Li + x), (b) O2 (Li). Li,Nig4Cay,0,,* and LiMn,0,.'>1® However, a monotonic de-
\oltages are indicated is the frequency. crease inR, values was observed for JG0oO, with increase in
voltage(decrease ix).12'5Also, the plateau-like minima in thR,

. values reported for the above well-known cathodes were found to be
ments were removed from the assumed model to fit the data. As Cafitterent: for LINIO, ~500Q (3.7-4.0 V) 12 for LiMn,O,

be_ seen the experimental points fitted well with the equivalent Cir- 1000 (3.95-4.15 \J,13 and for Li,NiggC0 0, ~100Q (3.7-4.1
cuit response. )14

The charge-transfer resistandg ( associated with the low fre-
quency semicircleextracted from Nyquist plots and equivalent cir-
cuits for the cells with O2 (Li+ x) (first, second, and fifth charge
and discharge sequengemd with O2(Li) (first and second cycle decreases to 49Q at the beginning of deintercalatid8.80 V) and

se_quencesa_s a function OT ce_II voltageR) during mtercalgno_n/ gradually increases to a very high value as the Li content decreases
deintercalation are shown in Fig. 7. TR, values at the beginning at the end of deintercalatiof2720 Q) at 4.26 V, not shown in Fig

and end of Li intercalation for O2Li) where the low frequency ;
semicircle was not completely seen, were determined by completinnggir%?ng'g'frg%’ \;?R;;]gzliersnii?rﬁzer?gf gtgg) zs;e;;a\lﬁeaitdthe

then increase to 528 at the end of dischargeE(= 2.75 V). For
the second charge cycle in the @2), R, value initially decreases

-Z ,ohms

(b) O2(Li); First charge 350 Hz ——3.05 V; ——:3.86 V|
—a—:3.90 V; ——3.89 V|
——4.05V, ——4.26 V|
=x—435V

60

-Z, ohms
A
<

N
I
=
0
«
=]

Present results show that the variationRyf of the O2(Li) is
strikingly different from that of O2 (Li+ x). For the former, th&;
shows a value of 77®) for the freshly prepared cell3.05 V),

800 - (a? ) \. B-chage1 on deintercalatiorifrom 525Q at 2.75 V to 317 at 2.88 \J and is
600-02 Li+x) A s stable up to 3.7 V with a value o£300Q. As the electrode ap-
. :g:fgi"aw'rf'ﬁ proaches the stage of full deintercalati®ty, increases rapidly to a
g 400-_ Q! o RS A value of 4730Q at 4.24 V = 0.33, not shown in Fig 7bt can
£ 200 A\ AN \ be seen that after the initial formation, the increaseRjpof the
] O~ aiig W/ we : e
> . M electrode at the end of discharg&75 V andx ~ 1.0) is minimal
o 0 T T T T T ' and is similar for both systems, though their absolute values are
15002-5 3.0 35 4.0 4.5 different. The value corresponding to the broad minimum observed
b —m—Charge 1 o / for R in the voltage range 2.75-3.9 % (= 0.5-1.0) for O2(Li) is
] 2(Li) —O—Discharge 1 n almost one order of magnitude larger than that obtained for the cell
1000 1 —A—Charge 2 / with O2 (Li + x) (Fig. 7a and b This may be caused by differ-
. ences in the nature of surface film covering these compounds even
500 - g f#" though we have used identical cell parametetsctrode thickness,
i EX—A N area, and processing conditigrisr both the systems. The lithiation
process with Lil might have changed not only the morphology of
0 ) ! ) L j T j particle of O2 (Li+ x) but also its electronic structure, with a more
25 3.0 3.5 4.0 4.5 active surface facilitating easy charge transfer. However, it can be
E V mentioned that the higR; values in O2(Li) indicate sluggish ki-

netics at the interface which in fact is reflected in the cell kinetics.
Figure 7. Voltage dependence R, for different charge and discharge 1 N€ observed higher current rate capability of the O2-{Lx) can
cycles (@) for 02 (Li + x), (b) for O2 (Li). Cycle numbers and mode of D€ understood as due to the better charge transfer kinetics. The in-
operation are indicated. The error in fitting g is <1% and is within the ~ Crease irR, of the electrodes either in completely intercalated state
size limit of the symbols. (2.7 V) for O2 (Li + x) and deintercalated state for both O2 (Li
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25 40
| —0—02(Li+x); 5"Charge i (a) O2(Li+x) —:—:Charge1;—D—:Dicharge1
20 | —0—02(Li+x); 5"Discharge A7 B\o 304 T ohaae rgzé?_'c""ge 5
" 1 —A—02(Li) ;2" Charge /‘:‘/ ] -(: 0—O0
- = O
E " " s W
= h / /A-A =75~
5 A ~—A 1] 10 -
T 0'048——— -8 ]
L 7 325 30 35 40 45
: T T T T I T
o . . . . .
25 3. . . ) 8 .
0 E V (Vg fl) 4.0 45 60 1(b)o2(L)  —m—:Charge1
’ . —a&—:Charge2 4
Figure 8. Voltage dependence @ for O2 (Li + x) for the fifth charge 40.-. A :
and discharge cycles and for QRi) for the second charge cycle. Error in ] \A\ ’E/l
fitting is <1% and is within the size limit of the symbols. 20 A A-Bp Y
O M I v 1 ' I '

+ Xx) (4.4 V) and O2(Li) (4.25 V) are in accord with the expected 25 3.0 3.5 4.0 4.5
nature for charge transfer kinetics as observed and discussed by E V (VS Li)
Aurbach and his co-workers for other cathodesNiO,,*? J

; 12,13 N 14 .
;XOMWZZ(;“S’U q der??ndcrlé:’s\lély:ﬁcgto\(/gllﬁ)eoszés i tk:gz\;\i:eh\/:sl:,tht:?ulI())/zd(:ilriter- Figure 9. R, values as a function of voltage for different charge and dis-

) ; charge cyclesia) O2 (Li + x) and(b) O2(Li). The error in fittingRy, is 2 to
calated(chargedi state compared to O2 (L x). This may be due  go; and is within the size limit of the symbols.
to the inefficient charge transfer in the @Bi). This can be seen
from the CV profiles(AQ vs.V shown in Fig. 3 of the compounds
where significant contribution of charge transfer is observed for O2 o ] )
(Li + x) as compared to OQi) as the cell approaches 4.6 V. Such (3.15-4.3_V;_a|_| pIc_>ts are not shown in Flg.? of delnt_ercalatlon
an inefficient nature of charge transfer in @2) can overshoot the ~become indistinguishable at the end of deintercalation.g V).
cell potential to a higher value from its equilibrium potential. The Such type of behavior in the low frequency side of the impedance
lower equilibrium potential observed for the cell with @2) (4.25 response at the beginning and end of delnteig%lathn_ls commonly
V) compared to 02 (Lit x) (4.4 V) after charging them to 4.6 v 0bserved in studies on other cathodes as ¥eét:****This indicates
consolidate this argument. Further, it can be seen from the voltagdhat at the early stage of deintercalation, the kinetics of the electrode
profiles of the cells during their charge/discharge proce&igs 2) processes is controlled by the diffusion processes in the low fre-
that the O2(Li) shows a very high ohmic drof#.6 to~4.0V) at ~ duéncy region and by the charge transfer in the high frequency
the onset of discharge while the voltage profile is continuous from€9ion- At the end of deintercalation, the electrode kinetics is con-
4.4V for 02 (Li + x). Alternatively, such a variation iR in 02 trolled by the charge transfer contribution. The reason for this peri-

(Li) can also be caused by the difference in Li-ion diffusion inside dic@l change can be understood from the fact thatRhevalue

the bulk. Since the charge transfer at the interface is also controlledficréases enormously at the end of deintercalation.
by the availability of Li* ions at the surface, a possible change in . MPedance response of most of the composite electrodes shows a
: single semicircle at the high frequency and the contribution is

diffusion coefficient at the end of deintercalation can also bring such - X i ;
a difference inR., for 02 (Li). mostly treated as arising c_iue to the s_urface film at the ac_tlve_mat_erlal
ot . surface'>13:22.26.27ternatively, the high frequency contribution is
The dI capacitance(y) extracted from the impedance data and ;154 addressed as due to the porous nature of the composite elec-
curve fitting are shown in Fig. 8. As can be seen@gvalues for  4de comprising active material, conducting carbon, and the organic
02 (Li + x) (fifth cycle, charge, and discharge sequormed for .40 11.2128.320 comparison of impedance response of thin film
O2 (Li) (second charge sequepcshow almost similar behavior and co.mposite electrode of LiCe®y Dokkoet al?® shows that the

W'th change in voltagéor lithium contentx) i On lithium depletion high frequency contribution is due to the porous nature of the elec-
(increase in cell voltagethe Cy shows an increase followed by @ y54e since the cell has Li metal as anode, the possibility of surface
saturation behavior at the end of chaig® mF for O2(Li) and £, ¢ the Lifelectrolyte interface as observed in the polymer Li-ion
20-23 mF for O2 (Li+ x)]. For the full range of voltage, th€ battery®°cannot be ruled out. The impedance response of the pres-
values lie in the range of 5-23 mF. The O2 (tix) have higheCqy  ently studied compounds shows two semicircles at the high fre-
values possibly due to the more active surface brought by the Lilquency side. The variation of the impedance associated with the
treatment. Therefore, a direct comparison of the absolute values lightly depressed medium frequency semicirdRy)(with voltage

Cq for both the compounds may not have significance. But thefor different charge/discharge cycles is shown in Fig. 9. The freshly
relative difference in their variation with voltage are of relevence. It hrepared cells of both O@.i) and O2 (Li+ x) (as well as the fully

can be seen that th@; for O2 (Li + x) shows a rapid increase with  discharged cell after first cyol&lo not show the indication of two
voltage around 3.7 V. Since this region coincides with the voltagee|l-defined semicircles at the high frequency sidiest charge
range(3.7-4.2 \) of the observed broad minima Ry, it can be  curves shown in Fig. )6 This is due to the overlapping of both
thought that an easy reduction in thickness of the dl in O2 (Li semicircles owing to closeness in the time constants associated with
+ X) by the active charge transfer processes. The nature of variathese processes. Hence the extrad®&dvalues from such over-

tion of Cy vs. voltage for both O2(Li) and O2 (Li+ x) in the lapped semicircles are excluded in Fig. 9. The nature of variation of
present study is similar to that reported forMNi,Co;_,,0, (y R, for O2 (Li + x) and O2(Li) is similar except a slight difference

= 0.2 and 0.25**?%including the range o€, values(a few mil-  in their absolute values. For the cell with 02 (tix), the R,
lifarad) for the full voltage range. values gradually decrease on deintercalation reaching a value of 15

As mentioned earlier, the main change observed in the imped{} at the end of the first chargd.40 V). During the first discharge,
ance spectra as Li deintercalation proceeds for O2H %) is that the Ry, value of 10() remains stable in the voltage range 3.7-4.4V,
the Warburg contribution which is prominent at the early stagesand increases to 15-1@ in the range of 3.1-3.6 V. For the second
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charge theR, value (~13()) remains constant up to the end of 10
charging (4.41 V). For the fifth charge and discharge cyck, ] -—a-—:Charge 1; ---o---:Discharge 1
shows consistently low valugd7-27 Q) in the entire composition 81 —a—:Charge 2; -v--:Charge §
range, but show a minor periodic variation with change in voltage ] —o—:Discharge 5
for the full charge/discharge cycle. For the cell with @2), theR, 12 6 k
decreases gradually during the first charge to 22&% 4.11 V and E A
then increases to a value of 8Rat the end of charget.35 V). For O 4
the second charg®,, shows a gradual variation from 41 at 2.82 &
V to a value of 22Q) in the charged statet.24 V). It can be seen hd 2
from Fig. 9 that both compounds show a periodical variation in their 02(Li+X)
Ry, values and their absolute values lie in the same range after the
formation cycle. 0 v T ' T T T T
A periodical variation in the impedance values of the semicircle 2.5 3.0 3.5 4.0 4.5
in the same frequency range as found in the present study has alsc :
been observed in other intercalation compodfidsd the contribu- E’ v (VS LI)

tion is mostly treated as arising due to the surface v, The , , . .
development of surface film on the as-prepared cathodes likd '9ure 10- Ry values as a function of voltage for different charge and dis-
LiCoO, and LiNiO, established by Fourier transform infrared spec- charge cycles for the compound O2 (ki x). Error bars are indicated.
troscopy(FTIR) and other techniques reveals that the active mass of o o .

the electrode is covered with surface films, mostly composed ofthe interface. The initial activation of the surface film, the change-
Li,Co,.128 In contact with the electrolyte solution, these surface V€' of the passive film to the active one, can be visualized by

films may be replaced by more complex surface species and/or film%neqr?;g)rgggt.tgs a|1rsnF;ed?ggealszz(étrgged%n?hge tg.:nf’é?;rez? tﬁ]:e f;]r_sth
which originate by the complicated reaction of the electrode mate- ! : gradu : : '9

rial with the electrolyté”>*8 Considering the fact that the oxidation frequency semicircle as can be seen in Fig. 6. The diameter of the

potentials of the solvents constituting the electrolyte are higher thanhlgh frequency semicircle remains unchanged in the full voltage

the upper voltage limit of the experiment and the nature of reaction 219€ for the formed_ electrodes 02 (t'.x) and O2(Li) in the_
products, Aurbaclet al? assumed that these products were formed subsequent charge/discharge cy_cles. This can be seen from Fig. 10,
at the anode in the cell and precipitated on the cathode through th}ghere thd?sfyalues for the O2 (Li+ x) are plotted as a function of
solution. This assumption was supported by the observation that th¥oltage for different cyclegalso note the stable values & for the
surface films are formed only after several charge/dischargdifth charge/discharge cydleAfter the second charge cycle, thg
cycles!? If the observed second semicircle in the impedance spectrd/@lues are stable in the voltage rari@es-4.6 ) for a single titra-

is due to surface film, its value is expected to be more in the chargedion (charge or discharge sequeneedicating that the surface film
state where the cell potential is high and hence the decomposition on the compound O2 (Li x) is stable with low resistanceig.
electrolyte(if any) may be maximal. But in the present case, it is 10). A similar stable value of th&; for the full voltage range was
observed that th&, is maximum in the discharged state and has a @lso reported for LiNiO, .** The stable value oR¢; with change in
minimal value in charged state. This indicates that the origin of thevoltage(compositiornx) also indicates that the reactivity of the elec-
second semicircle is something else other than the development dfode material in the charged state with the electrolyte and associ-

surface film, possibly due to the change in bulk properteec-  ated decomposition is minimal for O2 (bt x). The R may not
tronic conductivity, diffusion of ions, etcof the cathode material. have an influential role in the electrode kinetics for a single charge
Note the drastic change in conductivity predicted for theM®, or discharge cycle. However, the evolution of surface film on the

(M = Co) type compounds with a minor changexivalued® and ~ €lectrode on repeated charge/discharge cycling may influence the

experimentally observed as semiconductor-to-metal like transitionPerformance of the electrode material. o

for x > 0.5 in Li,Co0,%*5%and is shown to be applicable to mixed The formation of the surface film is known to play a decisive role

oxides wi.th the fxormula L{Ni,Co, ,)O,, y = 0.8°20.75170.353 in the performance oft}ggsezlgfgodes in Li-ion cells. The formation
R A BT of such a film in graphite<>“"*?and other intercalation compounds

0.1%* The compounds, ORLi) and O2 (Li+ x) presently studied

L L are known to act as a protective coating which improves their
also have a similar crystal structure and it is reasonable to expect Berformancé?'13'26'27'481'he nature of surface film. which covers the
similar type of conductivity variation with change ¥ The periodi- y

JF ; ) active mass may provide a measure of its particle to particle contact.
cal variation of theR,, values withx (or voltage during charge/ A mass deposition of the surface film on the electrode surface may
discharge may arise from their change in electronic conductivity aseng up as a destructive film, which would slow down the electrode
X varies. This is due to the variation in the ratio of concentration of kinetics and hence its performance. The influence of surface film
the ions, MA*/Mn** and NP*/Ni** or Ni**/Ni** ions even  formation on the performance of LiM®, cathode has been studied
though we do not expect a drastic variation in the electronic con-for half cells with a Li metal anodé and in plastic Li cellgwith a
ductivity. Also, the involvement of the Li/electrolyte interface as polymer electrolyte and Li anoﬂj_ég It was shown that the increase
observed in polymer Li-ion batterié8;* cannot be ruled out as a in resistance associated with the surface film with repeated charge/
possible contribution t&,, because the cells have Li metal as anode. discharge cycling which deteriorates the performance can be moni-
The observed high frequend®.35 MHz to 5 kHz semicircle  tored by impedance spectroscopy. Therefore, the deterioration of the
which can be assigned to the surface film resistaftg @nd asso-  electrode material and its interface with cycling can be quantita-
ciated capacitanceQy;), is absent or masked by the medium fre- tively analyzed by monitoring the impedance spectra of the cells
quency semicircle in the freshly fabricated cell as well as after thewith different cycle number. Figure 11 shows the impedance spectra
discharged state after the first cycle and becomes distinguishable aseasured on cells with O2 (4 x) and O2(Li) after subjecting
deintercalation starts as mentioned earlier. The diameter of the semthem to different number of charge/discharge cycles at room tem-
circle decreases to a minimum and remains constant until the end gferature.
deintercalation. This is due to the fact that on subjecting the cell to  The spectra were measured after cycling them at C/5 rate to the
charge/discharge cycling, the passive surface film, which might havelesired cycle number and then charging to 3.8v¥. Li) followed
formed on the surface of the electrode by reaction with the electro-by holding at 3.8 V for 0.5 h. This charging voltage corresponds to
lyte, may be destroyed and replaced by newly created active surface in the range 0.5-0.6 in LMO, where different contributions for
film by the processes associated with the initial current flux throughthe impedance response of the cell are distinguishable due t@'low



Journal of The Electrochemical Societ50 (1) A1-A13 (2003 A9

&N O2(Li+x) (a)
255 Hz Cycle No

2 mHz o

~ o 2

v :15

+ 38 5001

coscogons . 55 -
o 65 oty T

0 100 200 300 400 500 600 (b)

—m—02(Li+x) (a)
—e—:02(Li)
o/ *
o
/

® »
pe—0— o —

-Z , ohms

@

1 —o—8
o=y, 4

N
0.085Hz 2 mHz 0 10 20 30 40 50 60 70
Cycle number

Figure 12. Variation of (a) Ry, (b) Ry, and(c) R with cycle number O2
(Li + x) and O2(Li) obtained by fitting the impedance response of Fig. 11.

for the compounds, O2 (L x) and O2(Li). The variation of
different resistive components obtained by fitting the impedance
spectra to the equivalent circuit model described in Fig. 4c and 5c
are shown in Fig. 12 as a function of cycle numliRy, decreases
60 (d) drastically in the first two cycles for both compounds, indicating the

1 electrode formation/surface modification, and remains almost un-
changed with a value of250() for O2 (Li) and ~100() for O2
(Li + x) up to 25 cycles. Thereafter, th, values for the cell with
02 (Li) increase drastically with cycling and reach 140G&fter 65
cycles.

On the other hand, the variation for the cell with O2 (tix) is
minimal and reaches 45Q after 65 cycles. Th&, value for both
the compounds increases slowly with cycle number. The rate of
increase ofR, with cycle number is smooth and their respective
values are also identical for both the compounds as can be seen from
Fig. 12b. This is in accordance with our assignment BRgais aris-

' T o T 7 LU ing from the bulk of the material. Because both the compounds have

0 10 20 30 40 5 60 70 80 90 similar structure and shown to be stable against cydiiht®a mi-
ZI, ohms nor and proport_ional i_ncrease observec_R'mvaIues v_vith Cycling_ is
Figure 11. Family of Nyquist plots measured after different number of n support to th!s aSSIQnm_ent. The main observatlon.on the .lmped-
cycles(hold at 3.8 V for 0.5 h after each _cy()le{a) Full ra,nge Qf impedance 2Irq1§ﬁgsepsegtrgsmgh;)gcflg]rgﬂ:setggshf X?Eﬁg{ogtt?ﬁeczeéltxv ggclcéztlc_)l 210
response for 02 (Lir x), (b) expanded view of the lo@” region from(a, Q) for the 65th cyclewhereas it remains almost invarig@t4 )) u
(c) for O2 (Li), and(d) expanded view of the low’ region from(c). Cycle y ; . . . P
numbers are indicated. The symbols represent the experimental data and ti{@ 65 cycles for O2 (Li+ x). As described earlier, the increased
continuous line represents the fitting with equivalent circuit shown in Fig. 4c contribution forR¢ can be due to the massive surface film forma-
and 5c. tion, the degradation of the composite electrode and due to the de-
terioration of the Li/electrolyte interface. The possibility of Li/

polymer interface deterioration can be ruled out since the change in
values forRy. These spectra shown in Fig. 11 demonstrate theRg with cycle number is different for both compounds. It may be
change in the electrode kinetics on prolonged charge/discharge cydifficult to distinguish the contribution either due to surface film
cling which can be correlated to the capacity fading, if any, observedformation or due to the deterioration of the composite electrode

-Z, ohms
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because the resultant effect for both of these processes would be the 5.0
same, deterioration of electrical connectivity between the active 1 O2(Li+x)
mass and hence an electrical isolation. But the poor interparticle st
contact is unlikely to be the origin of capacity fading since the liquid = 43 1" charge
electrolyte provides the predominant pathway for charge transfer. @ 1
Alternatively, the massive surface film formation can hinder the = 4q
charge transfer and hence contribute to the capacity fading. There-
fore, it can be assumed that the increaBegdand Ry observed for )
02 (Li) is due to the enhanced surface film formation leading to 8’ 3.5 1
sluggish charge-transfer kinetics at the interface leading to capacity% -
fading. > 304
The nature of variation oR¢ with cycling is in agreement with T
the observation made by Aurbaet al'? They found a significant (&) A
contribution of surface film only after many charge/discharge cycles 25 T T v T T T T
on graphite as well as on intercalation electrodes like LiCa@d 0 10 20 30 40
LiMn,0O,. In the case of O2 (Li+ x), theR, andR, values show Time (X1 05)sec
a slow increase with cycling, especially after 25 cycles, though the !
Ry values remain stable. This indicates that the charge-transfer kigigyre 13. GITT profile for the first, second, and fifth charge cycles for the
netics of the electrode material is influenced by the change in bulkyompound 02 (Li+ x).
properties together with the surface film formation. The involvement
of bulk contribution in the impedance response of the intercalation
compounds are indeed observed by otH&rs.

b e - . I . GITT measurements have been performed on O2+L) and
Li* diffusion coefficient—The chemical diffusion coefficient of 5 (Li) compounds to determine tiy, as a function of voltagéor
lithium (D) in the cathode materials MO, (M = Co, Ni, Mn) —jithjym contentx) for the entire voltage range of charge/discharge
and LiMn,O, can be de%@ned by a variety of electrochemical cycling (2.5-4.6 \). Figure 13 shows the GITT curves for the first,

techlry(iéjes such as GITT, PITT, ==~ SSCV.™ B second, and fifth charge cycles for the cell with O2 (Lix) as a
EIS™"The D; values determined by different techniques show fynction of time in the voltage window 2.5-4.6 V. The cell was

significant discrepancies due to the limitations involved in eaChcharged with a constant current flux lof = 150 wA (~C/25 rate
measurement. GITT is established to be a reliable technique to deyr an interval of 1.5 h followed by an open circuit stand $oh to

termine theD,; with greater accuracy for compounds with varying gjjow the cell voltage to relax to its steady-state vaEe The

composition,x.(or voltage.?*%* ) _ . procedure was repeated for the full voltage window of operation of
The GITT is based on chronopotentiometry, where the lithium the cell, 2.8-4.6 V. It is seen that the nature of the variation of
host electrode with a known compositiox ify Li,MO5) in thermo-  equilibrium potential E¢ for the first charge is distinctly different

dynamic equilibrium with Li metal is subjected to lithiation or from the subsequent ones. But the profile is almost identical for all
delithiation by applying a constant current fluk)X for a limited  the subsequent cycldfirst, second, and fifth charge curves shown
time period, at the end of which the compound has a known in Fig. 13. The applied current flux and the resulting voltage profile
lithium content,x = AX, depending on the direction of the current. for a single titration ak = 0.76 (corresponds to 3.66 \uring the
As a result of change ix, the equilibrium cell voltage o) in-  second charge cycle of O2 (bi x) is shown in Fig. 14 with sche-
creasegor decreases according to the direction of the cureith matic labeling of different parameters. The variation of cell voltage
time, which is superimposed to an IR drop due to the current fluxquring the time period on application ofl , at timet,, where the
through the electrolyte and interface. The total change in cell voltage. voltage is stabilized for the above titration is plotted agaifist
AE, during the current flux can then be obtained by subtracting the, e fits into a straight line as shown in Fig. 14b. The valueB gf
IR drop. After the current is interrupted atthe cell is allowed 10 50jated by substituting the value of slope from Fig. 14b in Eq. 3
relax to its new steady state potentil, from which the change in - anq that calculated using Eq. 4 from the titration curve shown in Fig.
the steady-state voltageEs ( = Es — Eo) over the galvanostatic 144 ot 3.66 V are 3.1 and 3:2 10" cn/s, respectively. These
titration can be determined. The procedure is then repeated until thgre iy close agreement and thus validate the use of Eq. 4 for the
composition interval of interesij is covered. The diffusion coef-  cajcylation ofD,; and the assumptions made in the derivation of Eq.
ficient of lithium (D ;) in the compound can be determined by solv- 3 and 4. However, these calculations are based on the assumption
ing Fick's second law of diffusion. After a series of assumptions andhat the molar volume\(;) remains stable with change in Li con-
Simplifications, for Sufﬁciently small current Wheﬁs for a Single tent in ’[he Compound and ’[he possib|e Change in |’[ is ignored. Fur-
titration is small, the equation fdd; has been written 43 ther, the surface area in contact with the electrolyte is taken as the
geometric surface area of the electrode. It must be mentioned that
4 (M. 2 AE 2 the gctual surface area in contact with the active material ip a com-
D, = _( B m) ( s ) (t < L%D,) [3] posite electrode system must be larger than the geometric surface
| MgA T(dET/d\/;) area due to the penetration of electrolyte and accordinglyDthe
value can vary. Care has been taken to minimize this effect by mak-
) ing the composite electrode as thin as possi@@25 um) for the
whereVy, is the molar volume of the compounill,g andmg are the  present studies. It must be also mentioned that these materials un-
molecular weight and mass of the host oxide, respectiveig the  dergo a phase transitiqii2 to 02 during its first Li deintercalation
total contact area between the electrolyte and the electrodd, &nd cycle and thereafter remain as a single phase. Therefore, diffusion
the thickness of the electrode. F vs. \/F shows a straight line  can occur through the phase boundary and through each phase and
behavior over the entire time period of current flux, Eq. 3 can bethe measured diffusion coefficient would be the resultant value, at

further simplified a& least for the first charging cycle of the cell. Taking these aspects into
consideration, the diffusion coefficient obtained by Eqg. 3 and 4 for
2 2 both compounds can be treated as the apparent rather than the true
D, = i(mBVm) (AES) [4] values.
U mr| MgA| | AE, The Dy; in the compounds 02 (L+ x) and O2(Li) as a func-
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3.51— . . . Figure 15. D; as a function of cell voltage obtained from different charging
) 0 20 40 60 80 cycles from GITT(a) for O2 (Li + x) and(b) for O2 (Li). (c) A comparison
12 of D|; obtained for O2 (Li+ x) from EIS and GITT for the fifth charge
(1:, SeC.) cycle. TheD(GITT) is replotted from(a).

Figure 14. (a) Applied current pulses. voltage profile for a single titration

at 3.66 V x = 0.76) during second charge for O2 (ki x) with schematic 151y The minimum inD,; during the first charge coincides with the

representat!on gf different profl.le paramethj.Var!atlon Qf cell voltage for observed CV maxima during the first anodic scan, and with the flat

the above fitration plotted againsk to show the linear fit plateau observed in the voltage profile during the first charge, which
is assigned to the T2 to O2 structural transition and/or removal of
stacking faults. For the second and subsequent charge cycles, the

tion of cell voltage derived as above, for the first, second, fifth, andPLi values show two maxima at 2.8 and 3.7 V. Delr_ltercalatlon be-
sixth charge titration cyclegsimilar to those shown in Fig. 1are ~ Yond 3.7 V shows a gradual decreasedip values until the end of
shown in Fig. 15. The/,, values deduced from the crystallographic charging(4.3 V). Note that theD,; values show the maxima at both
data are 21.45 and 21.64 &mol, respectively, for the 02 (Li Cv peak positions wherg_ the current through the cell is maximum
+ x) and O2(Li). TheD, for the compound O2 (Li+ x) shows a (Fig. 3 and 15h In addition to the presence of an active redox
value of 3.3x 10" cn?/s at the beginning of first chardgdeinter- couple, the enhanced current through the cell also implies an easy

calation (3.54 Vvs.Li) and increases by an order of magnitude at migration of ions through the compound, Which_in fact is reflected in
364 Vr)a(nd reaches ; maximum of 423;10710 eni/s at 2.74 Vv higher values oD ; observed at these compositiai2s8 and 3.7 V.

(Fig. 158. The value decreases slightly and remains constant up to/ "€ Dy values obtained in the present study are in the range ob-

4.3V and then passes through a minimum of .40 ! cné/s at ser\fgd for ?fh?rzzllgyergd |ntercaézgyt?|’gr317 gom_poundgsllkng%

4.38 V before increasing further to a value of %810 cn/s at (10 “10 107 cnt/s; x = 0.4-1.0), 2% LI, N0, (10 "o 10°

the end of deintercalation. The voltage at whizh goes through a cn/s; x = O£-O._8), " LiNIO, ({% to 1(9T ce/sV

minimum coincides very well with the irreversible voltage peak ob- = 3-65'4-0351)' ':'lsz'ycolfyOZ (10 3t1034 100 C[T‘le/s? X

served in the CV and is due to the irreversible phase change occur= 0-3-0.8)7" ~107*?cn/s (V = 3.7-4.2)"**and~10"*? cn¥/s

ring as the first deintercalation proceeds. For the second and subséV = 3.8-4.05)3°

quent charging titrationgup to sixth cycle shown in Fig. 15the We have also determined tiitg; of the O2 (Li+ x) compound

D,; values are comparatively high and are stable in the entire volt-from the impedance data by analyzing the low frequency Warburg

= 0.9-0.33) with a value of 1-3¢ 1071° cn/s. This shows that data. The expression fd; from the impedance response can be

the mobility of Li ions remains almost unchanged in the 02 (Li written ag02%%

+ x) compound for the full voltage range after the initial activation

and phase transition. D, = 1/2[(
For the O2(Li) compound, during the first charge cycle, the H

initial D; value is 1.7x 107% cn?/s (3.82 V vs. Li) which de-

creases on delithiation to give a minimum of 310 cn/s at whereV,, is the molar volumeF is the Faraday constant, aAg, is

3.89 V. On further deintercalation, th#; value increases and then the Warburg coefficient which was obtained from the Warburg re-

decreases slightly at at the end of deintercalatier.g V; Fig. gion of the impedance response. Tdéh&/dx was determined from

2

V., | dE
FAAy/ dx

(5]
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the galvanostatic titration curve. Tiiy; (EIS) values were deduced 4.5 —— -

from the impedance data shown in Fig.({éh charge cyclgfor the &i%l%;:\ O2(Li+x) (a)
voltage range 3.16-4.21 \k(= 0.4-0.85) where the Warburg con- 4.0 A\::::'\-\_\

tribution was prominent. Thd,, values were determined at differ- A\A\A\-\.\-\.

ent voltages as the average value of the slop&’'ofs. » ~*2 and 3.5- K& e
—Z" vs. 2 plots (w is the angular frequengyfor the Warburg —s—:1"Charge o \
region%?® Typical values ofA, at 3.54 and 3.93 V are, respec- 3.0{ —o—:1"Discharge \
tively, 8.78 and 4.16) s 2 TheD |, (EIS) values thus obtained are —a—2™Charge

plotted together with the values obtained for the fifth charge cycle S 25 . .
by GITT in Fig 15c. Note that th®; (EIS) values for O2 (Li h 450.2 04 06 08 1.0
+ Xx) are larger than those obtained by GITT by a factor of 2-4. ’

Similar differences irD; measured for the same compound by dif-

ferent techniques was also reported in the literature: Dhefor 4.0
Li,CoG, in the composition range 02 x < 0.8 obtained by GITT
was~5 X 10°° cn?/s3* whereas by the EIS method, thg; val- 3.5
: R —n—1%Charge
ues are higher by one order of magnitdd&imilarly theD,; value
obtained in WQ film by EIS is one order higher than that observed 3.0{ —e—:1"'Discharge
by GITT=3 —a—:2"Charge
The variation ofD; with the applied voltage, \fcomposition 25 , . . |
(x)] for the first charge cycle is distinctly different from the subse- 0.2 04 0.6 0.8 1.0
quent ones for both the compounds, 02 @Lix) and O2 (Li). x in Li,(Ni,.Mn,,.)O,

These compounds are known to undergo a phase transition from T2

to O2 phase structure during the first electrochemical charge whiclkigure 16. The steady-state open circuit potentiglg,) for the first charge,

is brought about by a minor sliding in the l\,ﬂCDz;‘lyerS.l""g’9 This first discharge, and second charge cycles as a function of lithium content
phase transition is visualized as a shift in the CV peak during first(a) for 02 (Li + x) and (b) for O2 (Li).

anodic scan by 0.25 V for the subsequent cycles and/or as an irre-

versible peak. Since the minimum D; values as a function of

voltage in the first charge cycle are coinciding with the voltage

range of the irreversible peak noted in the CV of O2 ¢Lix) and Conclusions

shifts in anodic peaks for both the compounds, this behavior is .. . . L .
clearly associated with the initial irreversible phase change occur- Li-ion |nterca!at|0n k|r)et[cs - the OZ-structgre layered
fing in the compounds during its first deintercalation cycle. Further, Manganese  oxides, 44(NiysMn,9O, [02  (Li)] and

the observed minimum i®; with voltage is not seen in the subse- Liar3 + x(NiydMnzg) O, [O2 (Li + x); x = 1/3] were elucidated
quent cycles and thus confirms the present argument. Simila

y the application of EIS and GITT in conjunction with other elec-

T . S . rochemical techniques. Modeling the EIS data with equivalent cir-
minima 'n.I.DLi vs. voltage(or x) plot_s Wh'Ch coincide with ”_"? CV " cuit approach refle?:ts processesgIJike Li-ion migration ir?the solution
peak positions, and are characteristic of the phase transitions wergn through the surface film, resistance contributions from the bulk
reported for other cathodes. In,doG;, the Dy, vs.voltage curve  of the active material, a strongly voltage dependent charge-transfer
shows a minimum corresponding to the 3.9 V CV peak, which is process and solid-state Li-ion diffusion into the host materials. The
characteristic of its transition between two hexagonal ph&sE$n  formation and nature of surface film is shown to be the signature for
the spinel cathode LiMyO,, the minimum inD; vs.voltage curve  the cell performance which in turn affects the kinetics of electrode
coincides with the CV peak characteristic of transition between twoprocesses. The bulk material contribution to the impedance response
cubic phase&? Further, it is worth mentioning that the impedance of the cells were detected, which varies periodically with charge/
response of the cells with O2 (i x) and O2(Li) measured during ~ discharge cycling. The increased contribution of surface film de-
their first charge cycle do not show any significant changes in valuegected on impedance response of the (@2 compared to O2 (Li
or shapes associated with the irreversible phase change whereas the X) is shown to contribute to the capacity fading observed in 02
latter is reflected in GITT and CV measurements. (Li). The apparenD,; for both the compounds falls in the range

The initial value ofDy; for the compound O2 (Li- x) (3.3  1.0x 10 *to 1.0 x 107'% cn?/s for the entire voltage range. The
X 10 ' cnf/s at 3.54 V during the first charge is much lower D,; obtained from GITT and EIS are in close agreement. The irre-
than that for O2(Li) (1.7 x 107 cn?/s at 3.82 V (Fig. 15a and  Versible phase change, from the T2 to O2 structure, observed during
b). This is expected since 1/3 Li sites are vacant in(0i2 whereas  the first charging in these c_o_m_pounds is reflecte_d as sharp minima in
these sites are filled by the lithiation process in 02 ¢Lk). The  the Dy vs.voltage in the vicinity of the irreversible peak observed
differences in the variation dd,; with the full voltage range clearly 1" the CV of O2 (Li+ x) during first oxidation cycle. The im-
demonstrate that the extra lithium incorporated into the 02 (LiProved cycling performance of O2 (L X) is shown to be due to

+ X) brings a change in its Li intercalation/deintercalation kinetics ;tiznbggtzr;ftﬁter%duif:ge?if; due to the lowké; values and forma-
as compared to Of.i). ’
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