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Abstract

The effect of simultaneous cobalt as well as aluminum doping was studied to understand their effect on the phase formation behavior an
electrochemical properties of solution derived lithium nickel oxide cathode materials for rechargeable batteries. The discharge capacities ¢
LiNi 9.80C0p.2002 and LiNipgoC0y.15Al 0,050, cathodes, measured at constant current densities of 0.45 mAinnthe cut-off voltage range
of 4.3-3.2V, were 100 and 136 mAhTy respectively. LiNi goC0y 157l 90502 had better cycleability than the LipigCay 200, cathodes. The
retention of undesirable CO; phase both in LiNjgoC0p 2002 and LiNig.goC0p.15Al0.0502 cathodes was argued to be responsible for the
relatively lower discharge capacity of these materials.
© 2006 Published by Elsevier B.V.

Keywords: Liion batteries; Cathode materials; Electrochemical properties; Sol—gel synthesis

1. Introduction prone to Jahn—Teller distortion and as a result thegtiGa-
hedra are locally distorted and the induced strain leads to the
Lithium nickel oxide has been considered as an alter- discontinuity to the particle—particle/particle—electrode con-
native cathode material due to its higher discharge capac-tact, which eventually increases the electrode resistance and
ity (~200mAhg?) as compared to lithium cobalt oxides capacity fading. The capacity fading should be minimized by
(140 mAh g'1). However, before the commercial acceptance reducing the Jahn—Teller distortion. (iii) In its charged state,
of lithium nickel oxide as cathode material, several mate- Li;_,NiO3loses oxygen through an exothermicreaction. The
rial related shortcomings need to be solved. These problemsrise in temperature is alarming especially when organic lig-
and related research issues are summarized as fdllewt§ uid electrolyte is used and its flash point is reached resulting
(i) the cation disorder of Ni ions in the lithium site leads to a cell explosion. Additionally, with moderate rise in tem-
a lithium deficient pristine material with the stoichiometry perature the migration of divalent Ni ion is expedited from
(Liz—.Ni;2*)(Ni,2*Ni;_»,%*)0,. During the electrochemical  octahedral 3b site to 3a Li plane. Attempts should therefore
charging Nf* in the Li plane oxidized to Ni* state and be made to increase the thermal stability of lithium nickel
the resulting structural distortion inhibits Li ion intercala- oxide. (iv) Even when the pristine LNO is stoichiometric,
tion during first discharge resulting a huge polarization loss. during repeated cycling its layered rhombohedral structure is
Therefore, reduction of Nf to Ni2* during the cathode syn-  reported to be partially transformed into an electrochemically
thesis and the migration of Rfi ions in the LI* site need to inactive spinel structure. It has been predicted by theoreti-
beinhibited. (i) NF* (d) in its low spin § e configurationis  cal calculationg5] that in case of LiMn@, iso-structural to
LiNiO 2, the layer to spinel transformation occursin two steps,
first the divalent Mn ion enters into an intermediate tetrahe-
* Corresponding author. Tel.: +1 787 751 4210; fax: +1 787 764 2571, dral site before it enters the octahedral Li 3a site, followed
E-mail address: rkatiyar@rrpac.upr.clu.edu (R.S. Katiyar). by the migration of Li ion in another vacant tetrahedral sites.
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In the second step, the local arrangements of migrated Li andimpurities. The resultant powders were calcined in the tem-
Mn ions leads to the formation of irreversible spinel structure perature range of 550—70Q for 15 h for crystallization. The
through several other intermediate structures. The structuralphase formation behavior of the calcined powder was char-
transformation with repeated cycling leads to capacity fad- acterized by XRD using Cu & radiation in the 2 ranges
ing due to the loss of intercalating Li contents of the pristine of 15°-75°. The selected diffraction peaks were scanned at a
material. In order to improve the capacity retention, therefore, slow scanning speed of 0.6in~1. From the recorded XRD
the layered rhombohedral to spinel transformation should be pattern, the accurate peak positio®)(dntegrated intensi-
inhibited. ties, as well as the full-width at half maxima (FWHNg)(of
It remains a major challenge to synthesize phase pureeach slow scanned diffraction peaks were estimated by fitting
LNO without the Ni and Li cationic disorder. Although both  them with Pearson VIl amplitude function using a commer-
LNO and LMO are iso-structural with NaFe®pe LiCoOp, cial peak fit software. These values were used to calculate
the problem of Ni and Mn ion migration is severe in LNO the crystallite size and lattice strain of the synthesized pow-
and LMO even at~50°C and room temperature, respec- der using Williamson Hall equatid®]. From the fitted data,
tively, while on the other hand the Co ion hardly migrates the lattice parameters of the synthesized powders were also
to Li plane even at higher temperature. A plausible explana- calculated using a least square method.
tion has been reported in literature by calculating the crystal  The electrochemical characteristics of the synthesized
field stabilization energies of M, Ni2* and C&* cations cathode powders were carried out in a two-electrode test cell
in octahedral and tetrahedral sites. For the low spin config- kept inside a glove box. A composite cathode was prepared
urations of N#* (3d’), Ca®* (3cf) and high spin configura-  as a mixture of the calcined oxide powder, carbon black and
tion of Mn3*(3d) in octahedral configuration, the octahedral poly-vinylidene fluoride (in the weight ratio of 80:10:10),
site stabilization energy (OSSE) (the difference between the emulsion withn-methyl-2-pyrrolidone in a slurry, painted on
crystal field stabilization energy (CFSE) between the CFSE aluminum foil and vacuum dried overnight at 1Q0. Lithium
values of octahedral and tetrahedral coordination) increasesmetal foils were used as counter and reference electrodes.
in the order of MR* (—4.22 Dq) < NP* (—12.67 Dg) < Cé* The 1M LiPFg, in a 1:1 (w/w) mixture of ethylene carbon-
(—21.33Dq)[6]. A larger OSSE value for G ions makes  ate and dimethyl carbonate (DMC) was used as electrolyte.
the migration of Co ions via the tetrahedral site difficult, The Celgard 2400 was used as separator between anode and
whereas a comparatively lower OSSE for Ni and Mn ions cathode. A computer controlled potentiostat/galvanostat sys-
make such migration kinetically favorable at slightly elevated tem [consisting a PC 750.4 controller and PHE 200 software
and room temperature, respectively. To stabilize the layered(from Gamry Instruments)] was used for cyclic voltamme-
hexagonal structure of LiNig) therefore we have substituted try and charge—discharge measurements. The CV plots were
part of NP+ with Co®* to synthesize LiNj.ggC0p.1502 by a recorded at a scan speed of 0.2 mV¥ i a voltage range of
cost effective solution based route. Several recent researcht.2—-3.2 V. Charge—discharge measurements at ambient tem-
reports have indicated that during charging>™Ns oxidized perature were performed in a voltage range of 4.2-3.2V ata
to Ni** state (whereas the valence state of Coemains constant current density of 0.45 mA cfh
invariant) and electrode material becomes unstable in the
oxidized statg1,4,7]. To impart better stability of the dein-
tercalation cathode we have also synthesized Co and Al3. Results and discussions
co-doped LiNp goCap.15Al 0.0502 cathodes by solution based
route. The structural and electrochemical characteristics of  Fig. 1shows the X-ray diffractograms of LidlggC0p.2002
these cathode materials have been compared to establish thagowders calcined at: (a) 550, (b) 650 and (c) 700Gor 15 h.
the co-doped cathodes exhibit better electrochemical perfor-The X-ray diffractograms were indexed asNaFeQ type
mance. structure having a space groR{Bm. As reported in the litera-
ture, higher intensity ratio of the (0 0 3) and (1 0 4) diffraction
peaks as well as the clearer splitting of the (006)/(102)
2. Experimental and (108)/(110) diffraction peaks indicate improved lay-
ered structurf9—11]. As shown in the fast scanned (3 mf)
LiNig.80C00.2002 (LNCO) and LiNip.ggC00.15A10.0502 XRD patterns, LNCO powder, calcined at 78D for 15h
(LNCAIO) powders were synthesized by chemical solution (Fig. 1a) exhibited better hexagonal layered structure as com-
route using lithium acetate, nickel acetate, cobalt acetateparedtothe powders calcined atrelatively lowertemperatures
and aluminum nitrate as precursor materials. For this pur- (Fig. 1b and c). The splitting of the 101/006/102 as well
pose, stoichiometric metallic salts were dissolved separatelyas 1 0 8/1 1 0 diffraction peaks are better resolved in the slow
in 2-ethyl-hexanoic acids at 5C. Finally they were mixed  scanned XRD pattern$-ig. 1d and e, respectively). These
together with continuous stirring at 8C for 1 h to make diffraction peaks were de-convoluted with Pearson VIl ampli-
a homogeneous precursor solution. The solution was driedtude function using commercial software and the resultant fit
overnight at 110C to form precipitate. The dried precipitate as well as the de-convoluted peaks is also shown in the fig-
was calcined at 450C for 2 h in air to oxidize the organic  ures. The other diffraction peaks, indexeéig. 1c, were also



264 S.B. Majumder et al. / Journal of Power Sources 154 (2006) 262-267

Table 1

Structural parameters of lithium nickel cobalt oxide based cathode

Composition ap (,5\) CH (A) chlay Iinzo0ylint104) R factor Cell vqume,f\3)
LiNi g.8C0p 202 2.86 14.16 4.95 1.22 0.07 100.50
LiNi0.8C09.15A10.0502 2.86 14.17 4.95 1.12 0.08 100.63

slow scanned and fitted with Pearson VIl amplitude function [11-12] The crystallite size and the lattice strain calculated
and the fitted & positions were used to calculate the lattice for LiNig gCop.202 and LiNip.gCop.15Al9.0502 powders were
parameter of the calcined powddfgy. 2showsthe XRD pat- 156, 0.0017 and 145, 0.0018 nm, respectively. Close inspec-
ters of LNCAIO powders calcined at: (a) 650 and (b) 7G0 tion of theFig. la—c andFig. 2a and b reveals the presence
for 15h. The de-convoluted slow scanned 101/006/10 2 of impurity phases (marked as *') in both the powders. The
as well as 108/110 diffraction peaks is shownFig. 2c contents of the impurity phases are prominent in powders
and d, respectively. The other indexed peaksim 2b were calcined at lower temperatureBig. 1a) and these reduce
also slow scanned and from the fitted peaks the accuéate 2 with the increase in calcinations temperatuFég( 1b and
positions were obtained to calculate the lattice parametersc). The inset inFig. 1 shows the slow scanned XRD of
of the LNCAIO powder.Table 1summarizes the estimated this impurity phase in the LNCO powder calcined at 560
structural parameters of LNCO as well as LNCAIO pow- for 15h. The impurity phase was indexed as@0s;. Many
ders calcined at 700 for 15h. As shown irTable 1the other researchers have also detected the presence o§LiCO
integrated intensity ratio afyo3//104 diffraction peaks are in undoped LiNiQ and Co and Al co-doped LiNigcathode
slightly higher in LNCO (1.22) as compared to LNCAIO  materials[13—16] The solution prepared powders are very
(~1.12) powders, which indicate better cation ordering in reactive presumably due to their finer particle size (<100 nm)
undoped powder. Additionally the calculated lovReiactors and therefore they can react with atmospherio@@d &
(~0.07) (defined by intensity ratio dfoe/(I101+1102)) in to form LioCOgs layer at the surface of the particles.
both the powders also indicate excellent hexagonal ordering.  Cyclic voltammetry (CV) experiments of LNCO as well
The lower unit cell volume+100A3) also indicates better as LNCAIO composite cathodes were performed to detect the
cation ordering in the pristine powders. The calculated lat- electrochemical reaction(s) during charge—discharge cycling.
tice parameters of the LNCO powders do not significantly Pure LiNiO, was reported to exhibit three phase transitions
altered due to Al doping and the calculated], “«' and (hexagonal to monoclinic, monoclinic to hexagonal and
cla ratio matches well with the existing literature reports hexagonal to hexagonal phases) during the Li extraction and
insertion, which can be detected by corresponding anodic

o Inset Fig 1(a) LiCoO, peaks 700°C-15h _ .
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Fig. 1. X-ray diffractograms of LiNigoC0p 2002 powders calcined at: (a) Fig. 2. X-ray diffractograms of LiNj.goC0p.15Al0.0s02 powders calcined
550°C, (b) 650°C and (c) 700C for 15h in air. The slow scanned XRD at: (a) 650°C and (b) 700C for 15h in air. The slow scanned XRD pat-
pattern (circle), fitted curve (dashed line) and the resolved peaks (solid line) tern (circle), fitted curve (dashed line) and the resolved peaks (solid line)
for (101)/(006)/(102) and (108)/(110) peaks are shown in (d and e), for (101)/(006)/(102) and (108)/(110) peaks are shown in (c) and (d),
respectively. respectively.
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Fig. 3. Cyclic voltammograms of LiNiggC0p 2002 and LiNig.goC0p.15

Alg 050, composite cathodes. Fig. 4. Charge discharge profiles of LigWoC0o.2002 composite cathode
after 2nd and 20th cycles in the cut-off voltage range of 4.2-3.2 V.

and cathodic peaks during CV measuremdmid. Fig. 3

compares the cyclic voltammograms of LNCO and LNCAIO

cathodes. As shown in the figure, for both the samples, the

occurrence of only one broad peak in oxidation region and - . ] . )
y P 9 exhibit better discharge capacity and capacity retention after

a broad minimum in the reduction region indicates a single- : .
phase reaction takes place during the Charge_dischargecharge—d|scharge cycling. We feel that the observed lower

cycling. In contrast, Han et aJ18] observed the presence dr:sc:argeé:ipacny IS (Ijre to tze %oexstferrl]ce ﬁb%’ Vé'th .
of three peaks in the CV of LiNiCop 2002 cathode, the desired hexagonal layered phase of these cathode materi-
which arises from multiple phase transitions during als. As mentioned ea}rher, the presence of lithium carpopate
charge—discharge cycle. Increased Al doping content (up o2 the surface of af:tlve cathode materials (such as LiNIO

5 at% replacing Co) were reported to merge these multiple has been reported in many literature reports. .

peaks into a single one which indicates that the multiple Recently, Zh“af?g et al16] rep_orted a deta|leo_l study
phase transitions are inhibited due to Al doping. Thus, on the__effect of LQC.@ on the dlscha_rge capacity, rate

in case of our solution prepared LNCO powder, we have capability and capacity retention of LijoC00.15Al0.0502

observed that Co doping alone could suppress the multiplecathodes. The formation of a continuous film of about 10 nm

phase transition observed during the charge—discharge ofhick Li2COs was detected by high-resolution TEM mea-
LiNiO» cathode materials. The anodic peak of the LNCO surements on LiNigC0p.15Al0.050; particles exposed in air.

cathode shifts from 3.79 to 3.95V in LNCAIO cathode, The formation of L;CO; was explained due to reaction of

whereas the corresponding cathodic peak shifts to IOWeratmospheric carbon di-oxide with lithium oxide residue/or
voltage, i.e, from 3.6 to 3.5V. The observed peak shift in with Li from the active cathode material. The presence of

the Al doped sample indicates structural modification of the Li2CO; layer would increase the impedance of the cathode

hexagonal ordering of LNCO cathode induced by Al doping. since it has inferior electronic as well as ionic conductivities
Figs. 4 and 5show the charge and discharge profiles of

derived LNCO based cathodes of the present work is lower
as compared to recent literature reports. However, as com-
pared to LNCO cathode, 5% Al doped LNCAIO cathodes

LNCO and LNCAIO cathodes after 2nd and 20th cycles, 444
respectively, in the cut-off voltage 4.2-3.2 V. The discharge 1 o HNbaCoeAleO,
capacity of LNCO and LNCAIO cathodes after 2nd cycles 4'2f
are 100.05 and 135.91 mARY, respectively. Thus, better S 404
discharge capacity is obtained in Al doped LNCO cathodes. 3 1
After 20th charge—discharge cycles the discharge capaci- S 38
ties for the LNCO and LNCAIO cathodes were 72.47 and S 56
110.51 mAh g1, respectively. Hence, the capacity retention s |
of Al doped cathode+82%) was also better as compared to 7 aad a| " 2nd Charge ‘
X =} nd_Discharge &
LNCO cathodes{63%).Table 2Zcompares the electrochemi- 1 *| e 20th Charge
cal characteristics of LiNi_,Co,O, based cathodes prepared 321 ©_20th_Discharge -
by different processing routes. As shown in the table, since 20 0 20 40 60 80 100 120 140 160

differentload currents are used in the capacity measurements,
it is difficult to make any effective comparison between the

discharges capacities of LNCO based cathodes prepared irFig. 5. Charge discharge profiles of LiNjgC0o.15A 0.0s02 composite cath-
different laboratories. The discharge capacity of the solution ode after 2nd and 20th cycles in the cut-off voltage range of 4.2-3.2V.

Capacity (mAhgm'1)
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Table 2

Comparison of the electrochemical characteristics of LiNCo,O, based cathodes prepared by different processing techniques

Composition Synthesis route Discharge capacity Rate % Capacity retention  Reference

(mAh g1y (voltage range, V) (no. of cycles)

LiNi0.8C0p.202, Sol—gel 182 (4.3-3), 161 (4.3-3) C/5 51 (50) [18]
LiNi o 8C0p.15Al 0502

LiNi g.8C0p 202 Powder obtained from Merck 193 (4.3-3.3) C/16 67 (20) [3]

LiNi 0.gCay. 202 Solution combustion 154 (4.2-3) C/10 94 (20) [11]

LiNi 9.85C0p.1502, Solution based technique 180 (4.2-3.2), 170 (4.2-3.2) C/5 90 (20) 98 (20) [4]
LiNi0.85C00.12A10.302

LiNi0.8C0p.15A10.0502 Obtained from Fuiji 65(4-3) Cl6 — [16]

LiNi 9.gC0p 20>, 100 (4.2-3.2), 136 (4.2-3.2) 0.45mAck 63 (20) 82 (20) This work

LiNi0.8C0p.15Al0.502

and therefore it affects adversely the discharge capacity,literatures. It has been argued that the coexistence of sec-
rate capability and the capacity retention characteristics. ondary LpCOs with the desired hexagonal layered phase
Thus, a discharge capacity as low as 25 mAh pas been  of these materials are responsible for poor discharge capac-
reported (discharged at C/6 rate) in the case of air exposedity of these materials. Studies are in progress to eliminate
LiNig.8Cap.15Al0.0502 cathode as compared to the capacity the occurrence of this secondary phase to further improve
~65mAhg! in case of freshly prepared cathodes dis- the electrochemical characteristics of these synthesized
charged at the same rate. As mentioned earlier, in the presentathodes.

work we have also detected the existence ofd®; phase

both in LNCO as well as LNCAIO calcined powders by slow

scanned XRD analyses. Although at this stage it is not clear A cknowledgments

how this secondary phase is distributed in the active matrix,
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