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An initial search with density functional theory to sort through potential cathode materials based on their Li intercalation potentials
and electronic structures was carried on Lj§iM1,,,TM2,,,0, systems, where TM1 is af3transition metal (C&", AI®*, Fe*

etc) and TM2 is a 4 transition metal (Ti*, Zr**, Mn** etc). Fe substitution is found to be advantageous because among the
compounds investigated it shows the lowest voltage at the last stage of the charggFe&iCo,,Mn,z0, was synthesized by

a sol-gel method and used to confirm that Fe substitution leads to a lower potential at the end of charge. Both X-ray photoelectron
spectroscopy and first principles electronic structure computations indicate that Ni and Fe are simultaneously oxidized in this
material. Computations further indicate that Co will only be oxidized at the very end of charge. ThgHRaMCo,,Mn;,:0,
compound synthesized at 750°C shows reversible capacity of 150 mAh/g with reasonably good capacity retention.
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Lithium nickel manganese oxide and their derivatives are con-material LiNiysFe;cC0;6Mny40, is designed, synthesized and char-

sidered promising candidates for future lithium ion battetig$n acterized by an approach integratialy initio computation and ex-
these compounds, nickel can exchange two electrons so that manggeriments.

nese can remain at at4oxidation state during the charge-discharge
cycle without any loss of theoretical capacigbout 280 mAh/jy

and without the instabilities associated with more reduced states of
Mn.* Recently, LiNi,3Co;,3Mn;,;0, has been shown to have very Computational—It has been amply demonstrated that reason-
good electrochemical properties. Ohzulet al. reported that  able lithium intercalation potentials and geometrical information can
LiNi ,,C0ysMn;,40, has 200 mAh/g in the voltage range of 2.5-4.6 be obtained with first principles methotis? To describe the

V with negligible capacity loss up to 30 cycldddwanget al. ob-  LiyNiysFeysCoygMny 30, system, supercells with six formula units
tained reversible capacity of 188 mAh/g in the potential window of were used. As it is typical in solid state computations periodic
3 to 4.5 VP Shajuet al. inferred from cyclic voltammetry(CV) boundaries are used, so that one effectively models a system with
results that the redox processes at 3.8 and 4.6 V correspond to tHdi, Fe Co, and Mn long-range orderéig. 1) The effect of disor-
Ni2*/Ni** and C3*/Cao** couples, respectivelythough the capac- der, present in a_real system, unld likely smooth the voltage curve
ity from the latter redox pair is very small in this potential window. from what is achieved computationally. _ .
First principles calculation confirmed that Tois only oxidized to All energies, intercalation potentials, geometries, and electronic
Co** at rather high voltage in this materfaWhile first principles ~ Structure of materials in this paper were obtained using first-
methods are not accurate enough to exactly predict voltages, th@rinciples quantum mechanics in the generalized gradient approxi-
computational results in Ref. 6 indicate that complete oxidation of Mation(GGA) to DFT, as implemented in the vienaa initio simu-

C&" to Cd'* may require potentials near 5 V/ in this system. An lation package(VASP). Ultrasoft pseudo-potentials are applied to

obvious wav fo increase practical capacity is therefore to partiall represent the nuclei and core electrons and all structures are fully
. y p capacity . 1o partially o |axed with respect to internal and external cell parameters. The
substitute Co or Mn by other transition metals, which either bring

down the redox potential of Co, or introduce another redox couple inwave functions are expanded in plane waves with energy below 405
P ’ PI€ Ny Brillouin zone integration of the band structure is performed

4+
a Iov_ve_r voltage range _than EoCa'. . with a 6 X 3 X 4 mesh. All calculations are performed with spin
LiNi 3/5C0y/sMny 40, illustrates the recent trend towards multi- hojarization, previously demonstrated to be crucial in manganese

component transition metal oxides, which creates a large number ofjjes!! Both ferromagnetic and anti-ferromagnetic spin polariza-
possible compositional choices. The materials development includsjon \was taken into consideration. For each Li concentraticamti-

ing synthesis, processing, characterization, and optimization can b?erromagnetic coupling among Ni, Mn, and Fe gives a lower energy
more efficient and cost effective if we can do a certain amount ofy,4, ferromagnetic coupling.

property prediction and optimization during the design stage. We
therefore performed an initial search with density functional theory 15 1/3 and 1/6. The number of possible arrangements for Li and
(DFT) to evaluate the L{de)intercalation voltage of potential cath- vaclant :%ites in the supercell are 1, 6, 15, 20, 15, 6, and X for
ode materials. Through first principles computation methods, we_ 1 56 2/3 1/2. 1/3. 1/6. and O' rés TR . :
. i . o NG , , , , , , , pectively. All possible ar
identified partial substitution of Co by Fe in LiMCo,;5Mn4,50, as rangements have been calculated
a way of lowering the lithium(de)intercalation potential at the end ’
of charge. Structural energies and calculated mixing enthalpies were Experimental—Motivated by the first principles results,
used to guide the synthesis conditions and help interpret experimertiNi ,5Fe,C0,6Mn120, was synthesized by a sol-gel method
tal results. In this paper, we present how a new potential cathodeising citric acid as a chelating agent. A stoichiometric amount
of lithium acetate (LICH;COO)-2H,0), nickel acetate
(Ni(CH3CO0),-4H,0), cobalt nitrate  (CONO3),-6H,0),
* Electrochemical Society Active Member. iron nitrate  (FENO3)3-9H,0) and manganese acetate

Methodology

Partial states of delithiation were investigatedxat 5/6, 2/3,
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Figure 2. Calculated voltage curves for LiNiTM1,5TM2,,0, where
(Mn(CH;COO0),-4H,0) were dissolved in distilled water and well TM1 = AI**, C&**, or Fé" and TM2 = Mn**, Ti**, or Z*".
mixed with aqueous solution of citric acid. The solution was stirred
at 60-70°C for 5-6 h to obtain a clear viscous gel. The gel was dried
in vacuum oven at 120°C for 24 h. The material was precalcined inend of charge. In agreement with previous work on Al-dopfhg,
two stages: at 350°C fcb h and 450°C for 4 h, and then ground substitution of Co by Al increases the potential. As it can not
before calcining at high temperatufgs0-900°Q at a heating rate of  be oxidized beyond 8, Al doping also reduces the capacity at
about 2°C/min. The powders were slowly cooled to room tempera-the end of charge. Of all the compositional modifications inves-
ture in oxygen. tigated, Fe substitution of Co seems to be advantageous because
Powder X-ray diffraction(XRD) data were collected on a Rigaku it lowers the voltage profile at the last stage of the charge, com-
diffractometer with Cu K1 radiation § = 1.5406 A, operating  pared to LiNj;Co,sMn;50,. Hence, the specific capacity of
at 300 kV and 60 mA. To minimize the preferred orientation LiNi 1/gFesMn4,50, could be higher in the potential window of
effect, typical in layered lithium intercalation compounds, Vaseline 3.0-4.5 V.
is mixed with sample powders to randomize the orientation |t js well known that due to the similar ion size of ¥eand Li*,
of the particles. Grain morphology and particle size of the Fe can partially occupy the Li-layEl* In addition, unlike
LiNi 1/3Fe;6C0ygMNny 50, compounds were examined by scanning | ico0, and LiNiO,, the LiFeQ ground-state structure is not lay-
electron microscopy using a JEOL, FEG-6320. .. ered, but a structure with symmetryllmmd.15 According to our
Information of nickel, cobalt, iron and manganese oxidation ,ejiminary mixing enthalpy calculations using the equation below,
states in pristine and electrochemically-charged samples were oqhe relative formation energy of LiliFe, sMn; <0, with respect to
tained from X-ray photoelectron spectroscdpyPS). Binding ener- LiNi ;,,Mn,,0, and LiFeQ is approximately zero, indicating that

gies_w_ere charge-corrected using thg @eak(285 .e\/). . only a weak entropic driving force for mixing might exist in a com-
L|N|1,3Fe>l,6Col,6Mn%,SO2 ele_ctrodes were fabricated by mixing pound where Co is fully substituted by Fe
85:1.5:3.5:10w/w) ratio of active material, SS carbon black, KS-6

carbon and polyvinylidene fluoridéPVDF), respectively, using (AEmix = Eiini e Coys Mny0,
N-Methyl-pyrrolidone (NMP) as the solvent. The resulting slurry *

was cast onto an aluminum current collector, dried under vacuum — [2/3Biniy ping 0, T ZEiiFeo, T (13 = 2)Eiicoo,])
oven fa 4 h and put into an argon filled glove box for conditioning
overnight. The electrode foils were roller-pressed to a uniform thick- [1]

ness of 10Qum and then cut into disks of 10 mm diam. . .
Electrochemical measurements were made using coin-type cells 1herefore, we chose to substitute Co only partially by Fe and
comprising Li metal counter electrode wia 1 Msolution of LiPfy ~ targeted the nominal composition LijFe;,¢C0y/6Mny 50, to obtain
in EC/DMC (1:1 viv, Merck LP30 as the electrolyte. The cells were PUre single-phase layered material.
assembl;sd i? the alrgon Elled glove b°>|(q whelrle both m(;]istured a”dg Synthesis and characterization of as-prepared materidihe
oxygen levels are less than 1 ppm. The cells were charged andctyre of the LiNjFeCoyMnys0, powders synthesized by
discharged using a Maccor battery tester at a C/10 (@eed on  gintering at 750, 800, and 850°C for 16 h were characterized using
theoretical capacity of 281 mAh/@ver a potential range between ypp (Cu Ka radiation, as shown in Fig. 3. XRD spectra show that
301045V, all as-prepared samples have theNaFeQ type layered structure
Results and Discussion with space group R3-m. The two small peaks between 20 and 25° in
) o o o 26 are from Vaseline added to the sample. The region around the
First principles study of Co/Mn substitutier-An initial search  (104) reflection in the XRD spectra is shown in Fig. 3b. For powders
on LiNiysTM145TM2,,50, where TM1 is a 3 transition metal  synthesized at 750°C tH&04) peak is broadened, indicating a small
(CA®*, AI*Y, Fet etd and TM2 is a 4 transition metal (Ti", grain size, which was further confirmed by scanning electron mi-
Zr**, Mn** etc) was carried out. Figure 2 shows the potential of croscopy(SEM) (Fig. 4a. For powders synthesized at 850°C an
some of the substituted compounds as average voltages over inteextra peak right beside tH&04) peak(see Fig. 3bstarts to evolve.
vals of 1/3 Li composition. The stepwise nature of the curves isWe suspect that this peak is related to the formation of a cation-
therefore artificial and due to the averaging of the potential over thedisordered rock-salt structure. The clear splitting of the reflections
specific composition interval. assigned to the Miller indice®06, 102 and(108, 110 in the XRD
Substitution of Mn by either Ti or Zr clearly increases the po- spectrum of the 750 and 800°C sample indicates a well-layered
tential and is therefore not suitable to reduce the potential at thestructure.
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Figure 3. (a) XRD spectra of LiNj,sFe;sC0o;6Mn;,50, synthesized at 750,
800, and 850°C(b) Details of (104 peak in the XRD spectra of
LiNi 1/3Fe6CoygMny20, synthesized at 750, 800, and 850°C.

The lattice parameters a and c, determined from the sample
synthesized at 750°C, are 2.8854 and 14.3221 A, respectively. Thi b
calculated lattice parameters are 2.9138 and 14.3690 A, whict
are slightly larger than those measured, as is often the case fg
computations in the generalized gradient approximation. In
LiNi 1/3C03Mn;,50, synthesized at 900°C by the same sol-gel
method, a and c are 2.864 and 14.247 A, respectRi&he larger a
and c lattice parameters of LiNFe Co6Mny40, can be ex-
plained by the larger ion size of fteas compared to ¢h

A comparison of SEM micrographs obtained for
LiNi 1/3Fe6C0y6Mny,50, synthesized at 750, 800, and 850°C
is shown in Fig. 4. All samples have a uniform grain size and =
faceted grain morphology. The grains grow from 40-50 nm at
750°C to 300-500 nm at 850°C.

Intercalation  potentia—Average voltage profiles for
Li,NiysFeeC0ogMNy50, (0 < x < 1) were computed from the
lowest energy lithium-vacancy arrangements in the six-formula
supercell as function of lithium compositions. The calculated
potentials are typically lower than experimental values, as is
usuually the case in standard first principles energy meth&is.
The calculated intercalation voltage of,Ni,;5Fe,,6C0;6MnNy;50, is
compared to that of LNi;3C0,3Mn;50, in Fig. 5. In the range
1/3 < x < 1, a calculated average voltage of 3.0-3.1 V is obtained
for LiyNiqsFe6CoyeMng50,. The potential increases significantly
to 3.8-39 V in the range & x =< 1/3. Compared to
Li,Ni,3C0ysMn;,50,,° (shown by the solid line in Fig.)5the sub-
stitution of Fe with Co increases the average voltage slightly for
1/2 < x < 1. Most importantly, in the Fe substituted compound, the
calculated voltage at the end of charge €Ox < 1/3) is much
lower than that of LjNiy;3Co;,3Mn4;30,. These results indicate that
Fe substitution of Co in LiNjsFe,Coy3 - ,Mny,50, may flatten the
voltage curve and increase the experimentally attainable capacity b
lowering the potential near the end of charge.

Electrochemical characterization-Electrodes of
LiNi 1/5Fe,,6C0,6MN4,50, synthesized at 750, 800, and 850°C were
cycled at a rate of C/10based on 281 mAh/g total capadgitige-
tween 3.0 and 4.5 V. The first charge and discharge curves for eachigure 4. SEM images of as-prepared LipiFe;gC0ygMny 0, materials
sample are shown in Fig. 6. Qualitatively, the potential curves aresynthesized ata) 750, (b) 800, and(c) 850°C.
very similar, exhibiting a relatively flat potential on charging in the
range of 3.7 to 3.9 V, and then a relatively steeply sloping curve on
discharge. The compound synthesized at 750°C shows smaller pdarge first-cycle irreversible capacity is currently being investigated.
larization which could be related to its smaller grain size. There is aA preliminary study shows that the first cycle reversible capacity
significant amount of irreversible capacity after the first charge forcan be increased by 20% with surface treatment of the synthesized
all three samples. As the synthesis temperature increases from 75ppwders.

800, to 850°C, the first charge capacity decreases from 220 to 200- The delithiation potential of the material synthesized at 750°C is
187 mAh/g, the first discharge capacity changes from 150 to 139plotted together with the calculated potential curve. The potential
134 mAh/g. The capacity retention up to 30 cycles is reasonablydifference between the calculated and experimental data is sug-
good for all samples, as demonstrated in Fig. 7. The reason for thgested to be 0.7-0.8 ¥ The correction of 0.9 V in this case was
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Figure 7. Charge and discharge capacitg. cycle number curves of the
LiNi /3Fe6C0ygMny20, materials synthesized at 750, 800, and 850°C for
16 h.

added to the calculated potential to display a result that can be
compared directly with the experimental values, as shown in Fig. 8.

The experimental charge-discharge curve matches the calculated ongpied and Co-gstates are empty, indicative of €a The Fermi

well in the range of 1/3< x

< 1. The practical specific capacity of

this material will likely be more than 250 mAh/g if the cell is

charged to approximately 4.8 V, according to the computational pre

diction.

Electronic change during charge-dischargeTo understand the
electronic changes in LiNkFe;6C0,6Mn4,50, when lithium is re-
moved, the spin polarized density of statd30S at different
lithium concentrations is shown in Fig. 9. Because the transitionnot better, as LiNj3C0;sMny50,.
metal ions occupy the octahedral sites in the sublattices of oxygen As we applied a supercell with six-formula units in this study,
ions, 3d bands of transition metal ions split intg &nd g bands.
The calculated DOS, projected onto the orbitals of each transitiorBa and b show that for a partially delithiated state (/% < 1),

metal are shown in Fig. 9.

For all lithium compositions, the Mns§ and Mn-g bands are,
respectively, half filled and empty in \Ni,;sFe6C06MN1,50, (0
< x < 1), which is consistent with a Mr valence state. For fully
lithiated LiNiygFe;,gCoygMny 40, (x = 1 in Fig. 93, Ni-t,4 states
are fully occupied and only one spin direction for the liséates is
occupied. For Fesf, and Fe-g only the majority spin states are
occupied indicating high-spin Bé. The Co-4,4 states are fully oc-
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Figure 6. Comparison of first charge-discharge curves of the

LiNi 5Fe6C0ygMny20, materials synthesized at 750, 800, and 850°C for
16 h.

level, B is located between the top of occupied Gg#tands and
unoccupied Feyf, states. There is an energy gap of about 0.3 eV

between the unoccupied and occupied states. Although it is well

know that the calculated energy gaps in GGA are typically smaller
than the experimental values, the comparison with the calculated
energy gap for LiNj;CoysMn 20, (0.7 V)® indicates that the elec-
tronic conductivity of LiNisFe;sCoy6Mnyz0, may be as good, if

both NP*/Ni®* and NP*/Ni*" are possible redox reactions. Figure

only the NPT/Ni®" redox reaction is observed, which is con-
sistent with the previous studies on LiNMny,0O, and

LiNi 15C0ysMn; 50, .81718At x = 2/3 (Fig. 9b), there is an overlap
between filled Ni-g and Fe-g states, indicating very similar redox
potentials for Ni and Fe ions. Electrons are simultaneously removed
from the Ni-g and Fe-gbands upon further delithiation as shown in
Fig. 9c. It clearly indicates that the Ni/Ni** and Fé*/Fe** redox
reactions take place simultaneously. Such simultaneous redox reac-
tions of Fe and Ni have been reported in théNijFe)O, system by
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Figure 8. Comparison of experimental potential curigample synthesized
at 750°Q with the predicted potential curve by first principles calculation.
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Figure 9. Density of States of LNijsFe;6C0sMNny50, at(a) x = 1, (b) x = 2/3,(c) x = 1/3, and(d) x = 0.

57Fe Mossbauer and extended X-ray absorption fine stru¢iixe ~ and Fe 2p edges. No obvious shifts in Co and Mn edges were ob-

AFS) investigationd?14 Furthermore, upon delithiation (14 x served. The results are in good agreement with the calculated change
< 2/3), the Fe-gstates become empty and all four valence elec- of valence states during delithiation.

trons partially fill Fe-4, states indicating low-spin for #_é- At X Lattice parameters and bond lengthsThe calculated lattice

= 0, an electron is also pulled from the Cgrtoand (Fig. 90, parametes a & ¢ atvarious lithium concentrations are depicted in

which demonstrates that the redox couplé @&d*" is activated at ~ Fig. 10. The structural parameters of the most stable states were
the end of charge.

XPS was applied to corroborate the electronic behavior predicted
computationally.Ex situ XPS study was carried out to study the
valence shifts of Ni, Co, Fe, and Mn in LiNiFe;;cCo;6Mn;50,
and in partially charged LNi;;sCoygFe;6Mny,:0, (X =~ 1/2). The Table I. XPS binding energy for as-prepared and partially
electrodes were charged to 4.4 V. The binding energies of those charged materials.
cations in the as-prepared and partially charged compounds are tabu-
lated in Table I. Indicating by the binding energy shift of the 2p
electrons for the transition metal cations from their elemental
values!® XPS confirms that the valence states of Ni, Fe, Co, and Mn LiNi 1,35 e,6C0y6MN 150, 854.7 710.9 780.4 842.3

Ni Fe Co Mn
2p3pleV 2pypleV 2pynleV 2pgpleV

in the as-synthesized LiNiFe sCoygMn, 20, are 2+, 3+, 3+, and @7 (3.9 (1.9 (3.3
4+, respectively. Furthermore, as lithium is removed from the com-  LixNiysFe;gCoygMny 0, 855.5 711.8 780.4 842.1
pound, both Ni*/Ni®*/Ni** and Fé*/Fe** redox couples are ac- x ~1/2 29 48 a4 @D

tivated, revealed by an obvious shift in binding energies of Ni 2p Number in the parentheses—shift in binding energy.
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selected.There is no significant difference in the structural param-
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The calculated a lattice parameter decreases in the range of 1/3
< x < 1 by approximately 2.2% and increases slightly in the range
of 0 < x < 1/3. The lattice parameter ¢ increases by about 4.2% in
the range of 1/3< x < 1 and decreases for € x < 1/3. The
maximum change in cell volume is only 1.6%, which implies that
effect of stress and strain in the material during the lithiation-
delithiation cycle will be very small. In comparison the volume
change of LiCoQ is about 3 to 4 percerf

The average bond distances between the transition metal ions
and oxygen ions at different lithium contents are plotted in Fig. 11.
The bond distances of Ni-O and Mn-O in fully lithiated
LiyNiqsFe6C0,6MN1,50, material k = 1) are[2 X 2.04 2.05 2
X 2.06 2.07 A, [2.06 2.07 2.08 3x 2.09] A, and[1.93 4
X 1.94 1.9 A, [3 X 1.93 1.94 2x 1.95] A, respectively. The
bond distance of Ni-O is much longer than that of Mn-O, indicating
Ni has oxidation state of 2 in this material. Fe-O has similar bond
distances as Ni-(2.04 4 X 2.05 2.06 A, which can be explained
by the similar size of F& and N?* [Shannon radigs! Co-O has
the typical bond distance of €6 in the layered compourfd.

As lithium is removed, in the range of 28 x < 1, Ni?™ is
oxidized and the bond distances of Ni-O become shorter. The large
spread of bond lengths for Ni-O in his range is due to Jahn-Teller
distortion of Ni"'O4 octahedron. Note that this also affects the Fe-O
and Mn-O bond lengths. Such distortion disappears upon further
lithium removal: in the range of 1/& x < 2/3, the Fe-QFig. 110
and Ni-O (Fig. 11a and pbond distances reduce simultaneously,
which is in good agreement with the DOS observations in Fig. 9. In
addition, in this range (1/3= x < 2/3) the decrease in Fe-O bonds
distance changes the crystal field splitting between tharg 44
bands?® which leads to low-spin of F'é, as mentioned previously.

Conclusions
Motivated by a series of first principles calculations on

eters among different lithium-vacancy configurations at the sameLiNiy;3Co;sMny50, with Co or Mn substituted by other metals,

composition.

215

LiNi /5Fe,6C0,6MN1,50, was synthesized by a sol-gel method. We
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predicted and confirmed that Fe substitution would lead to a lower 3.
potential at the end of charge. Both XPS and first principles elec-

tronic structure computations indicate that Ni and Fe are simulta- 4
neously oxidized in this material. Computations further indicate that s
Co will only be oxidized at the very end of charge. The 6.
LiNi 1/5F€1,6C01,6MnN 50, compound synthesized at 750°C shows re- 7-
versible capacity of 150 mAh/g with reasonably good capacity re- g
tention. In this work, we have demonstrated that an integrated ap-

proach of computation and experiment has produced a newo.
electrode material with very few iteration steps in the material de-10-
sign cycle. We believe that such direct integration of ab-initio meth- ;.
ods with experimental research holds promise for significantly short-1».
ening the development cycle of materials. 13.
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