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a self-combustion reaction (SCR) from the metal nitrates and sucrose, followed by calcination at elevated
temperatures. The temperature and duration of calcination enabled the adjustment of the average particle
size and size distribution. It was established that the annealing temperature (700-900°C) of the as-
prepared oxides influences strongly the crystallite and particle size, the morphology of the material, and

ﬁ%":&redrsi:es the electrochemical performance of electrodes in Li-cells. Capacities up to 190, 180 and 170 mAh g~ could
Lithiated Mn-Ni-Co oxides be obtained with Li[NiMn]O5, LiNip4Mng 4C00 20> and LiNig 33Mng 33C0¢ 3302, respectively. In terms of rate
Cycling behavior capability, the order of these electrodes is NMC < LiNip4Mng 4C0202 « Li[NiMn]O,. Many hundreds of
Rate capabilities cycles at full DOD could be obtained with Li{fNiMn]O, and NMC electrodes in Li-cells, at room temperature.
Surface reactions All of these materials develop a unique surface chemistry that leads to their passivation and stabilization

in standard electrolyte solutions (alkyl carbonates/LiPFg). The surface chemistry was studied by FTIR, XPS
and Raman spectroscopy and is discussed herein.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction have attracted much attention and many papers from different
groups have appeared in the literature in recent year reporting on
In recent years, there is a growing interest in the layered this cathode material [11]. It was found that these electrodes can
compounds from the mixed Li-Ni-Mn-Co-O oxides family as  operate in the voltage range of 2.5-4.6 V possessing sufficient struc-
materials for positive electrodes in Li-ion cells, due to their promis- tural and thermal stability, good cycle life, and delivering reversible
ing electrochemical and safety characteristics [1-4]. For instance, capacity around 160-180 mAhg-!. Several synthetic procedures
LiNig5Mng 50, electrodes may exhibit redox activity in the range  haye been proposed so far to produce lithiated oxide materials for
of 3.0-4.6V due to the presence of the redox couples Ni®*/Ni%* cathodes of lithium batteries. For instance, it was demonstrated
and Mn>*/Mn**, which are responsible for higher capacity, and  [12] that LiNi;;3Mn;3Co;,30, materials prepared by the spray dry
apparently better chemical stability compared to LiCoO; electrodes method and the metal acetate decomposition method differ in
[5,6]. It was shown by Ohzuku et al. [7,8] that Li/LiNigpsMnos02  their morphology, particle size and shape. Hence, the electrochem-
cells demonstrated about 200 mAh g~! reversible capacity and sta- jcal behavior of lithiated oxide electrodes may strongly depend on
ble performance at room temperature in the 2.5-4.5V potential the synthetic methods of preparation [13]. Among them, combus-
range during several dozens of cycles. Lithium-manganese oxides  tjon synthesis was used by Julien et al. [14] to prepare substituted
doped with other transition metals (cobalt or chromium) as mate- lithium cobaltates LiCog 5 Mo 505 (M = Ni, Mg, Mn, Zn). They utilized
rials for cathodes in lithium batteries have also been reported by respective aqueous solutions of metal nitrates as oxidants and urea
several groups [9,10]. For instance, LiNij3Mny;3Co30; electrodes a5 reducing agent in a combustion reaction, and the as-prepared
oxides were calcined at 700°C.
By studying lithium deintercalation mechanism from Li; _yNij 3
* Corresponding author. Tel.: +972 3 531 8317; fax: +972 3 738 4053. Mn; 3Co;/30; electrodes, Kobayashi et al. established [15] that the
E-mail address: aurbach@mail.biu.ac.il (D. Aurbach). extraction of lithium ions from the structure proceeds mainly by the
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oxidation processes of divalent nickel Ni%*/Ni3*/Ni#* and trivalent
cobalt Co3*/Co**. One of the major drawbacks of these electrodes
is their low electronic conductivity [16]. We have shown in previ-
ous papers [17,18] that electrodes comprising nano-sized particles
of lithiated oxides demonstrate a faster electrochemical kinetics,
much higher capacity retention at high cycling rates, and lower
impedance comparing to electrodes prepared from micrometric
particles.

In the present work, we used self-combustion reaction (SCR) for
the synthesis of nano-sized LiNip5Mng 505, LiNig 33Mng 33C0g 330,
and LiNig40Mng 49C0¢ 2002 layered materials. It was shown that
the particle size of the as-prepared lithiated oxides (30-50 nm)
can be regulated by calcination (annealing) at 700-900°C thus
producing submicron particles of 0.2-0.5 pm. The above mate-
rials at different particle size were characterized and studied as
active mass in cathodes for Li-cells in terms of electrodes’ cycleabil-
ity and rate capability. We studied also the surface chemistry
aspects (by FTIR, Raman and photoelectron spectroscopy) related
to LiNig 33Mng 33Cog 330, electrodes during their charge-discharge
cycling and aging in standard alkyl carbonates/LiPFg solutions.

2. Experimental

Nanocrystalline LiNiQ'5Mﬂ0,502, LiNi0,33MDO'33COO,3302 and
LiNig 40Mng 49C0g 200, layered materials were synthesized by the
self-combustion method, from the stoichiometric amounts of
lithium, nickel, manganese and cobalt nitrates, which act as the
oxidants, and sucrose as the fuel. Typically, the reaction can be
described as follows:

LiNO3 +O5N1(N03)26H20 + O.5MH(NO3)2-4H20
+0.3125C;Hy701; +0.250, — LiNig sMng 50,
+3.75C0, + 8.4375H,0 + 1.5N;

The amount of sucrose used was chosen for the oxidant/fuel
ratio=1:1 [17,18]. In order to improve the crystallinity and to
increase the crystallite size of the as-prepared samples they were
then calcined (annealed) at 700°C for 22h and at 900°C for
22h, in air. The active surface areas of the above materials were
measured by Brunauer, Emmet and Teller (BET) method with
Gemini 2375, Micromeritics (multipoint mode). Their particle size
was estimated from HRSEM images and particle size distribution
was measured using Mastersizer-2000 (Malvern Instruments Ltd.).
For instance, for the LiNig49Mng49C0g200> material calcined at
900°C/22 h the particle size distribution was found to be as fol-
lows: d(0.1) 0.228 pm, d(0.5) 0.335 pm, d(0.9) 0.628 pum. X-ray
diffraction (XRD) measurements were performed using an AXS
D8 Advance diffractometer (reflection -6 geometry, Cu Ka radia-
tion, receiving slit 0.2 mm, scintillation counter, 40 mA, 40 kV) from
Bruker, Inc. (Germany). The fitting of the XRD patterns was per-
formed with the TOPAS-3 program, which is a part of the Bruker
software package for structural analysis. HR-SEM images of the
lithiated oxide particles were obtained by JEOL-JEM-2011 (200 kV)
scanning electron microscope equipped with an Energy Disper-
sive X-ray Microanalysis System from Oxford Instruments. FTIR
measurements of pristine and aged Li[MnNiCo]O, powders were
carried out using diffuse reflectance mode (accessory from Pike
Technologies Inc.) with a Nicolet Magna 560 FTIR spectrometer,
placed in a glove box, under H,O and CO, free atmosphere (air
purifier from Balston Inc.). X-ray photoelectron spectroscopy (XPS)
measurements were carried out using HX Axis systems from Kratos,
Inc. with monochromic AlKa (1486.6 eV) X-ray beam radiation,
binding energy was calibrated vs. carbon (C1s=285eV). For these
measurements, the powder samples were transferred to the XPS

device using a home made hermetically sealed unit, which contains
a sample holder attached to a magnetic manipulator, and a gate
valve. Chemical analysis of the solutions remaining after aging of
cathode materials was carried out using ICP spectrometer Ultima-2
(Jobin Yvon Horiba). In order to remove organics from these solu-
tions, we used the following procedure: 1 mL of HSO4:HNO3 (1:1)
was added to 0.2 mL of the remaining solution and kept overnight at
room temperature in a sealed Teflon vial. Afterwards, the volume
of the mixture was adjusted to 25 mL by adding double-distilled
water (DDW) and it was heated on a sand-bath at 110 °C for several
hours. The volume of the mixture was finally adjusted by DDW to
10 mL.

Electrochemical measurements were conducted in two- and
three-electrode coin-type cells (standard parts, model 2325 NRC,
Canada) or in pouch cells (aluminum coated polypropylene) with
a polypropylene membrane separator (Celgard, Inc.). The work-
ing composite electrodes comprised 80% (by weight) of the active
lithiated oxide material, 10% super P carbon black and 10% PVdF
binder, prepared as a slurry in N-methyl-pyrollidone that was
pasted on both sides of Al-foil current collectors (>99.9%, Strem
Chemicals Inc., USA). The working electrodes active mass was usu-
ally 2-4 mg for coin-cells and 25-40 mg for pouch cells. We also
prepared binder and carbon-free electrodes, comprising the lithi-
ated oxide powders embedded by pressure onto the Al current
collectors, as described elsewhere [17,18]. There electrodes were
very suitable for spectroscopic measurements, in which only the
response of the active mass was studied with no interference by
side reactions of the polymeric binder and the high surface area
carbon black additive with solution species. All the potentials in
this work are given vs. Li/Li* reference electrodes. Electrochem-
ical cells were assembled in glove boxes filled with highly pure
argon (VAC, Inc.). The electrolyte solutions comprising dimethyl
carbonate (DMC) and ethylene carbonate (EC) (2:1, by weight) and
1.5 M LiPFg were obtained from Tomiyama, as Li battery grade and
could be used as received. The content of HF and H,O in solu-
tion was around 100 and 20 ppm, respectively. After assembling,
electrochemical cells were stored at room temperature for 12-24 h
to ensure complete impregnation of the electrodes and separators
with the electrolyte solutions. The electrochemical measurements
were carried out using a battery test unit model 1470 coupled with
a FRA model 1255 from Solartron, Inc. (driven by the Corrware
and ZPlot software from Scribner Associates), and a multichan-
nel battery test unit from Maccor, Inc., model 2000. Two-electrode
cells were tested in the potential range of 2.5-4.5V using constant
current-constant voltage (CC-CV) protocol at various rates with
a potentiostatic step at the cut-off potential. The duration of the
potentiostatic (charging) steps was adjusted to the currents applied
at the galvanostatic charging steps and they varied from 5h for
C/10 rates to 10 min for 3C rates. The accuracy of the calculations
of electrodes’ capacity in all the graphs presented herein is around
+5%. Aging of LiiMnNiCo]O, particles in DMC-EC/LiPFg solutions
(magnetic stirring) was carried out in a glove box at 30°C.

3. Results and discussion

Fig. 1 shows XRD patterns of the LiNip 5Mng 50,, LiNig 33Mng 33
Cog3305 and LiNig49Mng 49C0g 200, layered materials (powders)
produced by SCR, which were further annealed at 900°C during
22 h in air. The diffraction lines in this figure can be indexed on
the basis of a hexagonal lattice structure of a-NaFeO,, space group
166, R3m. We conclude from these XRD results that there are
no remarkable impurities in the materials thus obtained. Minor
peaks at 260 around 21-22° in the XRD pattern of some of the
LiNig5sMng 50, samples, may indicate the presence (a few weight
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Fig. 1. XRD patterns of the LiNigsMngs50,, LiNig33Mng33C003302 and
LiNig40Mng40C002002 particles obtained by self-combustion reactions and
annealed further in air at 900°C for 22 h. Miller indexes of main reflections are
indicated. Insets are HRSEM images of the above particles (50,000x, scale bars are
100 nm).

%) of a secondary phase (LiNiO,). Highly resolved splitting of
the 006/012 and 018/110 peaks of the LiNig33Mng33C00330,
and LiNig40Mng 49C0¢2002 materials and the ratio of the lattice
parameters c/a=4.96-4.98 provide evidence of a characteristic
well-ordered layered structure of these compounds. Moreover, the
ratios of the integrated intensities of the 00 3 and the 104 peaks in
the XRD patterns, were found to be around 1.2 and >1, respectively
for the above materials. This may indicate therefore no pronounced
cation mixing [19] and thereby the electrochemical activity of these
cathode materials in terms of capacity and rates of Li deinser-
tion/insertion is supposed to be very good (comparable to results
presented by Makimura and Ohzuku [7]). The low values of the R-
factor R=(I1p2 +Igos)/1101, around 0.41-0.44, which relates to the
integrated intensities of the corresponding well-resolved peaks
of the LiNig33Mng33C09 330, and LiNig 40Mng 49C0g.200> materials
also confirm their high hexagonal ordering [20,21].

The insets in Fig. 1 show HRSEM images of the LiNig5Mng 50,
LiNi0.33Mn0.33C00.3302 and the LiNi0.40MI‘l0.40C00'2002 particles
prepared by calcinations at 900°C for 22h. All of these par-
ticles are of submicron size, between 0.1 and 0.5um. The
LiNig5Mng 50, particles have mostly hexagonal shape while
those of LiNi0.33M1‘10.33C00.3302 and LiNi0.40MI]0_40C00.2002 dare

Table 1

of irregular shape and have plate-like morphology. Individual
LiNig5sMng 50, particles obtained by calcination at 700°C for 22 h
have nano-sized dimensions of 60-75nm. We have found that
annealing at higher temperature (900°C) leads to increasing the
particle size up to submicron (around 0.2 wm). Similarly, ris-
ing the calcination temperature of the LiNig33Mng33C0g 330, and
LiNig40Mng 49C09 2002 compounds result in growing particle size
from nanometric to submicron (0.2-0.5 pm).

From the element analysis by ICP and by energy dispersive
spectroscopy (EDS, measured during imaging by SEM) Mn/Ni
atomic ratio of 1:1 was measured for LiNig 5Mng 50, powders and
Mn/Ni/Co atomic ratios of 1:1:1 and 1:1:0.5 (+5%) were measured
for the LiNig 33Mng 33C0¢ 3302 and the LiNig 40Mng 49C0g 2002, com-
pounds synthesized in this work, respectively. Lattice parameters,
crystallite size calculated from the Scherrer’s equation, particle size
estimated from the HRSEM images, surface area (N, adsorption BET
model), ratios of the intensities of the main 003 and 104 XRD
peaks, and values of the R-factor of all the lithiated transition metal
oxides synthesized herein, are summarized in Table 1.

As expected, crystallite and particle size increase substantially
with increasing the calcination temperature, however the condi-
tions of annealing influence slightly the lattice parameters. Specific
surface area of these materials decreases significantly if the calci-
nation temperature increases from 700 to 900 °C. This allowed us
to follow the electrochemical performance of the cathodes com-
prising nano-sized or submicron particles of the LiNig5Mng50,,
LiNi0_33M1‘10.33C00_3302 and LiNi0_40Mn0.40C00.2002 layerecl materi-
als with various active areas.

Fig. 2a shows data on representative rate capability (discharge
capacity vs. cycle number at different C rates as indicated) of
electrodes comprising nano-LiNig 5 Mng 50, particles (70 nm, calci-
nation at 700°C/22 h). The inset in this figure compares slow scan
rate CVs (50 wVs—1) of electrodes comprising nano- and submi-
cron size particles. Examining qualitatively these CVs, they reflect
the faster kinetics of the nano-material: sharper redox peaks and
smaller peaks separation. Fig. 2b and c shows similar data: capacity
vs. discharge rate in experiments which involved prolonged cycling,
for LiNig5Mngs50, and LiNig33Mng33C09330, electrodes, com-
prising submicron particles (around 0.2-0.45 pm, calcination at
900°C/22 h). The typical cycle life that could be reached with these
electrodes during hundreds of charge—discharge cycles at high rates
isalso demonstrated in Fig. 2b and c. Typically, nano-LiNig s Mng 50,
electrodes (particle size around 70 nm) exhibit initial discharge
capacity of 160 mAh g1 at low rates, high capacity retention (98%)
upon cycling these electrodes at various rates up to 3C (and back to
low rates) and stable prolonged cycling behavior at various rates.

By comparing the results represented in Fig. 2a and b,
it is found that electrodes comprising submicron particles of
LiNig5Mng 50, (annealed at 900°C/22h) behave similarly to
their nano-counterparts while they demonstrate higher discharge
capacities at a wide range of rates (e.g., from C/5 to 3C rates, Fig. 2b).
This may relate to higher crystallinity of the submicron particles

Listing of crystallite size, particle size, specific surface area, lattice parameters, and ratios of the XRD peaks intensities for the various lithiated transition metal oxides
synthesized in the framework of this work, as a function of their final annealing conditions (temperature/time).

I I I
003 R — 006 + lo12

Synthesized material Conditions of Crystallite Particle size, Active area Lattice parameters cla — =
: - 2 = = 5 Lioa Lot
annealing size (nm) nm (SEM) (m?/g) a(A) c(A) Cell volume (A)?
N 700°C/22h 37 60-75 6.5 2899 14257  103.81 492 076 074
(INIED ATinsni0n 900°C/22h 71 150-200 3.5 2893 14292  103.60 494 083 062
I 700°C/22h 41 40-60 6.2 2862 14243  101.02 497 124 044
1033 300.33C003352 900°C/22h 98 200-450 2.6 2864 14261  101.34 498 117 041
1T i e (D 700°C/22h 24 25-60 11.0 2869 14227  101.42 496 1.00 042
NN SR 900°C/22h 105 100-500 4.0 2874 14280  102.13 497 106 039
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Fig. 2. (a) Cycling behavior at various rates of discharge (as indicated) of the composite electrode comprising nano-sized LiNip5Mng 50, particles produced by SCR and further
annealed in air at 700 °C for 22 h. Coin-type cell, T=30°C, potential range was 2.5-4.5 V. Cycling protocol was constant current-constant voltage providing potentiostatic steps
at 4.5V during 5 h for C/15 and C/10 rates, 2.5 h for C/5 rates, 1 h for C/2 rates, 30 min for 1C rates and 10 min at 3C rates. The inset shows cyclic voltammograms (50 pVs~')
measured from thin-layer electrodes comprising nanometric size LiNip5Mng 50, (annealing at 700 °C during 22 h) and submicron particles of the same material (annealing at
900°C during 22 h). The electrodes were prepared by embedding LiNipsMng 50, powder by pressure onto the Al-foil current collector and they were free of PVdF and carbon
black. (b) Cycling behavior at various rates of discharge (as indicated) of electrodes comprising submicron LiNig5Mng 50, and LiNig 33 Mng33C00 330 particles produced by
SCR and further annealed in air at 900°C during 22 h. Coin-type cells, T=30°C, potential range was 2.5-4.5V. Cycling protocol was similar to that of Fig. 2a. (c) Prolonged
cycling of the same LiNig33Mng33C00330, electrode, as in Fig. 2b. After 150 cycles at C/5 and 3C, this electrode was cycled additionally at 8C and subsequently at 3C with
periodically aging the cell at discharged states during 1 week, every 100 cycles. For comparison, the typical dependence of the discharge capacity of electrodes comprising
submicron LiNip5Mng 50, particles on the cycle number during prolonged galvanostatic cycling at 1C rates is also presented.

due to the elevated temperature of their annealing. In addition,
nano-particles of this material are characterized by higher value
of cation mixing and they have lower degree of hexagonal order-
ing, as follows from the structural analysis summarized in Table 1.
Although the electrodes comprising nano-LiNigs5Mngs0, parti-
cles demonstrate faster electrochemical kinetics in comparison to
those prepared from submicron or micronic particles [17,18], it
seems that the calcination conditions influence strongly the cation
ordering/disordering, and therefore, the electrochemical activity
of the material. Annealing at 700°C for 22 h may be considered
as inappropriate for obtaining LiNig5Mngs0, cathode material
with desirable cycling properties. Typically, LiNig5Mng 50, cath-
odes comprising submicron particles display very stable cycling
at 1C rate during more than 350 charge/discharge cycles (Fig. 2b
and c). Capacity fading was found to be around 0.1 mAhg-!
per cycle in this case. As regarding LiNig33Mng33C00330, and
LiNig 40Mng 49C09 200, electrodes made from submicron parti-
cles, it is expected that these electrodes would demonstrate good
electrochemical performance in terms of capacity rate capabil-
ity and cycleability due to high hexagonal ordering (c/a values

of 4.96-4.97), lesser exchange of Ni2* and Li* cations in their
(3a) and (3b) sites, respectively, as well as small values of the R-
factor (Table 1). Indeed, LiNig33Mng33C00330, electrodes show
remarkable highly stable performance at high rates (e.g., 3C-8C
rates, namely full capacity within 20 min and less than 8 min of
discharge, respectively) and cycling tests at various rates during
hundreds of cycles at 30°C, as seen from Fig. 2b and c. The capac-
ity retention found with these electrodes was impressive even
when these cycling experiments included prolonged aging. This
may be attributed, to some extent, to small enough specific surface
area (2.6 m? g~ 1) of the LiNig 33Mng 33C00 330, submicron particles.
By comparing LiNio33Ml’10‘33C00.3302 and LiNi0.40MHO.40COO.2002
materials obtained by SCR and calcined at the same conditions, we
see comparable crystallite and particle size and also little changes in
the parameters deduced from the structural XRD analysis (Table 1).
Fig. 3 demonstrates that LiNig33Mng33C00 330, electrodes deliver
higher discharge capacities (around 160-150mAhg~!) than that
of the LiNig 40Mng 49C0g 200> cathodes (around 140-130mAhg1)
prepared from submicron particles, at similar discharge rates at
30°C (Figs. 2b and c and 3). Typically, electrodes made from these
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Fig. 3. Typical results of cycling tests (capacity as a function of rates) of electrodes
comprising submicron LiNig40Mng40C002002 particles produced by SCR and fur-
ther annealed in air at 900 °C during 22 h. Coin-type cell, T=30°C, potential range
was 2.5-4.5V. Cycling protocol was similar to that of Fig. 2a. The inset presents
steady-state cyclic voltammograms measured with a LiNig40Mng40C00200 elec-
trode (submicron particles), T=30°C, pouch cell, potential range: 2.5-4.5V.

materials deliver comparable capacities of ca. 200-210mAhg-!
in the first charge (delithiation) and ca. 170-180mAhg-! in
the first discharge (lithiation) processes, respectively. How-
ever, it was established that LiNig33Mng33C00330, electrodes
(submicron particles) seem to have higher reversible capac-
ity, superior cycling and rate capability properties as discussed
above. LiNig49Mng49C0g200, electrodes prepared from submi-
cron particles demonstrate fast enough electrochemical kinetics
and reversibility at 30°C, as also demonstrated (qualitatively) by
steady-state CVs shown in the inset to Fig. 3. Work is in progress
to compare electrochemical stability, capacity retention, rate capa-
bilities, and voltammetric behavior of electrodes prepared from
LiNio,sMn0.502, LiNi0_33Mn0,33C00'3302 and LiNi0,4Mn0.4C00,202
cathode materials at elevated temperatures (50-60°C).

The surface chemistry of lithiated transition metal oxides used
as cathode materials for Li-ion batteries was studied intensively by
us during the past decade. We could identify several possible sur-
face reactions of LixMO, cathode material in electrolyte solutions
based on alkyl carbonate solutions. The surface oxygen of these
oxides can attack nucleophilically alkyl carbonate molecules, thus
forming surface ROCO,Li, (ROCO;)yM, ROLi and (RO)xM species
[17,18,22,23].

The basic oxygen reacts with acidic species such as HF, thus
forming surface fluorides (LiF, MFy). Transition metals at high oxi-
dation states can oxidize alkyl carbonates, thus forming CO, and
transition metal ions at lower oxidation states. Such ions can dis-
solve in solutions more easily than transition metal ions at high
oxidation states. The dissolution of transition metal ions changes
the stoichiometry of the active mass [22]. Consequently, the sur-
face structure of the transition metal oxides changes, thus forming
core-shell type morphology [17,18]. Finally, alkyl carbonates, espe-
cially cyclic molecules such as EC, can be polymerized on the LixMO,,
particles’ surfaces, probably by cationic mechanisms, to form poly-
carbonate species. The order of reactivity of LiyMO, compounds in
standard solutions based on alkyl carbonate solvents and LiPFg was
found to be LiNiO; > LiCoO, > LiMnO, (layered) and LiMn, 04 spinel
[23].

In recent years, we studied the performance and surface
chemistry of LiMn;5Nig504 spinel and LiMngsNigs50, layered
compounds as cathode materials in composite electrodes for Li-
ion batteries [18,24,25]. These materials were also found to be
very reactive towards solution species in standard electrolyte solu-
tion based on alkyl carbonates and LiPFg. These materials seem to
develop surface films comprised of Li and transition metal fluorides,
alkoxides and metal alkyl carbonate species, and polycarbonates.
We found evidence that upon aging in solutions, the particles of
these Li{MnNi]O, materials develop a core-shell structure. The
shell is formed by the surface reactions and the reversible dissolu-
tion of transition metals that leads to changes in the stoichiometry
of the material near the surface, and hence, to the formation of new
phases.

In the present work, the surface chemical studies concentrated
on LiNig 33Mng 33C0g 330, powder and electrodes.

Fig. 4 shows FTIR spectra measured by the diffuse reflectance
from pristine and aged LiNig 33Mng 33C0¢ 330, powders. Aging was
carried out in an EC-DMC 1:2/LiPFg 1.5 M solution in dynamic con-
ditions (magnetic stirring) during 3 weeks at 30°C. The amount
of dissolved Ni, Mn, and Co from the lithiated oxide was around
0.002-0.01%, as detected by the ICP analysis. This solution was
chosen because it was found to be one of the most appropriate
for use with cathodes operating at high red-ox potentials (e.g.,
LiMnq5Nig 504, up to 4.9V vs. Li/Li*) [18,24,25]. This is probably
due to the optimal ratio between EC and DMC concentrations,
higher content of the lithium salt and lesser amounts of con-
taminants (H,O and HF). A typical solution spectrum is also
included in Fig. 4, as indicated. The spectrum related to the pris-
tine powder is nearly featureless in most of the relevant range. The
main IR peaks are of the surface ~OH groups (3360cm™1), resid-
ual atmospheric CO, (indicated) and peaks at low wavenumbers
(400-600cm~1) that probably belong to M-O vibrations. The IR
spectrum of the aged powder is rich in peaks, around 3000 cm!
(related to C-H bonds), around 1800-1600cm~! (carbonyl C=0
peaks), and many peaks below 1450 cm~!, which belong to the
fingerprint region of organic species. The comparison with solu-
tion spectrum shows that the spectrum of the aged electrode
material does not reflect the presence of residual EC. Hence, the car-
bonyl peaks in the 1800-1600cm~! range in the spectrum of the
aged LiNigp33Mng 33C00330, powder indeed reflect the formation
of polycarbonate and ROCO, M species.

Fig. 5 compares XPS peaks of O1s, F1s and P2p measured from
pristine and aged LiNiy 33Mng 33C0¢ 330, powders. Aging included
storage at 60°C in an EC-DMC 1:2/1.5M LiPFg solution. These
surface studies demonstrate pronounced changes in the surface
composition of this material upon contact with the electrolyte solu-
tions. The fluorine and phosphorous peaks in the spectra obviously
reflect surface species that were formed by reactions between the
cathode material and solution species. The oxygen peaks also reflect
pronounced surface changes. The new broad oxygen peak at high
binding energies (up to 535eV) reflects the formation of surface
oxygen compounds with higher oxidation state compared to that
of the oxygen atoms in the bulk metal oxide. This is in line with the
FTIR spectrum of the aged material that reflects the formation of
surface carbonate and polycarbonate species.

Fig. 6 presents XPS data related to the transition metals, Co, Mn
and Ni (2P 2/3) of pristine, aged, and charged LiNig 33Mng 33C0g 330>
electrodes in EC-DMC 1:2/LiPFg 1.5M solutions at 60°C. The
charged electrode underwent a few cycles in the 2.5-4.5V poten-
tial range before the measurements. The final potential that the
charged electrode reaches before the XPS measurements was 4.3 V.
As seen in Fig. 6, the XPS studies of these electrodes clearly show
that upon aging in solutions, Ni remains on the surface, while Co
and Mn either disappear from the surface or their concentration
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Fig. 6. XPS spectra (Ni, Mn, Co as indicated) of pristine electrode comprising LiNig 33 Mng33C00 330, nano-particles (calcination at 700°C/1 h after SCR), spectra of cycled and
then charged to 4.3V LiNig33Mng33C00330, electrode and spectra of aged LiNig33Mng33C00 330, electrode in an EC-DMC/LiPFs solution (60°C, 1 day). The electrodes for
these tests were prepared by embedding LiNig 33Mng 33C00330, powder by pressure onto Al-foil current collectors and they were free of PVdF and carbon black.

diminishes, compared to the pristine material. We explored pos-
sible dissolution of transition metals from LiNig33Mng33C0g330;
powder into EC-DMC/LiPFg solutions (excess of solution, no satu-
ration condition). It was found that the dissolution rate of Mn ions
is twice than that of Ni and Co ions (same rates of dissolution for the
latter ions). This finding means that the surface species formed on
the active mass as indicated by the above-described spectral studies
passivate the surface and prevent the continuous dissolution of the
transition metal cations from the lithiated [NiMnCo| oxide. We can
explain the spectral results presented in Fig. 6 in light of our pre-
vious studies that showed that LiNiO, is the most reactive cathode
material compared to LiCoO, and LiMn,04. We can speculate that
the oxygen bound to Ni may be more nucleophilic and basic, com-
pared to the oxygen bound to Co and Mn. Hence, the predominant
reactions of Ni-bound oxygen with acidic and electrophilic solution
species preferably form Ni-containing surface species such as NiFx
(ROCO,Li)xNi, (RO)xNi, etc., which leave Ni on the particles’ surface,
but mask the bulk of the active mass that contains Mn and Co at
the same concentrations as Ni.

The above description of the surface chemistry of LiiNiMnCo]O,
is based on solid observation, but is still ambiguous in terms of
the exact identification of the surface compounds thus formed,
their relative quantities, and the depth profiling of the surface lay-
ers. However, this is the general nature of surface studies, i.e., it is
much more ambiguous than bulk structural studies. The identifica-
tion of thin films by surface sensitive techniques such as FTIR, XPS,
Raman spectroscopy, and electron microscopy (with element anal-
ysis and electron diffraction) is indeed a difficult, and sometimes
impossible, task.

; . R Li
LiMnNICo]O, ez Nucleophilic
ROCO,R ROLi reactions
LiPF [ROCO2]n } Polymerization
PFs.HF,H,0 MF, , LiF Other oxides

Non-active
LiNiMnCoj0z7 ' e

Fig. 7. A presentation of the formation of the core-shell structure of the
Li[MnNiCo]O, particles formed due to their surface reactions in solutions.

Our main findings in the above-described surface studies are
summarized in Fig. 7, which presents several surface reaction paths,
their surface species products, and the resulting formation of par-
ticles with a core-shell structure.

4. Conclusions

Self-combustion reactions based on transition metal nitrates,
Li nitrate and sucrose are versatile methods for producing lay-
ered Li[NiMn]O, and Li[NiMnCo]O, compounds with adjustable
particle size. Using SCR, following by calcination in air, nano-
, submicronic and micron size particles can be produced as
a function of the temperature and duration of the final cal-
cination process. LiNig5Mngs0, can be considered as a high
capacity cathode material (up to 200mAhg-! at C/10 rate),
but slow. LiNig33Mng33C00330, can provide a lower capacity
(up to 170mAhg-1), but it is a very fast electrode mate-
rial, i.e., the capacity retention is more than 50% at 8C
rate, while for LiNig5sMngs50, a 50% decrease in capacity was
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already measured at 1C rate. The LiNig4Mng4Cog50, elec-
trodes demonstrate intermediate values between the above two
materials in terms of both maximal capacity and rate capabil-
ity. All of these materials develop a similar surface chemistry
in EC-DMC/LiPFg electrolyte solutions. When using FTIR and
photoelectron spectroscopies we detected polycarbonates, Li or
transition metal alkyl carbonates, and perhaps alkoxides and
metal fluorides, as surface species. XPS also detects surface
species containing phosphorous. It is interesting that the aged
LiNig 33Mng33Cog 330, particles show, by XPS measurements,
much higher Ni/M (M=Co, Mn) ratios close to the surface,
compared to the bulk (pristine) ratios (which are equal to
unity). This finding may reflect the pronounced reactivity of
the oxygen atoms bound to Ni, and thus their reactions with
acidic or electrophilic solutions species leave the Ni ions in
the surface species. The above surface species passivate well all
of these electrode materials in alkyl carbonate/LiPFg solutions
even at elevated temperatures, which enables the impressive
cycle life of cathodes comprising these materials in lithium
cells.
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