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This paper is dedicated to studies of the electrochemical behavior, the structural and thermal features of the Ni-rich
LiNip 5Co002Mng 30, undoped and Al-doped (~0.01 at.%) materials for positive electrodes of lithium batteries. We have found
that structural characteristics of these materials are quite similar from the crystallographic point of view. It was demonstrated that
Al substitution in the doped LiNig 5Cog,Mng 30; is preferred at Ni sites over Co sites, and the thermodynamic preference for APt
substitutions follows the order: Ni>Co>Mn. The lower capacity fading of the Al-doped electrodes upon cycling and aging of the
cells in a charged state (4.3 V) at 60°C, as well as more stable mean voltage behavior, are likely due to the chemical and structural
modifications of the electrode/solution interface. The Al-doped LiNigp5Cop2Mng30; electrodes demonstrate also lower resistances
of the surface film and charge-transfer as well as lower activation energies for the discharge process. From XPS studies we conclude
that the modified stable and less resistive interface on the Al-doped particles comprises the Li™-ion conducting nano-sized centers
like LiAlO,, AlF3, etc., which promote, to some extent, the Lit ionic transport to the bulk. A partial layered-to-spinel transformation

was established upon cycling of LiNip 5Cog2Mng 30, cathodes.
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One of the major challenges in lithium batteries technology is,
undoubtedly, the further improvement of battery components — elec-
trodes, solutions, and separators.'~”” Among several modern strategies
to improve electrochemical performance and structural characteristics
of materials for positive electrodes, doping has attracted the attention
of scientists over the years. This is due to the effectiveness of dopants
in stabilizing the structure of materials (even in minute amounts) and
thus to increase the electrochemical cycling activity and to diminish
the heat evolution of the electrodes in a charged state. A variety of
dopant ions, like Co>*, AI**, Ti**, Zr*+, Zn>*, Fe’*, Cu®*, and Cr’™,
has been used to improve the stability, morphology and microstruc-
ture of cathode materials, to enhance the electrode cycleability and
rate capability, and to reduce capacity fading upon cycling.®'* For in-
stance, doping of LiNiysMngsO, with Co, Al, Ti resulted in decrease
of the irreversible capacity loss and in almost no capacity fading
of the doped electrodes.'*!> In a systematic study of the Al-doped
Ni-rich electrodes (LiNiggCog15Alp050), which are promising ma-
terials for use in batteries for electromotive applications, the authors
have shown high cycling stability of these electrodes upon acceler-
ated testing.'® Several other doping metals, such as silver, magnesium,
cobalt, gallium, lanthanum, bismuth,'”"' as well as non-metallic ions
(boron, fluorine),?*?' were also explored in an attempt to increase the
electrochemical cycling behavior of cathodes (both of layered and
spinel structures) and to reduce their interactions with electrolyte so-
lutions. Alongside the cationic or anionic doping of the compounds
for positive electrodes, another promising approach is surface modifi-
cation of the materials with thin inactive coatings of oxides, fluorides,
salts, etc., which also received extensive attention in the field.?>?’
Coatings prevent direct contact of the cathode material and solution
species, thus improving the cycle life of lithium cells.?® It should be
noted that the effect of surface modification using oxides interrelates
with metal doping since oxides form a thin surface layer contain-
ing “doped”, distributed metal ions, with the host material (i.e. using
Al, O3, or Zr0O,).>*3" Our previous paper was dedicated to a complex
study of the role of thin aluminum fluoride coatings on the electro-
chemical performance of (Li,Mn)-rich layered-layered (structurally
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integrated) materials xLi;MnOj3"(1-x)Li{MnNiCo]O, (x = 0.4-0.5).%"
In the present work, we focused on a comparative study of the electro-
chemical, aging, and thermal behavior and of structural characteristics
of the Ni-rich LiNij5C0p,Mng 30, undoped and Al-doped materials
in Li-cells. An intrigue question of this study was: How a small amount
of Al-doping (0.01 at.%) at the expense of all transition metals (Ni, Co,
Mn) influences the cycling performance, stability and capacity fading
of LiNiy5Coy2Mng 30, electrodes? Another motivating factor in this
research was to understand the preference of Al doping at Mn, Co or
Ni sites, a question which may be addressed by theoretical calcula-
tions of the substitution energies. It was also important to study the
surface chemistry occurring in the Al-doped material in LiPFg/alkyl
carbonate solutions and its structural characteristics due to the inter-
actions between the dopant and other species, a question addressed
herein by solid-state NMR. We aimed furthermore to develop a deep
understanding of the possible layered-to-spinel structural transforma-
tions in LiNig 5Cop,Mn 30, electrodes upon cycling. Surprisingly, it
was found that the ratio Ni/Ni+-Co-+Mn in the spinel structures, which
were partially formed upon cycling of LiNij 5Cog,Mng 30, electrodes,
differed markedly from that of the initial layered phase. The novelty
of this research lies in determining the impact of a minor Al-doping
level on the electrochemical characteristics of LiNigs5Cop,Mngy30,
electrodes and on the interfacial reactions among the Al** dopant
ions, Lit and F~, while accounting for the local Li* structure. A
new finding is also that aluminum may prevent, to some extent, the
Ni leaching out from the bulk/surface of the LiNijsCo,Mng30, Al-
doped sample, as confirmed by 7Li and >’ Al NMR studies.

Experimental

Synthesis  and  characterization of  LiNigsCog2Mny30;
materials.— The Ni-rich LiNip5C0¢,Mng30, undoped and Al-
doped compounds for positive electrodes of high-energy density
lithium batteries were synthesized by BASF as experimental materials
for these studies. In Table I, we present some structural characteristics
of these materials, undoped and Al-doped LiNiys5Cog,Mng30,,
which are quite identical from the crystallographic point of view.
The only difference is the Al-doping that was performed at a minor
content of ~0.01 at.% in the cost of all the transition metal (TM)
ions of Ni, Co, and Mn. Hence, the formulae of the doped material
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Table 1. Binding energies (eV) related to XPS peaks and their assignments measured from undoped and Al-doped LiNiy.sCo09.2Mng 30, pristine
and aged materials. Aging was carried out in EC-EMC/LiPFg solutions at 30°C during 14 days (magnetic stirring, Argon atmosphere).

LiNip 5Cog2Mng 30, samples

Element Undoped pristine Undoped aged Al-doped pristine Al-doped aged
Lils 56.2 w; 50.0 w (LiF) 55.5 (Li0); 55.2 st (Li,CO3) 56.7 st (LiF)
Fls Not detected 685.9 st (LiF); Not detected 685.7 st (LiF); 687.8 st
689.9 st (F-C bonds) (AlF3); 689.9 st (F—C bonds)
Ols 531.7 st (surface oxygen; 533.1 st (O-C=0) 531.5 sh 531.7 st (surface oxygen; 531.5-532.3 st br (O-C;
Li,CO3; LiOH) (O-C; Ni-OH) Li;CO3); 530-531 sh Ni—OH; Li; CO3);
Al(OH)3; AlO3 533.3-533.5 sh (AIF,0H;
P-O-F; 0-C=0)
Al2p Not detected Not detected 73.0-74.5 br (Al,03) 73.0-76.0 br (LiA1O;;
AlLO3; ALF,0,); 77.4 w
(AlF3)
Ni2p3/2 854-857 br (Ni%* in NiO; 854.0 sh (NiO) 854-857 br (NiO; Niy O3) 858.0 st (LiNixAl,O,)
Ni3* in Ni;03) 857.4-858.2 st (NiF,)
P2p Not detected 136 w (P —F) Not detected 134 st (AIPOg4; P-O-F bonds)

Mn2p3/2 642.8 st (Mn** in MnO,) 642.8 st (MnO,)

Co2pl/2 7974 st (Co®" in Co,03) Co2p3/2781.2 w (Co203;
Co** in Co304)

Mn2pl/2 654 br (Mn;03; MnO,) 654 br (Mny03; MnO3)

Legends: st — strong peak; w — weak peak; sh — shoulder; br — broad peak

can be represented as LiNip5.0.01xC00.2-0.01yMn03.0.012Al0.010c4y+2O2-
It should be also noted that these materials are characterized by very
similar values of the following parameters: “slab thickness ratio
Li/TM” and “Li-to-TM ratio” of 1.18 and 1.05 (for undoped) and
1.17 and 1.05 (for Al-doped), respectively. The chemical analysis
of the materials was carried out using the inductive coupled plasma
technique (ICP-AES, spectrometer Ultima-2 from Jobin Yvon
Horiba). Their specific surface area was ~0.4 m?/g, as measured by
the Brunauer, Emmett, and Teller (BET) method using a Gemini
2375, Micromeritics (multipoint mode). The crystallite size measured
from XRD patterns of undoped and Al-doped LiNij5Cop2Mng 30,
were 209 and 176 nm, respectively.

Electrochemical and aging measurements.— Electrochemical
tests were carried out in two- and three-electrode cells in a 2325 coin-
type and pouch-type configurations with a Celgard, Inc. polypropy-
lene separator. The working electrodes were composites of a mix-
ture of LiNig5Cog,Mng 30, materials (undoped or Al-doped), carbon
black (CB) and polyvinylidene difluoride (PVdF) binder (80:10:10 by
weight) on aluminum foil (from Strem). We prepared also thin-film
working electrodes comprising only active LiNigsCop2Mny30, ma-
terials embedded into Al-foil by wiping. These electrodes were free
from CB and PVdF, their thickness was ~0.5 wm, as measured by
focused ion-beam technique. Lithium disks or plates and lithium chips
served as counter and reference electrodes. Electrochemical cells were
assembled in glove boxes filled with highly pure argon (VAC, Inc.). We
used electrolyte solutions (high purity, Li battery grade) comprising
ethyl-methyl carbonate (EMC) and ethylene carbonate (EC) (weight
ratio of 7:3) and 1M LiPF¢ from BASF. Thin-film LiNij sCoy,Mng 30,
electrodes in pouch-cell configuration were tested in EC — EMC/LiPF¢
solutions containing 2% of vinylene carbonate (VC). The content of
hydrofluoric acid and water in solutions was not more than 30 ppm
and 10 ppm, respectively. After assembling, the electrochemical cells
were stored at room temperature for 12-24 h to ensure a complete
impregnation of the electrodes and the separators with the electrolyte
solution. The electrochemical measurements were performed using a
battery test unit model 1470, coupled with a FRA model 1255 from
Solartron, Inc. (driven by Corrware and ZPlot software from Scribner
Associates, Inc.), and a multichannel battery tester from Maccor, Inc.,
model 2000. For testing, we used a constant current mode in the po-
tential range of 2.7—4. 3 V, at various current densities (C-rates). The
alternating voltage amplitude in impedance measurements was 3 mV

642.8 st (MnO»)
797.4 st (Co203)

642.8 st (MnO,)
798.0 st (Co(OH);; Co2p3/2
782783 br (CoF,; CoF3)

654 br (Mny03; MnO3) 654 br (Mny03; MnO3)

and the frequency ranged from 100 kHz to 5 mHz. All the potentials
in this paper are given vs. Li/Li*. The accuracy of the calculations of
the electrodes’ capacity was around 95%. The electrochemical mea-
surements were performed at 30°, 45°, and 60°C, in thermostats. At
least 3 electrochemical cells comprising undoped or Al-doped elec-
trode materials were tested at each temperature. Aging tests were
carried out in contact of the Al-doped and undoped materials with EC
— EMC/LiPFg solutions in polyethylene vials under argon atmosphere
at 25°C for 10 days. This time is equivalent to galvanostatic cycling of
the electrochemical cells containing LiNiysCop,Mng30, electrodes
at a C/5 rate for ~20 cycles.

X-ray diffraction (XRD), transmission electron microscopy (TEM)
and electron diffraction (ED) analyses.— X-ray powder diffraction
(XRD) measurements were performed using an AXS D8 Advance
diffractometer from Bruker, Inc. (Germany) in the 20 range from 10°
to 110°, with a step size of 0.02°, at 15 sec/step rate. The analysis
of the XRD patterns was carried out using the PowderCell program
and the Fullprof program as described elsewhere.’>3* HR-TEM
examinations of the LiNigsCop,Mn30, material was performed
with a JEOL JEM-2100 (LaBg) high resolution electron microscope,
and convergent beam electron diffraction (CBED) technique (4—7 nm
probe size) was employed for structural characterization of nano-
particles. Samples for the TEM studies were prepared by methodology
described in Ref. 34.

Analysis by solid-state nuclear magnetic resonance (NMR).— '"°F
and "Li nuclei were probed on a Bruker 200 MHz at 188.28 MHz and
77.77 MHz, respectively, at spinning rates of 18-24 kHz, using single
pulse and variable-t Hahnecho sequences, which have the following
pulse format: (90), — T — (180), — T - collect). All samples were
externally referenced to KF(aq) at —125.3 ppm (CFCl; at 0 ppm) and
LiF at O ppm (LiOH at O ppm), respectively. Single pulse and various
echo sequences were implemented, as well as *F{*' Al} and {*’ AI}'°F
cross-polarization experiments. '’F NMR data was collected on the
cycled Al-doped material, as well as on the separators extracted from
the cycled cells comprising LiNigsCog,Mng30, undoped and Al-
doped samples.

Analysis by Raman spectroscopy and X-ray photoelectron spec-
troscopy (XPS) measurements.— Micro-Raman spectroscopy mea-
surements were performed at room temperature using a micro-Raman
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Figure 1. (a) Minimal energy structure of undoped LiNipsCop2Mnp30,. (b) Transition metal layer ordering in lowest energy structure of
Nip.45CooaMny3Alyos Oz, (c) NigsCoorMngyasAlyos Oz and (d) NigsCoo.1sMng3AlyosOz. Red lines indicate the J3 ordering parameter, strong black
lines represent the supercell and dashed hexagon shows the surrounding of AI** ions in TM layer.

spectrometer from Renishaw inVia (United Kingdom) equipped with
a 514 nm laser, a CCD camera, and an optical Leica microscope.
Raman spectra were collected at least from 10-15 locations on a sam-
ple. The data were analyzed using Renishaw Wire 3.3 software. XPS
measurements were performed in UHV (2.5 x 107'° Torr base pres-
sure) using 5600 Multi-Technique System (PHI, USA). The samples
were irradiated with an Al K, monochromated source (1486.6 eV)
and the outcoming electrons were analyzed by a Spherical Capaci-
tor Analyzer using the slit aperture of 0.8 mm. The charging of the
samples during measurements has been compensated by the charge
Neutralizer (C1s peak at 285 eV is used as the energy reference).

Computational methods.— All the calculations were performed
using Density Functional Theory (DFT) as implemented in the Vi-
enna ab inito simulation package (VASP)*¢ with the plane wave
pseudopotential based approach. We employed spin-polarized DFT
within the generalized gradient approximation (GGA). Specifically,
we used the Perdew, Burke and Ernzerhof (PBE) functional.’” To
represent the core electrons the projector augmented-wave (PAW)*
method was used, and a kinetic energy cutoff of 400 eV was
adopted. The system supercell used in all the calculations consisted of
5 x 4 unit cells, with 60 formula units of R3m(a-NaFeO, type) layered
structure. Due to the large supercell, the Brillouin zone was sampled
with the gamma point only. Although antiferromagnetic calculations

give useful insights about the electronic structure, in the current case
these do not change the energy differences between the structures
signiﬁcantly.39 Since the magnetic structure of LiNip5Cop,Mng 30,
is unknown, we have thus assumed ferromagnetic spin ordering.

Results and Discussion

Computational studies of the preferred configurations for the Al-
doping in LiNigsCog;Mny 30, material.— Previous theoretical stud-
ies show that transition metals in layered lithiated oxide materials ex-
hibit different in-plane ordering depending on their formal oxidation
state.*** In arecent study,** Yu et al. have defined the ordering param-
eters to describe the cationic ordering. Following similar approach,
we considered cationic orderings for TMs with different ordering
parameters. The structures with /3 ordering parameter (Figure 1b)
for cobalt and manganese are comparatively more stable than that
structure with alternative ordering parameters. This is in agreement
with previous experimental and theoretical reports on similar classes
of materials.*'** Figure 1a shows the lowest energy supercell for un-
doped LiNig5Cog,Mng 30, with /3 ordering parameter for Co.

Configurational energy calculations.— To understand the struc-
tural changes on TM substitution with Al, one TM ion is substi-
tuted with one Al ion in each layer (a total of three Al atoms in the
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Figure 2. Voltage profiles of LiNiy 5Cop2Mng 30, electrodes at various tem-
peratures (as indicated) measured from the first cycles at a C/15 rate.

supercell) i.e. resulting in the formula LiNipsCop15Mng3Alpos O2
(in case of Co substituted). Practically, the in-silico Al concentration
(0.05) was greater than the experimental concentration (0.01), due
to computational considerations. We considered 3, 4 and 6 Al doped
configurations for Co, Mn and Ni ions, respectively. Our results sug-
gest that by substituting the Mn-ions with AI**, in the most preferred
configuration (relative energy 0.17 eV), Al*? is surrounded by 4 Ni,
1 Mn, and 1 Co-ions (Figure 1c), which possesses the lowest energy
when compared with other Mn substituted configurations. In the most
preferred Co ions substituted configuration (relative energy 0.14 eV,
Figure 1b), AI** is in (/3 x 4/3) R30°%346 type of motif. In the lowest
energy Ni ion substituted configuration (relative energy —0.74 eV),
Al is surrounded by 1 Co, 2 Mn and 3 Ni ions (Figure 1d).

Substitution energy calculations.— To demonstrate the preference
of Al substitution on Mn, Co and Ni sites, we calculate the substitution
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energy per Al ion, defined here as:

1
Esups = g{(EAI—NCM +3Erm) — (Encm + 3Ea)} [1]

where E ;_nycuy 1s the total energy of Al doped Ni-Co-Mn (NCM)
LiNip5C09>Mng 30, material, Eycy is the total energy of the un-
doped material. E7) and E, are the energies of transition met-
als and aluminum in ground state metallic structure. The substitu-
tion energies of the configurations doped at the preferred Co, Mn
and Ni sites are —5.13 eV, —3.10 eV and —5.86 eV, respectively.
Clearly, the highest negative substitution energy of Al substitution at
Ni sites confirms that Al substitution is preferred at Ni sites over Co
sites. The thermodynamic preference of Al*3 substitutions follows
the order: Ni>Co>Mn. The local magnetic moments of undoped
LiNip5C0p2Mng 30, suggest that the formal charges on Co and Mn
are +3 and +4, respectively. Interestingly, our calculations suggest
that there is an existence of both Ni*? (magnetic moment ~1.5) and
Ni*3 ions (magnetic moment ~0.8) in both doped and undoped pris-
tine material. A detailed study of the above issues including different
magnetic ordering with various cationic orderings of undoped and Al-
doped LiNij5Cop,Mng 30, materials will appear in a separate paper
from our groups.

Electrochemical and aging behavior of LiNigsCop2Mng30;
electrodes.— In Figure 2, we present typical voltage profiles of the
first charge/discharge cycles measured from undoped and Al-doped
LiNig5Cop,Mng;0; electrodes at 30, 45, and 60°C in the potential
range of 3.0-4.3 V at a C/15 rate. In general, upon charge from OCV
to the cutoff potential of 4.3 V, the capacity monotonously increases,
in correlation with the literature data.’” We observed at 30°C that
the electrode potential for the undoped material suddenly increases to
~4 V in the first charge, decreases to ~3.8 V, and then increases slowly.
This voltage change is well known phenomenon,*” however, its origin
is still unclear. It may relate to some energy barriers for the initial for-
mation of a partially delithiated phase in LiNig5C0p,Mng 30, during
the first Li* extraction. It was established that undoped and Al-doped
LiNig5Cop,Mng;0; electrodes exhibit similar irreversible capacity
losses (ICL) at 30, 45, and 60°C calculated as average values from 3
parallel tests at each temperature. At the same time, ICL of both types
of electrodes slightly decreases from ~8.3 to ~5.1 mAh/g with in-
creasing the temperature. This can be partially related to lesser effects
of side reactions on the well passivated electrode surface at higher
temperature due to the optimized chemical and structural properties
of the solid-electrolyte interface (SEI). We have found that the elec-
trochemical behavior of electrodes comprising undoped and Al-doped
LiNij5Co0p>Mng 30, materials is stable upon cycling at 30, 45, and
60°C. Figure 3a, 3b demonstrates typical plots of the electrode capac-
ity and Coulombic efficiency vs. cycle number at 30°C (similar results
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Figure 3. Cycling performance of LiNigsCop2Mng30; electrodes at 30°C in coin-type cells. Potential range was 3.0-4.3 V.
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obtained at 45 and 60°C are not shown). The results of the discharge
capacity fade show that although undoped LiNij5Co02Mn( 30, elec-
trodes exhibit slightly higher reversible capacity, its fade is ~3 times
greater in comparison with Al-doped electrodes at 30°C. At higher
temperatures, this improvement of the Al-doped electrode material
becomes less noticeable and capacity fade increases for both types of
electrodes to ~0.12 — 0.2% per cycle at 60°C possibly due to their
surface and structural changes at elevated temperatures. For reliabil-
ity reasons, the average capacity fading values were calculated from 3
parallel tests at each temperature; additionally, only the first 25 cycles
at a C/5 rate were purposely selected to calculate the capacity loss. The
reason is that upon short cycling duration at moderate currents, the Li
dissolution/deposition processes at the negative electrodes (Li-metal)
in alkyl carbonates solutions can be considered as quasi-reversible and
uniform ensure therefore the Li balance in the cell. In contrast, pro-
longed cycling and high rates result in extremely non-uniform lithium
deposition, severe morphological changes, breaking down the surface
films and even the lithium dendrites formation.*® These may interfere
badly to the cycling behavior of the positive electrodes and cause
the capacity fading. We have established that upon short-term test-
ing, the Al-doped LiNiysCoy,Mng 30, electrodes demonstrate lower
activation energies E of the discharge process and therefore faster
lithiation. The activation energy values of discharge vary from 1.14 to
0.54 kJ/mole for the Al-doped LiNiysCoy,Mng30, electrodes and
from 2.85 to 1.73 kJ/mole for their undoped counterparts during the
first 25 cycles at a C/5 rate. The activation energies were calculated
from the Arrhenius equation: Cisen = Age % KT, where Cyieen Stands
for the discharge capacity, Ay is a constant, R = 8.314 J/mole-K and
T are the gas constant and the absolute temperature, respectively. The
reliability factors for the linear regression lines of E*, vs. 1/T were in
the range of R? = 0.973-0.988. The E; values obtained are in a quan-
titative agreement with those demonstrated in the literature for the dis-
charge processes of the Ni-rich Al-doped LiNiggCog 15Alg050; elec-
trodes during prolonged cycling in full cells.'® The lower activation
energies for the Al-doped electrodes correlate with our observation of
the lower differences between anodic and cathodic peaks potentials 3
= E,, — Ecan measured from the slow potential scan rate CVs (v = 10—
50 wV/s) of the Al-doped LiNij 5Co,Mng 30, electrodes (5 = 10 mV
comparing to 8 = 30 mV for undoped ones) that point to faster kinetics
of these electrodes. It is therefore assumed that doping enhances, to
some extent, the electrochemical kinetics and reversibility of doped
electrodes, in line with the literature reports.*® Another evidence of
faster kinetics is the lower potential difference (3) for all the scan
rates measured from thin-film electrodes comprising Al-doped mate-
rial at 45°C (these electrodes were free of PVAF and carbon black).
We suggested that the peak current densities of LiNigsCop,Mng 30,
electrodes follow the equation®® that establishes the proportionality

1
of the CV peak currents (I,) to v'?: I, = 2.69 x IOSn%ADZU%CO,
where n is the number of electrons (n = 1 for the Li*), A the elec-
trode’s geometric surface area, Dy; the chemical diffusion coefficient
of Li* in the electrode, and C, represents the Li*™ concentration in the
cathode bulk.

Indeed, the dependences of the anodic and cathodic peak cur-
rents on the potential scan rate demonstrate the slopes close to 0.5
both for undoped and Al-doped electrodes indicating diffusion con-
trolled processes of Li intercalation/deintercalation. In Figure 4, we
compare typical slow scan rate cyclic voltammograms of undoped
and Al-doped LiNig5Co0¢,Mng;0, electrodes at 30°C. These CVs
demonstrate quite reversible electrochemical behavior with well re-
solved anodic/cathodic peaks related to the Li-extraction/insertion
accompanied with the Ni>*/Ni** and Co’*/Co** oxidation/reduction,
respectively. Although undoped electrodes exhibit more pronounced
splitting into two oxidation peaks around 3.7-3.8 V, the Al-doping
results in lower separation 8;, = E,y — Eanp between these peaks,
namely 40 mV in comparison with ~70 mV for undoped electrodes.
Similar results were obtained from cyclic voltammograms (v = 10
WwV/s, 45°C) of thin-film electrodes comprising only active materials
(no PVdF and carbon black).
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Figure 4. Slow scan rate (10 wV/s) CVs of LiNip5C0p2Mng 30, electrodes
measured at 30°C in coin-type cells. Insert: Evolution of the anodic peaks
separation E;; — Egp with temperature of undoped (black circles) and Al-doped
(red circles) LiNig 5Cog2Mng 30, electrodes measured from the differential
capacity plots in Figure 5.

Comparing of differential capacity plots obtained from composite
LiNij5C0p2Mng 30, electrodes at various temperatures also demon-
strate at 30°C lesser anodic peaks separation 3,, in charge for the
Al-doped material (Figure 5). This is indicative of more favorable
charge processes of these electrodes in comparison with the undoped
ones that correlates with the lower mean voltage values in charge
of the Al-doped LiNip5Cog,Mng30,. However, at 45 and 60°C both
electrodes show similar anodic peaks separation that may point to
comparable kinetics of the Li™ extraction and transition metals oxi-
dation upon charge.

An interesting piece of information to compare undoped and
Al-doped materials was extracted from combined cycling/aging
experiments. First, the cells comprising undoped and Al-doped
LiNi5Co,Mng 30, electrodes were cycled at a C/5 rate (30°C), ter-
minated at 4.3 V (charged state, Li" is partially extracted) and then
were exposed to aging at 60°C for 7 days followed by further cycling
at 30°C. The results of these cycling/aging experiments demonstrate
that the potential decay dE/dt during the first 24 h of aging is com-
parable for undoped and Al-doped materials (1.29 and 1.27 mV/h,
respectively), while the capacity fade during aging in a charged state
is less for the Al-doped electrodes (0.051 mAh/g vs. 0.072 mAh/g).
Another important improvement of the Al-doped electrodes is that
their capacity fade after aging at 60°C is much lower in comparison
with their undoped counterparts (0.34 and 2.59%, respectively). One
more significant parameter extracted from the results of cycling and
aging experiments of the above electrodes is mean voltage in charge
and discharge as a function of cycle number. These results demon-
strate that (i) the evolution of mean voltage in charge upon continuous
cycling and during aging is similar for the undoped and Al-doped
materials, and (ii) aging in a charged state (4.3 V, 60°C) stabilizes
mean voltage in charge and discharge. It was shown also that mean
voltage in discharge increases by ~40 mV and in charge it decreases
by ~20 mV for Al-doped electrodes indicating thus a lower total po-
larization of these electrodes comparing to the undoped ones. This is
likely due to the chemical and structural modifications of the elec-
trode/solution interface upon cycling and storage the electrodes in a
charged state at 60°C. In the following sections, we discuss possible
interfacial reactions of Al-doped electrodes that result in formation of
Li-[Al-O], Li-[AI-F], and other species. Attention is also paid to lower
resistances measured from impedance spectra of Al-doped electrodes
upon cycling and aging in a charged state.

Impedance studies of LiNiysCop,Mny;0; electrodes.— Our
assumption on more stable and, to some extent, less resistive
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Figure 5. Differential capacity of LiNip5Co0p2Mng 30, undoped (a, b, c¢) and Al-doped (d, e, f) electrodes measured at various temperatures. The anodic peaks
separations E,n; — Eapp (mV) calculated from 25-th cycle at each temperature are indicated. Blue curves — 2-nd cycle, red — 5-th cycle, black — 25-th cycle.

electrode/solution interface of the Al-doped LiNij 5Cog>Mng 30, elec-
trodes has been verified by the impedance measurements upon charge
at 3.9 and 4.3 V. For this purpose, we explored thin-film electrodes
comprising only LiNiysCog>Mng 30, active material without any ad-
ditives (PVdF and carbon black). These electrodes were cycled at45°C
at various C-rates as demonstrated in Figure 6, which compares the
normalized discharge capacities of LiNiy sCop,Mng 30, undoped and
Al-doped electrodes. They show comparable capacities at moderate
rates, while the doped material delivers slightly superior capacities at
higher currents. Moreover, the capacity fade of these electrodes after
cycling and aging in a charged state (4.3 V) is slightly lower in com-
parison with their undoped counterparts. The above electrochemical
parameters correlate with lower impedances of the Al-doped elec-
trodes measured at 3.9 and 4.3 V after cycling/aging (Figure 7). It was
established that the Al-doped thin-film electrodes indeed demonstrate
lower resistances of the Li* migration through the surface film Ry
(a small semicircle at high frequencies from 200 kHz to 5 kHz in Z,
—Z"-plots) and of the charge-transfer R, (a depressed semicircle in
the intermediate frequency domain, 50 Hz—1 Hz) measured at 3.9 V
and 4.3 V during the charge process. Typically, at these potentials
the surface-film resistance Ry of the Al-doped LiNiy5Cop,Mng 30,
electrodes cycled and subsequently aged in a charged state is almost
twice lower in comparison with that of the undoped ones. The evolu-
tion of the charge-transfer resistance R, with the electrode potential
and cycling/aging of undoped and Al-doped electrodes is shown in
Figure 8 that demonstrates lower R, of the latter electrodes upon
charge to 4.3 V. These results are in agreement with those obtained
by other groups.’'”? As it follows from the literature data, the Al-
doping leads to lower impedance of doped LiCoO, electrodes in
comparison with that of the undoped material.>! Moreover the charge-
transfer resistance was shown to be reduced by the Al or Co-doping
of LiNigsMnys0, electrodes.”>>* In Figure 7, the inclined lines in
the low frequency domain (up to 5 mHz) of the impedance spectra
reflect the solid-state Li* diffusion in the bulk (Warburg impedance).
Presumably, the Li* diffusion coefficient (Dy;) is comparable for the
undoped and Al-doped materials due to their similar morphological
and crystallographic characteristics and minor content of the dopant.

Almost equal slopes of the peak currents vs. scan rate plots, both in
charge and in discharge furthermore point that lithium-ion diffusion
coefficients of undoped and Al-doped LiNiysCoy,Mng30, should
be similar (the calculation of Dy; for these materials was beyond
the scope of this study). In a recent literature report, a similarity of
Dy; around 10~'5 cm?/s has also been established for undoped and
Fe-doped Li; ;MngNiy,0, electrode materials.’* It is important to
emphasize that the above impedance spectra (Figure 7) reflect the
resistances produced only by the active cathode materials because
the undesired reactions of PVdF and carbon black additives affect-
ing the surface film formation and charge-transfer were avoided in
these electrodes. We note also that the impedance performance of the
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Figure 6. Normalized discharge capacities of thin-film electrodes (~0.5 p)
comprising only active cathodes materials of undoped and Al-doped
LiNip 5sCop2Mnp30; as a function of cycle number. These electrodes were
free of PVAF and carbon black. Cycling was performed at 45°C; rates of
cycling are indicated.
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Figure 7. Impedance spectra of thin-film LiNigp5Co0 .2
Mng30; electrodes (~0.5 pwm) comprising only un-
doped (black curves) and Al-doped (red curves) materi-
als measured at 3.9 V and 4.3 V at 45°C in pouch-cells.
These electrodes were free of PVdAF and carbon black ad-
ditives. The cells underwent 40 cycles at various C-rates
followed by a subsequent aging for 10 days in a charged
state (4.3 V, 45°C). In these spectra, semicircles (regis-
tered at the intermediate frequencies) relate to the interfa-
cial charge-transfer resistances of LiNip 5Co2Mng 30,
electrodes. The semicircles are marked with black and
red patterns, respectively for undoped and Al-doped elec-
trodes.
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Al-doped LiNij5Cop,Mng 30, electrodes resembles a similar behav-
ior of the layered-layered structurally integrated materials coated with
AlF;, the presence of which, though at a low content, resulted in more
stable electrochemical and aging behavior comparing to their uncoated
counterparts, as studied in our recent work.?!
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Figure 8. Charge-transfer resistance R measured from impedance spectra
of thin-film LiNips5Cop2Mng30; electrodes comprising only undoped and
Al-doped materials as a function of the electrode potential and cycling/aging.
These electrodes were free of PVAF and carbon black additives. Aging after
40 cycles at various C-rates was carried out in a charged state of 4.3 V for 10
days at 45°C.
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Interfacial LiNiysCop2Mng30y/solution reactions and XPS
analysis.— We suggest that improved, to some extent, electrochemi-
cal and aging performances of Al-doped electrodes may relate to more
stable cathode/solution interface and, consequently, to lower the sur-
face film and charge-transfer resistances resulted from specific surface
interactions of these electrodes with solution species. A hypothesis is
that upon cycling or aging in solutions, a thin reactive surface layer
(RSL) on the particles of the Al-doped material becomes enriched
with AI**-ions, which initiate the following interfacial reactions:

APt 4 3HF (sol) <> AlF; (s) | + 3HT [2]
AP + 3H,0 <> AI(OH), (s) | + 3H* 3]
AP* 4+ Li* + 4HF < Li[AIF], (s) | + 4H" [4]

AP* + Lit 4+ Ni** + xH,0 — LiNiAlOy (s) | + 2xH™" [5]

AP + Li* 4+ 4H,0 — LiAlO, (s) | + 4H* [6]

It is reasonable to propose that Al-containing species formed in a thin
RSL upon cycling or aging in solutions of Al-doped electrodes may
partially suppress an unavoidable formation of LiF (by reactions 7
and 8), stabilize the electrode/solution interface and, hence, lead to
lower impedance and more stable charge-discharge behavior of these
electrodes:

Li,CO; 4+ HF (sol) — 2LiF (s) | + H,O + CO, ¢ [71

It should be noted that phosphorous oxyfluoride POF; (reaction 8) can
also react with water and HF in solution to form several fluorinated
phosphoric acids (for instance, H,PO3;F), which further interact with
water and produce hydrofluoric and phosphoric acids:>

HzPOgF + Hzo — HF + H3PO4 [9]

Hence, along with the reactions 1-5, the following reaction may take
place at the electrode/solution interface producing the aluminum phos-
phate species:

APT 4+ 3P0,*” 4+ H,0 — AIPO, - H,O(s) | [10]
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TableIl. The results of Rietveld profile fitting of pristine undoped and Al-doped LiNig s Cog2Mng 3O, materials and of the corresponding electrodes

cycled at 30°C.
Unit cell Rp-factor
Material Material’s condition a (;\) c (A) volume (A3 ) of refinement (%)
LiNig 5Co92Mng 30, Pristine 2.8667 14.2136 101.2 2.42
Charged 4.3 V after 5 cycles 2.8139 14.2591 97.8 4.25
Discharged 3.0 V after 5 cycles 2.8631 14.1465 100.43 5.63
LiNig 5Cop2Mng 30, Al-Doped Pristine 2.8676 14.2298 101.4 2.35
Charged 4.3 V after 5 cycles 2.8170 14.3431 98.6 1.78
Discharged 3.0 V after 5 cycles 2.8676 14.2198 101.27 2.87

Thus, the modified interface comprising the Li*-ion conducting ac-
tive centers like LiAlO,, AlF;, Li[AlF4], and AIPO4 may promote
enhanced Li™ transport to the electrode bulk and to facilitate the
charge-transfer reactions.*® It should be emphasized that the above
species can suppress, to some extent, the undesired side reactions at
high anodic potentials, avoid the formation of resistive surface lay-
ers and therefore stabilize the electrode/solution interface. In general,
they act as domains for the surface protection of the positive electrodes
for Li-cells, the phenomenon that is well studied in the literature.?>-*’
Note that our suggestions of the AI** enriched surface layer on the
doped LiNip5Cog,Mng 30, particles are in line with the recently ob-
served segregation of the dopant-ions like Cr’*, Fe**, Ga’* to the
surface of spinel materials and of B or P-dopants near the surface of
the crystalline silicon due to a strong thermodynamic driving force
studied by time-of-flight secondary-ion mass spectrometry and first
principles DFT calculations.’”*® A similar phenomenon of the dopant
cations (Ca, Sr, Ba) segregation resulting in more stable surfaces of
cathodes for solid oxide fuel cells has been studied on the perovskite
oxide.>® These authors described the cation segregation in terms of the
elastic and electrostatic interactions of the dopant with the surround-
ing lattice, which are the main driving forces for segregation. Since
the dopant segregation is proposed to be chemically and structurally
inhomogeneous in the form of surface clusters (domains) of the nm-
size in height, their chemistry can be investigated by surface sensitive
techniques, like XPS. In order to study the surface chemistry devel-
oped due to the interfacial reactions 2—6 and 10, we probed by XPS the
Al-doped LiNiy5Cog,Mng 30, particles after being in contact (aging)
with EC-EMC/LiPF; solutions during 14 days (magnetic stirring, Ar-
gon atmosphere). The ratio of the LiNiy5Cog,Mng 30, material to the
solution volume was ~15 mg/mL, similar to that in an electrochemical
coin-type cell. The time of aging was equivalent to galvanostatic test-
ing of the electrochemical cells containing LiNij5Cog,Mng 30, elec-
trodes at a C/5 rate for ~20 cycles. The results of XPS measurements
of pristine and aged LiNij5Cop,Mng 30, materials are summarized
in the Table II that includes binding energies and peak assignments
of the relevant elements (XPS spectra are not shown for conciseness).
From the comparative analysis of the spectral data of pristine samples
we assume that a broad shoulder at ~73-74.5 eV observed in the Al
2p spectrum of the Al-doped LiNij sCoy>Mng 30, can be assigned to
Al-oxygen containing surface species (Al,03;) formed under ambi-
ent conditions though the dopant content is very minor. Upon aging
in EC-DMC/LiPFg solution this shoulder of the Al 2p spectrum ex-
tends to much broader range of binding energies from ~73.0 eV to
~76.0 eV that match closely those for LiAlO,, Al,O; species and for
a mixed aluminum oxide-fluoride Al,O,F, This later species can be
formed by interactions of HF with AI(OH); (reaction 3) or with Al O3
like in the case of the Al,O3-coated LiMn; 5Nig50O4 cycled cathode.®®
A weak peak at ~77.4 eV in the Al 2p spectrum of the aged Al-doped
LiNij5C0p2Mng 30, sample may relate to AlF;. The fluorine spec-
trum F 1s measured from this sample confirms the formation of both
AlF; (~687.8 eV) and LiF (~685.7 eV) surface species on the aged
Al-doped LiNip5C0p,Mng 30, particles. The XPS spectra of oxy-
gen O 1s of pristine samples demonstrate strong peaks at 531.7 eV
that may reflect the surface oxygen, Li-carbonate, and LiOH. The
formation of aluminum-fluorine containing species like AIF,OH on
the Al-doped aged particles is probably reflected by a shoulder at

533-533.5eV of the O 1s spectrum. The XPS spectrum of Li 1s regis-
tered from the aged Al-doped sample also demonstrates the formation
of surface LiF (peak at ~56.7 eV), which partially substitutes Li,O
species (peak at ~55 eV) developed possibly on the pristine particles
during their synthesis. It is interesting to note that analysis of the phos-
phorus P 2p peaks of both undoped and Al-doped samples suggests
surface species containing pentavalent phosphorous P3*. In the case
of undoped LiNijsCoy,Mng 30, particles the P 2p peak at 136 eV
matches the binding energy for P-F bond (probably from PF¢ or PFs
species) (also confirmed by '°F SS NMR, as discussed below), while
the phosphorus peak for the Al-doped aged material is shifted to
134 eV and may relate to species containing P-O-F bonds and to
AIPO, formed according to the reaction 10.5! The major broad peak
at 854-857 eV in the spectrum of Ni 2p;;, measured from pristine
Al-doped sample corresponds to the trivalent nickel in LiNiO,.5> For
the aged sample, the shift to higher binding energy of ~858 eV can
be attributed to the partial nickel oxidation such as in LiNi,Al,O,
species formed along with NiF, (857.4-858.2 ¢V).®* Evidence for
these species (LiNi Al,O,) is also confirmed via 7Li solid state NMR,
as discussed in the following section. Our XPS data show also that
the oxidation state of the Mn is 4+ corresponding to the binding
energy of 642.5-643 eV (Mn 2p;3,) in the pristine sample, and this
tetravalent state, as expected, is retained after aging the Al-doped
LiNi5C0p,Mng 30, particles in solution. A peak at 655 eV of Mn
2py, in these spectra can also be ascribed to Mn**.%* Note that a
question may arise if the HF content in a real electrochemical cell
would be sufficient to react with the “segregated” AI’* ions of the
doped LiNig 5Coy,Mn 30, material to develop the surface species in
reactions 2, 4, and 7, 10 detected by the XPS analysis? Simple calcu-
lations show that the hydrofluoric acid content is as large as 2.5-107°
mol in 1 mL of an EC-EMC/LiPFg¢ solution comprising ~50 ppm of
an unavoidably present HE. Then, note that 5-10 mg of the electrode
active mass contains ~0.5-107% — 1.107% mol AI**. This provides the
HF:Alratio ~(5-2.5) : 1, making therefore the above surface reactions
quite realistic due to the excess of HF. One should take into account
also that the amount of HF in solution actually increases upon cycling,
for instance by reaction 9.

Along with the different interfacial behavior of undoped and Al-
doped LiNij5Co0p2Mng30, with solution species upon aging, these
aged materials exhibited different thermal responses, as shown in Fig-
ure 9. The DSC curve (a) reflects the thermal decomposition of the
EC-EMC/LiPFg solution alone that initiates at 185°C and exhibits an
exothermic peak at 220°C. The total amount of the heat generated
was 140 J g=!. This exotherm is attributed to the redox reactions of
LiPF¢ and its decomposition products, such as PFs, with the alkyl car-
bonate solvents. The thermal behaviors of aged LiNiysCoy,Mng 30,
undoped and Al-doped in contact with the electrolyte solution are pre-
sented in Figure 9 by DSC curves (b) and (c), respectively. In the I-st
temperature range from 50 to 130°C, both aged undoped and Al-doped
particles demonstrate endothermic peaks at ~120°C (marked with red
arrows) in reactions with the solution. The endothermic processes can
be assigned to the dehydration of MnPO, - H,O or MnHPO, - 3H,0
(detected by XRD and Raman spectroscopy on cycled/aged samples)
and AIPO, - H,O species formed,% for instance as a result of the
reaction 10. We have shown previously that during aging of cath-
ode materials Li[Ni-Co-Mn]O, in electrolyte solutions the reactions
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Figure 9. Typical DSC responses measured upon heating of an EC:EMC/IM
LiPF¢ solution alone (a) and of LiNigs5Cop2Mnp30; undoped (b) and Al-
doped (c) materials in the above solution. Prior to DSC measurements, these
materials had been aged in EC:EMC/IM LiPFg solution in polyethylene vials
at 30°C for 14 days (under magnetic stirring, in Ar atmosphere). The red
arrows point to the endothermic reactions of the aged materials and solutions.

products are transition metal phosphate hydrates, as well as partially
chemically delithiated phases and partially decomposed solutions.®’
The onset temperature of Mn and Al-hydrates dehydration in curves
(b) and (c) is around 115°C, but the calculated heat is ~4 times higher
in the case of the Al-doped aged material. This result can be explained
by the additional contribution from the AIPO, - H,O decomposition
to the total heat of the endothermic reaction. It is important to note
that other species, for instance AlF; formed upon the reaction 2, did
not show any endothermic processes upon heating with the solution.
This was demonstrated by measuring the DSC response from the ar-
tificially prepared mixture of undoped LiNiy5Cop,Mng 30, contain-
ing AlF; (5 wt%). Further analysis of the thermal behavior of aged
LiNij5C0p>Mng 30, materials in Figure 9 demonstrates that the en-
dothermic reaction terminates and the system reaches an equilibrium
state around 130°C. It remains stable up to the beginning of the solu-
tion decomposition at ~180°C. In the II-nd temperature range (130-
330°C) both undoped and Al-doped aged materials (curves (b) and
(c)), respectively, demonstrate three exothermic processes at ~260,
280, and 300°C. The calculated total heat is about 310 J/g in the
both cases; however the structural transformations upon heating of
these materials in solutions are different, as can be suggested from
different rates of the exothermic reactions and from the redistribu-
tion of the total heat among three possible new phases formed. We
propose that the increased amount of metal hydrates on the aged Al-
doped LiNiy5Cop,Mng 30, affects strongly the thermal processes in
the high temperature range due to extensive endothermic decomposi-
tion reactions at low temperatures.

Solid state NMR studies of LiNigsCo¢:Mny;0, samples.— As
stated in the previous section, the NMR results are in good agree-
ment with the other analytical data from this work. The 'Li NMR
single pulse spectra of the four samples are shown in Figure 10. The
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Figure 10. 'Li MAS NMR single pulse data collected at 24 kHz spin-
ning speed (normalized to rotor mass) from LiNip5Cog2Mng 30, materials:
(a) Undoped, pristine, (b) Al-doped, pristine, (c) Undoped, cycled 100 times
at a C/5 rate at 30°C and polarized to 3.0 V, (d) Al-doped, cycled 100 times at
a C/5 rate at 30°C and polarized to 3.0 V.

spectra were collected under equivalent experimental conditions and
normalized to the mass in the rotor. All four spectra indicate a nar-
row resonance with similar spinning sideband manifolds centered at
0 ppm, representing lithium in a diamagnetic environment. In the
pristine materials, this resonance is attributed to Li found in a diamag-
netic environment, such as LiOH, that may be formed as by-product
of the materials’ synthesis, and possibly also represents Li atoms in
segregated regions of (diamagnetic) LiCoO,. In the cycled materials,
this same signal is attributed to lithium in similar environments to
those observed in the pristine case, in addition to the Li-species in
the SEI on the electrode’s surface (e.g. Li,O, LiF, and other species
already identified and reported before.**%%% The remaining, struc-
tural, lithium is typically NMR-invisible in single-pulse experiments
such as these. This is because of the strong effect of paramagnetic
Ni?* and Mn** ions surrounding these lithium ions inducing rapid
dephasing of the "Li magnetization, thereby diminishing most, if not
all, of the signal within the unavoidable post-pulse dead-time of the
probe (6.5 ps). Such resonances are usually in the 300 to 2000+
ppm range.”® However, in this set of data, a paramagnetically shifted
resonance was observed - a broad line centered on 350 ppm - seen
only in the undoped, cycled material. The implication of the visibility
of this shift in the single-pulse experiment is that the lithium species
associated with this peak experience a weaker paramagnetic effect,
i.e. the immediate lithium environment of this material does not con-
tain any of the highly paramagnetic Mn** ions. The size of the shift
is suggestive of small domains of LiNiO, and/or LiCoNiO, species,
relatively isolated from the bulk species (more specifically, the Mn**).
It is most reasonable to presume that such domains are located on or
close to the cathode surface, formed from nickel (and possibly cobalt)
ions that leached out of the bulk. Previous studies on LiNiygCo,0,
and LiNiy 3Mng3Co 30, cathodes have shown a similar process of Ni
leaching out of the bulk.>’! As is clear from the figure, this feature
is only detected in the undoped material, suggesting that this phe-
nomenon is markedly reduced by the presence of the Al dopant. This
result is in agreement with the XPS data, as described above.
Generally, rotor-synchronized spin-echo sequences collected at
very high spinning rates are used to overcome the limitation of
the NMR-invisibility of fast-dephasing bulk lithium in paramagnetic
environments.’”> The Hahn echo sequence serves to re-focus the inho-
mogeneous dephasing mechanisms, thereby recovering much of the
otherwise-invisible signal. Such spectra were taken of these samples
(data not shown) and revealed, as expected, a broad line centered
around 350 ppm, with the spinning sidebands of the narrow diamag-
netic resonance sitting on top, similarly to previously published data

Downloaded on 2015-03-25 to IP 132.70.25.130 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 162 (6) A1014-A1027 (2015)

a)

b)

200 160 120 80 40 0 -40 -80 -120 -160 -200 -240 -280 -320 -360 -400
Chemical shift / ppm

Figure 11. 'F MAS NMR single pulse data collected at 24 kHz spin-
ning speed, (normalized to rotor mass) from LiNip5Co0p2Mng 30, materials:
(a) Undoped, cycled 100 times at a C/5 rate at 30°C and polarized to 3.0 V,
(b) Al-doped cycled 100 times at a C/5 rate at 30°C and polarized to 3.0 V,
(c) measured from PVdF (Kynar 2801).

on (aged) Li(Nij_y.,Co,Al,)O, by Menetrier et al.”? (It should be noted
that the main peak observed in their study was seen near 400 ppm,
owing to the bulk material being of slightly different composition).
Here, it is observed as well that the paramagnetically shifted peak in
the pristine material, representing the lithium in the bulk material, is
both narrower and more intense in absolute terms, as compared to the
cycled sample. This reflects the reduction in reversible capacity of the
electrode, as it is a quantitative measure of the reduced re-lithiation of
the active material. At the same time, the O ppm feature seen in both
samples is stronger in the aluminum-doped material, indicating that
more surface Li is found upon electrode cycling. This Hahnecho data
is not shown, as it did not reveal any new information.

The "°F single-pulse MAS NMR data is shown in Figure 11. Only
the cycled samples were fluorine-containing (the only source of fluo-
rine in these cells being the PVAF and the LiPFg salt). The signals near
—105 and —165 ppm seen in both samples are background signals
from the stator material. These background signals are quite intense
and broad, therefore anything which is expected to resonate in that
vicinity (LiAlF,, at —155 ppm, AlF;, at —173 ppm or LiF at —200
ppm) will not be discernible in small quantities (less than 5%). As
expected, the strongest signal seen in both samples is the PVdF ma-
terial, as it makes up 10% of the electrode sample weight. Because
of this, it can also serve as an internal quantitative absolute reference.
The PVdF used in the sample preparation was examined separately
and in the pristine form indicates at least 3 resonances: the main peak
at —99.2 ppm, assigned to the bulk head-tail (H-T) polymeric units
(-CH,-CF,-), a smaller shoulder at —119 ppm, assigned to H-H/T-T
subunits (-CF,CF,CH,CH,-) and another minor peak at —73 ppm,
probably a PVdF defect site.” Of these, the former two resonances
are clearly seen in both cycled samples. The most significant differ-
ence seen in the two cycled samples is the presence of the —73 ppm
peak, which is seen only in the Al-doped sample. Given the high elec-
trochemical, chemical, and thermal stability of PVdF, it is unlikely
that this is an increase in the PVdF defect site (as it is assigned above
in the PVdF spectra), and more likely attributed to PFs, which also
resonates at this chemical shift.”> In the cycled undoped material, it
is not present at higher than 6-7% of the main PVdF peak, and in
the doped sample, it is measured as almost 40% the size of the main
peak. It appears that the presence of aluminum has some effect on the
breakdown pathway of the LiPF salt, likely acting as a catalyst for
its decomposition to PFs, and/or preventing its further breakdown to
PF; and POF; groups, as described in the suggested reactions listed
above.
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27 Al MAS NMR data was collected on the pristine, Al-doped sam-
ple, in which a single broad peak (half-height width 2 kHz) was seen
in the solid echo experiment at —14 ppm. This data (not shown) is in-
dicative of aluminum in a salt form, i.e. surface aluminum-containing
species. Evidence for aluminum in the bulk was not seen in the NMR
data that was collected. This may be a result of severe spectral broad-
ening due to the quadrupolar interactions of the 2’Al nuclei in an
asymmetrical environment, or simply insufficient signal due to ex-
tremely small quantities of aluminum in that configuration.

Structural characterization of LiNiysCoy,Mny ;0> materials and
electrodes at various states of charge (XRD, TEM-ED analyses).— A
detailed structural characterization of the doped and undoped pristine
materials was carried out by Rietveld method. The model used for the
Rietveld refinement based on the layered rhombohedral NaFeO,-type
structure (R-3m space group), in which the octahedral 3b iron sites
were occupied by Ni?*, Mn** and Co’* ions, whereas Li* ions were
positioned on the octahedral 3a sodium sites thus forming lithium
layers. The occupancy ratios for transition metals at 3b site were con-
strained to the values corresponding to the chemical formula of the
material. After preliminary refinement of the lattice parameters and
obtaining the isotropic atomic displacement parameters the values of
B, were fixed, and, assuming the presence of extra Ni** ions in the
lithium layer, we varied the occupancy of Li*/Ni** ions at 3a lithium
site. In the case of Al-doped material we also considered possible
replacing Co®* ions with AI** ions at 3b site; it was found that the
contribution of the substituent Al ions to the occupancy of transition
metal layers is about 0.01%, which corresponds to Al content of about
0.0004 Al ions/unit cell. The refined occupancies for Li*/Ni** ions
at 3a site yielded the Ni-to-Li ratio about 0.01/98.8 both for doped
and undoped materials. An agreement between the experimental and
the calculated diffraction patterns was rather good (Figure 12a, 12b),
with reliability factors R, = 8.5% and R, = 5.5%, respectively for
doped and undoped cases. The results of Rietveld analysis indicated a
pronounced layered character of the structure of the pristine materials
(doped and undoped) with good separation of transition metal ions and
Li ions onto their respective planes. Low values of the ratio of the inte-
gral intensities of [102], [006] and [101] peaks (I02+Io06)/1101, Which
were, respectively equal to 0.37 and 0.40 for Al-doped and undoped
pristine materials, provided an additional indicative of the good qual-
ity of their layered structure. Changes in the XRD patterns produced
by charge/discharge cycling of LiNip5Cop2Mng 30, electrodes with
final charge to 4.3 V (red profiles) and by cycling ended by discharge
to 3.0 V (green profiles) are presented in Figure 13a and 13b, relating
to doped and undoped materials, respectively. It can be seen that the
patterns obtained from the cycled samples contain all the diffraction
peaks of pristine and do not show formation of any additional phase,
thus implying that the original layered structure described by R-3m
space group is retained. The only additional peak labeled G at 26 =
26.5° arises from remnants of graphite in the electrode. We observe,
however, a noticeable shift of the diffraction peaks, with respect to
pristine, in the profiles (in red color) obtained from both doped and
undoped materials, which were subjected to charge/discharge cycling
terminated by charge to 4.3 V. In these profiles the distance between the
pairs of peaks (018)/(110) and (006)/(012) increases, and, in fact, the
peak (006) merges with reflection (101). This shift indicates changes
in the lattice parameters, which were apparently caused by the delithi-
ation process in the course of the final charge to 4.3 V. When electro-
chemical cycling is completed by subsequent discharge, lithium ions
intercalate back to their octahedral sites in the layered structure (R-
3m), and the unit cell of the material should be restored approximately
to its initial dimensions, meaning the diffraction peaks will move back
toward their former positions. This is exactly what we observe in the
green profiles in Figure 13a and 13b: peak (006) appears again, and the
(018)/(110) peaks become close to their positions in pristine material.
Table II shows the results of least-square refinement of lattice parame-
ters characterizing each XRD profile. It follows from Table II that the
unit cell volume of both Al-doped and undoped materials decreases af-
ter cycling terminated by charge to 4.3 V, apparently due to extraction
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Figure 12. Rietveld refinement plots obtained for pristine LiNips5Cop2
Mng30;: (a) Al-doped material; (b) undoped material.

of lithium during final charging. Correspondingly, the a-lattice pa-
rameter decreases because the distance between transition metal ions
reduces as a result of their oxidation, albeit the c-lattice parameter in-
creases. When the lithium ions intercalate to the structure during the
final discharge, the unit cell volume is restored almost completely. Ac-
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Figure 13. Changes in the XRD patterns produced by charge/discharge cy-
cling of (a) Al-doped and (b) undoped materials. Peak labeled as “G” is due to
the graphite additive to the electrode mass.

cordingly, the unit cell dimensions get closer to the cell parameters of
pristine.

The results of TEM observations of samples are consistent with
the structural information obtained by XRD. Using convergent-beam

Doped cycled (Charg. 4.3V) | Doped cycled (disch.3V)

11.4)

(10.1)

N (11.0)

® . )

Rhombohedral phase Li(Ni,Co,Mn)O2 c Rhombohedral phase Li(Ni,Co,Mn)O, d

Figure 14. Examples of CBED patterns demonstrating that in the vast majority of the analyzed particles of both Al-doped and undoped materials the original
layered structure (R-3m) is retained upon cycling. (a) CBED pattern from undoped pristine; (b) CBED pattern from undoped material after cycling terminated by
discharge to 3.0 V; (c) CBED pattern from Al-doped material after cycling terminated by charge to 4.3 V; (d) CBED pattern from Al-doped material after cycling
terminated by discharge to 3.0 V.
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Figure 15. Examples of CBED diffractions demonstrating the existence of cubic spinel structure in the cycled material. (a) CBED pattern from the spinel particle
formed in undoped material after cycling terminated by charge to 4.3 V; (b) CBED pattern from the spinel particle observed in undoped material subjected to
cycling ended by discharge to 3.0 V; (c) CBED pattern from the spinel particle formed in Al-doped material after cycling terminated by charge to 4.3 V; (d) CBED
pattern showing the presence of spinel particle in Al-doped material after cycling terminated by discharge to 3.0 V.

electron diffraction technique we analyzed several tens of individual
particles representing doped and undoped materials in their initial state
(pristine) and also after electrochemical cycling. Examples of CBED
patterns taken from the particles of doped and udoped cycled materials
are shown in Figure 14a—14d. All these patterns were indexed in terms
of the rhombohedral structure Li(TM)O, thus demonstrating that the
original layered structure of pristine described by R-3m space group is
retained upon cycling. Though examination of the XRD patterns taken
from cycled samples has shown that they can be considered as single
phase material possessing the layered a-NaFeO,—type (R-3m) struc-
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Figure 16. Typical DSC responses measured upon heating in EC:EMC/IM
LiPF¢ solution of LiNip5C0p2Mng30; electrodes comprising undoped and
Al-doped materials: (a) undoped pristine electrode, (b) undoped electrode
cycled at 30°C and charged to 4.3 V after the 5-th cycle, (c) Al-doped pristine
electrode, (d) Al-doped electrode cycled at 30°C and charged to 4.3 V after
the 5-th cycle.

ture, some CBED patterns straightforwardly revealed the presence of
trace amounts of cubic spinel structure. Shown in Figure 15a—15d
CBED diffractions demonstrate unequivocally the existence of cubic
spinel phase as a result of layered-to-spinel structural transformation
in the cycled material. It is worth noting that the EDS analysis of
the particles that were identified as possessing spinel structure shows
that their composition noticeably differs from the composition of the
pristine material by the Ni/Ni+Co-+Mn ratio. This may relate to dif-
ferent energetic activation barriers for Ni, Co, and Mn to migrate to
the lithium sites upon Li* deintercalation.”®””

Thermal behavior of LiNiysCop,Mny 30, electrodes.— DSC pro-
files of pristine LiNiy sCo,Mng 30, materials Al-doped and undoped
in contact with 1M LiPF¢/EC: EMC 3:7 solution are shown in
Figure 16. The DSC response of the pristine undoped material upon
heating in the above solution demonstrates at least three reactions
started at 230°C and accompanied with heat evolution about 355 J/g
(Figure 16, curve a). The exothermic reactions between the elec-
trolyte and the cathode materials at elevated temperatures occur due
to oxidization of the solvents by oxygen released from the electrode
material. The delithiated undoped material (curve b) shows the first
exothermic reaction around 75°C related to decomposition of the
electrode passive layer formed upon cycling. The characteristics of
the main exothermic processes of this material are a decrease of the
onset temperature to ~110°C and the overall heat of 575 J/g, much
higher than of the pristine material. A comparison of the DSC ther-
mogramms (a) and (¢) demonstrates that the thermal behavior of the
Al-doped pristine LiNiy5Cop,Mng 30, electrode is characterized by
a slight increase of the onset temperature but a decrease of the total
heat (320 J/g). It was established that the DSC response of the delithi-
ated Al-doped material (curve d) is similar to that of the undoped
one, however the total exothermic heat evolved decreased to ~520
J/g indicating thus more stable thermal behavior of the doped sample
in a charged state. We note that both undoped and doped materials
demonstrate the same number of the exothermic peaks during heating
with electrolyte solution. These peaks are attributed to structural trans-
formations of the materials upon heating. However, the shape of the
exothermic peaks of the Al-doped material measured both in pristine
and in charged state (4.3 V) are broader as compared to the undoped.
This may indicate lower rates of the thermal reactions between the Al-
doped LiNij 5Co2Mng 30, and solution species and therefore higher
thermal stability of this material.

Conclusions

In this work, we studied the electrochemical behavior, as
well as the structural and thermal characteristics of the Ni-rich
LiNig5C0p,Mng 30, undoped and Al-doped materials for positive
electrodes of lithium batteries. It was established based on the results
of Rietveld profile fitting that the structural features of these materials
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are quite identical from the crystallographic point of view. Indeed, the
pure LiNig5Cop,Mng 30, and the Al-doped materials differ only by a
minute amount of dopant (~0.01 at.%). These materials are of layered
rhombohedral a-NaFeO,-type structure (R-3m space group) and pos-
sess similar lattice parameters and equal “slab thickness Li/TM” and
“Li/TM” ratios, as well as the g-factor around 2.05 measured by EPR
for both undoped and Al-doped LiNiysCoy,Mng30,. Using DFT, we
calculated the most preferred Al-doped configurations. The lowest
energy was found for the Ni substituted configuration, in which Al*3
is surrounded by 1 Co, 2 Mn and 3 Ni ions. It was also demonstrated
that Al substitution in the doped LiNip5Cop,Mng 30, is preferred at
Ni sites over Co sites, and the thermodynamic preference for AI**
substitutions follows the order: Ni>Co>Mn. From the electrochemi-
cal studies of undoped and Al-doped LiNipsCop,Mng 30, electrodes
at 30, 45, and 60°C we conclude that these electrodes exhibit similar
irreversible capacity loss (ICL) during the first charge/discharge. It
is suggested that the decreasing ICL for both types of electrodes, as
the temperature increases, may be related to reduced side-reactions.
We propose that the reduced side-reactions are a result of effective
passivation of the electrode surface at higher temperatures due to the
optimized properties of the surface films naturally formed on these
cathode materials in standard electrolyte solutions. We propose that
the lower capacity fading of the Al-doped electrodes upon aging of
the cells in a charged state (4.3 V) at 60°C in comparison with their
undoped counterparts, as well as more stable mean voltage behav-
ior, are likely due to the chemical and structural modifications of
the electrode/solution interface upon cycling and storage of the Al-
doped electrodes. An interesting finding from this work is that upon
short-term cycling tests, the Al-doped LiNig sCog>Mng 30, electrodes
demonstrate lower activation energies for the discharge process. This
correlates well with the results of our solid state NMR studies of the
Li spectra for undoped and Al-doped materials subjected to elec-
trochemical cycling. We have found that the broad NMR line with
a peak at ~350 ppm (paramagnetically shifted) appeared in the Li
spectrum of the undoped cycled material. The lithium ions associated
with this peak experience a weaker paramagnetic effect than would
be experienced if Mn** ions are found in their closest shell. Weak
interactions with Ni** ions may be from Li-[Ni-(Co)-]O, species
located on the cathode surface formed as a consequence of nickel
(and possibly cobalt) leach out from the bulk, in agreement with the
literature data. Our suggestion is that the leached ions form Ni-rich
domains on the cycled undoped material surface, which partially inter-
fere with the Li* diffusion in and out of the LiNig sCoy»Mng 30, elec-
trodes. The AI’* doping inhibits Ni leaching, thus promoting faster
Li-transport and lower activation energy of discharge in the case of
doped LiNij sCop,Mng30,. We also conclude that the electrochem-
ical behavior of Al-doped LiNiysCo,Mng30, electrodes correlates
with the lower resistances of the Li* migration through the surface
films and of the charge-transfer measured at 3.9 V and 4.3 V after cy-
cling and aging in a charged state. The lower impedances of Al-doped
LiNip5Co02Mng 30, electrodes can be explained by more stable sur-
face chemistry developed on the doped particles due to the interfacial
reactions of the dopant in AI** enriched surface layer (“segregated”
aluminum) with an EC-EMC/LiPFg solution. It is concluded from
electrochemical impedance and XPS studies that the modified sta-
ble and less resistive interface on the Al-doped particles comprises
the Li*-ion conducting nano-sized centers like LiAlO,, AlF;, etc.,
which promote Li* ionic transport to the bulk and therefore facili-
tate the electrochemical reactions. A correlation was also established
between the modified interface of the Al-doped LiNiysCoy,Mng30,
particles aged in an EC-EMC/LiPFg solution and their thermal re-
sponses. We suggest from DSC experiments that much higher the
endothermic heat reverted at ~120°C of the doped particles, aged
in solutions, comparing to the undoped ones, relates to the dehy-
dration reactions of the surface accumulated Mn- and Al-phosphates
formed upon aging. It was found from X-ray and electron diffraction
studies that the cycled LiNip5Cop,Mng30, samples retain mainly
their original layered structure described by the R-3m space group.
At the same time, we established unambiguously the formation of
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a cubic spinel structure (Fd-3m) in cycled electrodes (both undoped
and Al-doped samples) due to the layered-to-spinel transition upon
Li-extraction. The elemental compositions of these spinel structures
were found to be significantly different to those of the pristine layered
Li[NiCoMn]O, material. This effect deserves a separate examination
and will be studied further by our groups.
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