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Characterization of Electronic and Ionic Transport
in Li;.xNip §C00.15Alp,0s02 (NCA)

Ruhul Amin,®* Dorthe Bomholdt Ravnsbak,*" and Yet-Ming Chiang®*>

“Department of Materials Science and Engineering, Massachusetts Institute of Technology (MIT), Cambridge,
Massachusetts 02139, USA
bDepartment of Physics, Chemistry and Pharmacy, University of Southern Denmark (SDU), 5320 Odense M, Denmark

Despite the extensive commercial use of Lij.xNip §Cop.15Alp0502 (NCA) as the positive electrode in Li-ion batteries, and its long
research history, its fundamental transport properties are poorly understood. These properties are crucial for designing high energy
density and high power Li-ion batteries. Here, the transport properties of NCA are investigated using impedance spectroscopy and dc
polarization and depolarization techniques. The electronic conductivity is found to increase with decreasing Li-content from ~10~*
Sem™! to ~1072 Scm™! over x = 0.0 to 0.6, while lithium ion conductivity is at least five orders of magnitude lower for x = 0.0 to
0.75. A surprising result is that the lithium ionic diffusivity vs. x shows a v-shaped curve with a minimum atx = 0.5, while the unit cell
parameters show the opposite trend. This suggests that cation ordering has greater influence on the composition dependence than the
Li layer separation, unlike other layered oxides. From temperature-dependent measurements in electron-blocking cells, the activation
energy for lithium ion conductivity (diffusivity) is found to be 1.25 eV (1.20 eV). Chemical diffusion during electrochemical use
is limited by lithium transport, but is fast enough over the entire state-of-charge range to allow charge/discharge of micron-scale
particles at practical C-rates.
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Cathodes having high energy and power density, adequate safety,
excellent cycle life, and low cost are crucial for Li-ion batteries that
can enable the commercialization of electric transportation.! Towards
this end, much research has previously focused on the development
of the LiNi; 4 Co,0, (NC)* !0 cathode due to its high capacity (~275
mAh/g) and favorable operating cell voltage (4.3 V vs. Li/Li*), which
is within the voltage stability window of current liquid electrolytes.
This compound also has lower cost than LiCoO,; but despite extensive
optimization, e.g., with respect to the Ni/Co ratio,”'* NC still suffers
from poor structural stability during electrochemical cycling.!! Sig-
nificant efforts were subsequently focused on improving structural
stability by doping with small amounts of electrochemically inactive
elements such as Al and Mg.'”"” One of the most promising com-
positions that emerged is Li; Nip §Cog 15Alp0502 (NCA), currently in
widespread commercial use. This intercalation material exhibits solid
solution behavior during the extraction of lithium**!® and is struc-
turally stable upon cycling.? The majority of studies of NCA have
focused on structural and electrochemical characterization. Surpris-
ingly, there is limited, and conflicting, data on the basic transport
properties of the NC/NCA family of compounds.'®* Cho et al.,'” and
Montoro et al.?° determined the chemical diffusivity of LiNi;_Co,O,
using GITT measurements of composite cathodes (e.g., NC powder
combined with polymer binder and carbon additive), and reported re-
sults varying over several orders of magnitude. They also reported that
the chemical diffusivity of Li,NipgCo(,0, is nearly independent of
lithium content. In contrast, Montoro et al.”’ found a wider variation
of lithium diffusivity with lithium content in the same Li,Nig §C0¢,0,
composition. Saadoune and Delmas?” reported electronic conductivity
for Li,NiggCo0,0; exhibiting semiconductor-like behavior. In con-
trast, Sethuprakhash and Basirun® reported metallic-like electronic
conductivity for Li;_,Nig 4C04Alp,0;.

Thus our objective in this work is to systematically characterize
and interpret the transport properties of NCA. We use additive-free,
single phase sintered samples in which the extrinsic effects that may be
present in composite electrodes are avoided. Using electron blocking
and ion blocking cell configurations, respectively, and electrochem-
ical impedance spectroscopy and dc polarization and depolarization
techniques (see Table I), we deconvolute the electronic and ionic con-
ductivities of NCA as a function of temperature and Li content.

*Electrochemical Society Active Member
“E-mail: ychiang @mit.edu

Experimental

NCA powder of Li;_Nij gCo¢15Aly0s0, composition was ob-
tained from NEI Corporation Inc. (Somerset, NJ, USA). Compacted
pellets were prepared from the powder by pressing at 340 MPa for
60s, forming cylindrical samples of 14 mm in diameter. The pellets
were sintered at 850°C for 12 h in ambient atmosphere, preceded
by heating at 5°C/min and cooling at the same rate. This procedure
yielded samples of 96-98% relative density, sufficiently high that the
measured conductivity represents the bulk value (being proportional
to density at high sintered density).

Electrochemical delithiation.— The sintered pellets were polished
to a thickness of 0.30 to 0.80 mm. One side of the polished pellets was
coated with a thin layer of graphite to form good electrical contact
with the metal current collectors in the cells. Delithiation was per-
formed in a Swagelok-type electrochemical cell using lithium metal
foil as the counter electrode, the NCA pellet as the working electrode,
and a liquid electrolyte mixture containing 1 M LiPFs in 1:1 by mole
of ethylene carbonate/diethyl carbonate (EC/DEC). A Celgard sep-
arator (Charlotte, NC, USA) was used to separate the electrodes. A
charging current equivalent to C/200 rate was applied using Bio-logic
SA France Model: VMP3 (Claix,, France). The current was applied
continuously or intermittently (applied for one hour intervals followed
by a half-hour rest). After electrochemical delithiation to the desired
compositions, the cells were disassembled and the pellets were washed
with acetone and pure EC/DEC solvent, and heated at 120°C in an
inert atmosphere for at least 24 h in order to homogenize the lithium
distribution. The pellets were again polished lightly on both sides to
remove any surface lithium salt.

Electronic conductivity measurement.— The as-sintered lithiated
and partially delithiated pellets were painted with silver paste on both
surfaces forming the cell configuration Ag|NCA|Ag. The pellets were
subsequently heated at 120°C overnight in order to remove the organic
solvent. The Ag|NCA|Ag cells were placed in battery coin cell hold-
ers with support of stainless steel disks on both sides of the pellet.
Direct current polarization technique (DC) as well as electrochemical
impedance spectroscopy (EIS) were employed to measure the elec-
trical conductivity of the samples using Bio-logic SA France Model:
VMP3 (Claix,, France) in the frequency range 200 k Hz—0.5 Hz. The
measurements were performed at temperatures from 25-100°C using
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Table I. Summary of techniques and cell configurations used to elucidate electronic and ionic conductivity, and the ion diffusivity, as a function

of temperature and/or Li-content.

Probed Technique Cell configuration Transport properties as a function of :
Electronic conductivity EIS - AC Ag/NCA/Ag Temperature, Li- content
EIS - DC Ag/NCA/Ag Temperature, Li- content
ITonic conductivity EIS - AC Li/PEO/NCA/PEO/Li Temperature
EIS - DC Li/PEO/NCA/PEO/Li Temperature
Ion diffusivity EIS - AC and DC Li/PEO/NCA/PEO/Li Temperature
Depolarization Li/Separator (w. electrolyte)/NCA/current collector Li- content

Abbreviations: EIS: Electrochemical Impedance Spectroscopy, AC: Alternating Current, DC: Direct Current, GITT: Galvanostatic Intermittent Titration

Technique, NCA: Li;_,Nig §Coq.15Alp.0502, PEO: polyethylene oxide.

a VWR temperature controller. The sample temperature was measured
by a thermocouple placed near the sample.

lonic conductivity and diffusivity measurements.— The ionic con-
ductivity and diffusivity of the fully lithiated, starting NCA was mea-
sured by direct current polarization (DC) as well as electrochemical
impedance spectroscopy (EIS), over the frequency range 200 kHz—
10 pHz at AC amplitude 10 mV as a function of temperature. Doped
polyethylene oxide (PEO) was used as an electron-blocking, lithium-
conducting membrane. The measurements were performed in the
symmetric cell configuration Li|PEO|NCA|PEO|Li in a Swagelok-
type cell. The PEO membrane was fabricated by mixing PEO powder
(from scientific polymer products, Inc., Mw 4,000,000) and Lil (from
Aldrich, 99.99%) in a 6:1 molar ratio in dry acetonitrile. Detail of
preparation can be found elsewhere.?*

In order to measure ion diffusivity as a function of lithium con-
tent, dc polarization/depolarization measurements were made on thin
sintered NCA pellets (0.26-0.30 mm thickness and 0.219-0.158 cm?
surface area) of known weight, using Swagelok-type cells. The same
cell preparation procedure and components as described above for
electrochemical delithiation were used. A charging current equivalent
to C/400 rate were applied for 25 h, after which the cell was relaxed
at open circuit voltage (OCV) conditions for at least 75 h to reach the
steady state OCV. Lithium ionic diffusivity was derived from the volt-
age relaxation vs time (depolarization process). Here we considered
the diffusion length to be one half the sample thickness.

X-ray diffraction and rietveld refinements.— Powder X-ray
diffraction (PXD) measurements were performed in Bragg-Brentano
reflection geometry using a RigakuD/Max/b 185 mm radius goniome-
ter X-Ray Powder Diffractometer equipped with a 13 kW RU300 Cr-
source rotating anode X-ray generator (Cr Ko radiation), diffracted
beam monochromator and a scintillation point detector. All PXD data
were collected from 26 to 120° 20 with a step size of 0.02° and a step
speed of 0.5°/min.

To investigate sample stability during exposure, a sample exposed
to ambient air and one stored under inert (glove box) conditions were
each analyzed by PXD of the exposed surface. No impurity phases
were observed for the latter sample, while for the former sample a
relatively large amount of Li,CO3 was observed (Figure 1). Therefore,
all sample handling and measurements were performed under inert
conditions.

To elucidate the change in unit cell parameter in
Li; .Nip §Cop15Alp050, as a function of x, a series of samples
was chemically delithiated by reaction with nitroniumtretafluorobo-
rate (Sigma Aldrich) in dry acetonitrile (Alfa Aesar). The reaction
mixture was kept in an argon filled glove box for three days in order
to complete the reaction. The partially delithiated NCA powder was
separated from the solution by centrifugation (Eppendorf Centrifuge,
Model 5804R, (Hauppauge, NY, USA)). The powder was washed
with additional acetonitrile to remove salt and other impurity phases.
The final powder was dried in the glove box at 80°C before PXD
measurements.

Rietveld refinements were performed using the program
FullProf.> The backgrounds were described by linear interpola-
tion between selected points, while pseudo-Voigt profile functions
were used to fit the diffraction peaks. In general the unit cell pa-
rameters, sample displacement, profile parameters and the over-
all temperature factors, B,, were refined. The structural model for
Lig.99Nip.71C00.15Alp.1502 (space group: R-3m, a = 2.86 and ¢ =
14.199 A) published by Guilmard et al.2® was used as starting model
for the refinements of Li;_,Nig §Cog 15Aly 050,. The occupancies of Ni
and Al were changed to match the material composition while that
of Li was changed to accommodate the relevant degree of delithi-
ation. At high degrees of delithiation a second NCA phase was
observed, which was satisfactorily modeled using a second R-3m
Li;_.Nig 3Coy.15Al90sO, with slightly different cell parameters.

Results and Discussion

Electronic conductivity.— The impedance spectra of as-sintered
lithiated NCA measured at selected temperatures on the symmet-
ric cell configuration, Ag|NCA|Ag are shown in Figure 2a. Nearly
perfect semicircles are obtained in the temperature range 25-100°C
and in the frequency range 2 x 10°-5 x 1072 Hz. The absence of
a second semicircle is an indication of absence of other resistive
processes and also suggests minor or negligible ionic conductivity.
Similar impedance spectra were observed for the partially delithi-
ated samples. The impedance spectra were evaluated with the ideal
equivalent circuit shown in Figure 2b. For temperature-dependent
measurements, impedances were measured during both heating and

T X T % T L T ¥ T L T ¥ T T ¥ T L
L d ®NCA
vLi,co,
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[
T sl |0 0 T

NCA - exposed to ambient conditions

L “ LA A MJ\.

NCA - handled under inert conditions
30 40 50 60 70 80 90 100 110 120
20 (degrees)

Intensity (a.u.)

Figure 1. PXD data of NCA samples handled under inert conditions (black
curve) and exposed to ambient conditions for 48 h (red curve), respectively.
Note that Li»COs is observed for the sample exposed to ambient conditions,
while only peaks from NCA are observed for the sample handled under inert
condition.
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Figure 2. (a) Impedance spectra of as-sintered fully lithiated NCA at two different temperatures measured using the symmetrical cell configuration Ag/NCA/Ag,
(b) equivalent circuit used to evaluate the impedance spectra, and (c) time dependent current in polarization measurements performed at various temperatures in

the same cell configuration under constant applied voltage.

cooling. The capacitance (C) values can be calculated from the fit-
ting parameters Q and n according to C = (R"™"Q)"" where Q is
a constant phase element and 7 is essentially a measure of the de-
gree of depression of an arc (here n is usually in the range of
0.98-0.92 depending on the temperature and degree of delithiation).
Derived capacitance values are ~107!°F and thus confirm that the
observed impedance responses originate from the bulk (grains) of
the samples, i.e. not the grain boundaries.”’” The absence of any
additional polarization process (i.e. second semicircle) at low fre-
quencies for all samples indicates that this conduction is predom-
inantly due to electronic carriers. In order to substantiate this ob-
servation, DC polarization and depolarization measurements were
performed for lithiated and partially delithiated NCA samples us-
ing the same cell configuration as for the impedance spectroscopy.
Figure 2c is representative of a typical DC measurement on a NCA
sample. During application of a constant voltage the current increases
in a step-function manner to a stationary value with the applied load
and analogously, decays in a step-function on switching off the ap-
plied voltage. Such behavior is indicative of a electronically dominated
conduction process since in the case of significant contributions from
ionic motion, a continuous increase of the current during polarization
limited by a steady state situation, and a symmetrical decay of the
current during depolarization with rate constants being determined by
lithium diffusion D?;; are expected.?$-%

1.5 |0.22 evo- ' " —o—x=0 ' i
0.18 eV —{—x=0.10
—~ 0.17 eV @) —53_“8-;8
n H.14 ev a *—x=0. .
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The electronic conductivities of the lithiated and partially delithi-
ated NCA are plotted in Figure 3a as a function of inverse of tempera-
ture. The conductivities of the partially delithiated samples measured
at a given temperature increase monotonically with increasing delithi-
ation (Figure 3b, for measurements at 30°C). Over the measured com-
positional range, the electrical conductivity shows thermally-activated
behavior. The values of activation energy, calculated using an Arrhe-
nius law, varies from 0.22-0.14 eV (£0.04 eV) as shown in Figure 3a,
and is consistent with the value reported by Saadoune and Delmas®?
for Li,NiggCo¢,0,. These are typical values for the migration process
of a small polaron generally observed in mixed-valence systems.*! Itis
reported that Co is less prone to oxidize from the trivalent to tetrava-
lent state in the presence of Ni.’?> The electronic configurations of
Co**, Ni*tand Ni** have the (t,) orbital filled in each case. As a
result, electron delocalization is unlikely. The increase in electronic
conductivity is associated with the presence of mixed Ni**/Ni*t va-
lence states resulting from delithiation, which leads to hole formation
in the narrow (Ni**/Ni**) band. It is seen from the Figure 3a and
3b that beyond 60% delithiation (i.e. x = 0.60) the sample exhibits a
sharp rise in electronic conductivity. This may be due to oxidization
of cobalt from the trivalent to tetravalent state at this delithiation level.
The degree of cobalt oxidation is evidently small, since a high degree
of oxidation would lead to metallic behavior due to the presence of
holes in the broad t, band. We were not able to measure the electronic

I(b)l T T T T T T T
—~ 2} o |
£

0 - -
Q

~ [}
2T T
o | ° * ]
= ° At 30°C

0 016 032 048  0.64
x value in Li;_ ,Ni; ;Cog 15Alj 50,

Figure 3. (a) The electronic conductivity of lithiated and partially delithiated NCA (Li;.,Nig §Coq.15Al0.0502) (as a function of inverse temperature obtain from
DC measurement and calculated activation energy using the Arrhenius equation. AC impedance also exhibit the same magnitude of conductivity. (b) The electronic
conductivity of NCA (Li;-xNip.§Coq.15Alp,0502) as a function of x in Lij.xNip.§Coq.15Alp0502 at 30°C obtained from DC measurement.
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Figure 4. (a) Impedance spectra of NCA obtained from the electron blocking cell configuration Li/PEO/NCA/PEO/Li at 58°C. Inset shows the magnification
of high frequency spectra. (b) Equivalent circuit used to fit the impedance spectra. (c) Product of ionic conductivity and temperature of fully-lithiated NCA as
a function of inverse temperature obtained from AC and DC measurements on the electron blocking cell Li/PEO/NCA/PEO/Li. (d) Ionic diffusivity of lithiated
NCA as a function of inverse temperature obtained from AC and DC measurements on the electron blocking cell.

conductivity beyond 60% delithiation, as the samples were too fragile
for reliable assembly of cells. Comparing to literature, Sethuprakhash
and Basirun* reported metallic-like electronic conductivity of lithi-
ated Li;_Nig 4Cog4Alp20;. This is surprising if their samples are truly
lithiated to a high extent (low Co**/Co** ratio).

lonic conductivity and diffusivity by AC impedance.— Results with
electron-blocking cells must take into account the temperature depen-
dent ionic conductivity of the PEO blocking layer. Figure 4a shows
the impedance spectra of lithiated NCA measured at 58°C in the cell
configuration Li/PEO/NCA/PEO/Li. In contrast to the ion-blocking
cells above, these impedance spectra consist of two semicircles at high
frequencies (inset of Figure 4a) followed by a Warburg response at
low frequencies. The high frequency semicircle represents the total
resistance to electronic and ionic motion including contributions from
the bulk conductivity of PEO. The Warburg response is indicative of
stoichiometric polarization owing to blocking of electrons. In order
to obtain the ionic conductivity and diffusivity, the impedance spectra
were fitted with the equivalent circuit as shown in Figure 4b. Good
agreement is obtained between the simulated and experimental data.
Qualitatively similar impedance spectra were observed for other tem-
peratures; however, at temperatures below 35°C the frequency range
is not sufficiently wide to obtain the relaxation frequency. Hence, for
the lower temperatures, the model fit to lower frequencies was ex-
trapolated to reach the relaxation frequency. The ionic conductivity
and diffusivity respectively are plotted against inverse temperature
in Figure 4c and 4d, the diffusivity being obtained via the Nernst-
Einstein relation. An Arrhenius relationship is obtained, with the acti-
vation energies for ionic conductivity and diffusivity being 1.25 0.2
and 1.20 =+ 0.2 eV, respectively. This is to our knowledge the first
measurement of these ion transport parameters for any NCA compo-
sition. The obtained activation energies are comparable to those for

other lithium ion cathode compounds.’*3* Given predominant elec-
tronic conductivity, the Li* diffusivity (Dy;) should have the form Dy;
¢4 oion(% + %) where Xj,, and X, refer to the contributions due to
trapping of ionic and electronic carriers and Cion, Ceon denote to the ionic
and electronic carrier concentrations.*® It is discernable from Figure
4c and 4d that both the ionic conductivity and diffusivity display single
slope behavior which indicates the absence of charge carrier trapping
effect (Xion and Xeon). That is, charge carrier association-dissociation
is not prominent in the measured temperature range. In the intrinsic
dilute defect, cion > 1, the ionic diffusivity should be higher than
the ionic conductivity according to above equation, as is observed in
Figure 4c and 4d.

Ionic conductivity and diffusivity by steady state polarization/
depolarization.— DC  polarization/depolarization —measurements
were also performed using electronically blocking cell arrangements
over a range of temperatures in order to substantiate the result
obtained from the impedance measurements. These measurements
were not performed at low temperature due to the excessively long
times required to reach steady state (also observed in AC impedance).
Figure 5 shows the time dependence of the polarization voltage
(galvanostatic mode). The voltage immediately jumps from zero to
IR Rion/(Re) + Rion) Where R, and R,; are the resistances due to Liion
and electronic carriers. With increasing time, the partial current of the
blocked electrons decreases and eventually vanishes. A steady state
is then observed (voltage being IR;,,) during which the total current
is carried only by the non-blocked ions. The relaxation time of the
polarization process is t°, which provides the chemical diffusion co-
efficients D}, (via © = L2/(w?D3,). It should be noted that owing to
the internal concentration profiles, o;,, and Dii are averaged over a Li
composition range, corresponding to a polarization voltage of 50 mV.
The behavior of the depolarization was analogous to that during
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Figure 5. Time dependent DC polarization voltage at ~60°C obtained from
the electron blocking cell Li/PEO/NCA/PEO/Li. Results are fitted with Eq. 1
in order to obtain ionic conductivity and diffusivity (inset).

polarization. Owing to the relatively high diffusion coefficients, a
steady state cell voltage was reached during polarization at ~60°C.
As the long-time polarization voltage (t > t°) depends on time
according to?%-30;

Uson = [(i,L)/0] + (%) [;’”—L] {1 — (8/m%) exp [— (%)]}
(1]

A plot of In|U(7)-U( = o0)| vs. t should generate a straight line with
a slope of t00( Dla ). Diffusivity and ionic conductivity data derived

Li
from the DC measurement are compared in Figure 4c and 4d with the
AC data, and the two are in good agreement.

Lithium ion diffusivity from depolarization.— Figure 6a shows the
cell voltage vs. time during the stepwise galvanostatic titration of fixed
amounts of lithium from the NCA sample. A lithium concentration
gradient is developed across the sample during titration. After each
delithiation step, the cell is allowed to relax in the OCV condition,
and the cell voltage slowly reaches steady state, corresponding to re-
moval of the lithium concentration gradient. Lithium ion diffusivity
data derived from the relaxation of the cell voltage, i.e. the depolar-
ization process, using Eq. 1 is shown in Figure 6b. It is seen that the
depolarization cell voltage can be fitted very well with Eq. 1. How-
ever, at 50% delithiation (x = 0.50), a change in the slope of the
depolarization curve was observed after ~1.5 x 10° s (Figure 6a).
The two slopes can be fitted separately by Eq. 1 and clearly shows
two regimes, as shown in Figure 7. The change in the depolarization
rate may originate either from the formation of a second phase during
delithiation, or a change in the diffusion mechanism.

To investigate this observation further, we prepared a series of
chemically delithiated NCA powders and performed X-ray diffrac-
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Figure 7. Fitting the depolarization cell voltage at point x = 0.5 of Figure 6a
with Eq. 1 in order to extract the chemical diffusivity. Two slopes are clearly
fitted.

tion measurements, for which results appear in Figure 8. For x = 0.0
and 0.1, only one NCA phase was observed (denoted NCA1), while
for samples of x < 0.25 a second NCA phase (denoted NCA2) was
also observed. As the lithium content is decreased (x = 0.25t0 0.5), the
fraction of NCAZ2 increases from 5 to 14 mol%, while further decrease
(x = 0.75) results in only a slight increase in the amount of NCA2
to 15 mol%. Thus the amount of NCA2 reaches a plateau value. The
R-3m symmetry of NCALI is preserved in NCA2, but the cell pa-
rameters are different for NCA2, and suggest a significantly different
Li-content in this phase. A notable feature for both phases is the ap-
pearance of a maximum in unit cell dimensions at x = 0.5, which
suggests a change in cation ordering at that composition. Yoon et al.?
have previously reported similar structure observations for NCA using
in situ electrochemical cells, wherein after initial delithiation a second
NCA phase appears exhibits a maximum in c-axis and minimum in
a-axis with increasing x. However, there are significant differences
between the present results and theirs, in the relative amounts of the
two phases as a function of x, the concentrations at which the max-
imum in ¢ and minimum in a occur, and the fact that in our case,
both phases exhibit the same variation in ¢ and a dimensions with x,
whereas in their work one of the phases exhibits nearly invariant c
and a.

The room-temperature lithium ion diffusivity obtained from depo-
larization measurements are plotted in Figure 9 as a function of lithium
content. Firstly, note that the ionic conductivity varies by about an or-
der of magnitude with x, and is everywhere at least 10° lower than the
electronic conductivity (Figure 3b). Secondly, the ionic conductivity
shows an inverse relationship to the unit cell parameters in Figure 8b,
whereby diffusivity decreases as unit cell dimensions increase. The
minimum in diffusivity at x = 0.5 corresponds to a maximum in unit
cell dimensions at the same composition. This is surprising, and is

x = 0.250

(b) = -3.2806 - 1.6663¢-5x R= 0.99943

Ln(JU-Ua|)/V
IS
(3,1

D =3.19 x101° cm?/s

5 1 1 1 B
0 5104 110° 1.510° 210°

t/s

Figure 6. (a) Time dependent cell voltage measured on the NCA (Lij-xNip.gCog.15Al0,0502) plate by titrating a fixed amount of lithium and holding at open
circuit conditions. (b) Fit of the depolarization cell voltage to Eq. 1 in order to extract the chemical diffusivity of lithium ion at x = 0.25.
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Figure 8. Left: PXD data for chemical delithiated Li;.,NipgCop 15Alp0502. The inset shows the 2theta region around the (003) reflection. Note the appearance
the (003) peak of the second NCA phase (denoted NCA2) at x = 0.25. Right: Unit cell parameters (a- and c-axis) of the two observed NCA phases (NCA1: black
squares, NCA2: red triangles). The mol% of the two phases for each x is noted in plot. Error bars for NCA1 fall within symbols.

counter to the expectation that a c-axis expansion corresponding to an Table IL Diffusivity of NCA at 30°C measured by different
increase in the Li slab distance lowers the activation energy for mi- techniques and comparison with the available literature data of

gration and should therefore increase the Li diffusion coefficient.’¢-3 NC.
Recalling that the depolarization data (Figure 6b) indicate a change

in mechanism and/or rate-controlling phase around x = 0.5, we con- Diffusivity
sidered alternative explanations. We examined the diffraction data Technique Used Composition (cm?/s) Reference
for evidence for changes in cation ordering. Rietveld refinement did

V1C or changes 1n ¢ & o AC LiNig §Coo.15Alo0502 ~3x10710  This study
not indicate significant mixing between Li and the transition met- (NCA)
als. Possible changes in cation ordering within the transition meFal DC LiNio sCoo.15Al0.0sO2 ~2x10-10  This study
layers need to be investigated further. No superstructure peaks in- (NCA)
dlcatl.ve of ordering were (}etectgd. The.dependf.:nce of ion d1ffusnflty Depolarization  Liog7sNiosCoo.15Al0s0s  ~4x10-10  This study
on Li vacancy concentration x is consistent with a defect chemical (NCA)
mo@el whqre between X = 0 and x = 0.5, diffusivity.is fiependfznt GITT Lio oNig.sC00.502 (NC) ~10-10 2
on interstitial concentration and therefore decreases with increasing GITT Lio.oNip§C00205 (NC) ~10-8 11

vacancy concentration through a Frenkel equilibrium. The increase
in diffusivity for x > 0.5 is consistent with a dependence on vacancy

concentration. However, changes in cation ordering which are more
subtle than can be detected in the present diffraction data, and related
changes in migration energy, may be the dominant influence.

We know of no other published diffusion data for NCA to compare
with the present results. For NC, however, Montoro et al.”' reported
a M-shaped relation between the chemical diffusion coefficient of
Li,Coq 5Nig 50, and lithium content, based on GITT measurements of

100 | ®

D/cm2s-1

R

101

0 02 04 06 08
x value in Li, Nij 3C0, 45Al, 050,
Figure 9. Diffusivity of NCA (Li;-Nig.8C00.15Al00502) as a function of

lithium content at room temperature obtained from depolarization experiments
shown in Figure 6a.

composite electrodes. The diffusivity datareported by Montoro ranged
from ~1071% to ~5 x 107 cm?s~! over the entire Li-compositional
window. In contrast, Cho et al.?® reported an almost constant lithium
diffusion coefficient of Li,Niy §Coy ,0; as a function of lithium con-
tent. However, their data showed a much higher diffusivity (~10~%
cm?s~!). We believe that extrinsic factors may be present in these
previous results due to the nature of the samples, and that neither may
represent the pure single phase transport behavior. Table II compares
the diffusivity data obtained in the present work with literature results.

Conclusions

Electronic and lithium ionic transport in NCA have been measured
using ion and electron blocking cell configurations and both ac and
dc techniques. NCA exhibits semiconducting behavior over the entire
range of lithium concentrations measured (x = 0.0 to 0.7). Starting
from the fully lithiated state, the electronic conductivity gradually
increases with increasing delithiation, and rises more sharply beyond
about 60% delithiation. We suggest that the latter increase is due to the
onset of Co**/Co** multivalency. Regarding lithium ionic conductiv-
ity (and diffusivity), in fully lithiated NCA the activation energy is
1.25 eV. No evidence for charge carrier association or dissociation
was seen in the measured temperature range. However, the ion diffu-
sivity as a function of lithium concentration shows V-shaped behavior
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with a minimum at about x = 0.5. The unit cell parameters show the
opposite trend with a maximum at x = 0.5. This behavior is counter to
expectations for ion migration energy as a function of c-axis dimen-
sions, and suggests more subtle cation ordering effects that remain to
be resolved. From the magnitude of the electronic and ionic transport
parameters across the measured range of Li concentration, it can also
be concluded that chemical diffusion is always limited by lithium ion
transport rather than electronic conductivity, and that bulk transport
is rapid enough to allow charging and discharging of micron size
particles at practical C-rates regardless of state-of-charge.
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