Open Access Article. Published on 19 January 2021. Downloaded on 6/19/2026 3:43:41 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2021, 23, 2438

Received 31st August 2020,
Accepted 17th December 2020

DOI: 10.1039/d0cp04598e

Tracer diffusion coefficients of Li* ions in c-axis
oriented Li,CoO, thin films measured by
secondary ion mass spectrometry
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Lithium diffusion is a key factor in determining the charge/discharge rate of Li-ion batteries. Herein, we
study the tracer diffusion coefficient (D*) of lithium ions in the c-axis oriented LiCoO, thin film using
secondary ion mass spectrometry (SIMS). We applied a step-isotope-exchange method to determine D*
in the Li-extracted Li,CoO,. The observed values of D* ranged from 2 x 1072 to 3 x 107Y cm? st
depending on the compositions in the range of 0.4 < x < 1.0. Approaching the stoichiometric
composition (x = 1.0), D* decreases steeply to the minimum, which can be explained by the vacancy
diffusion mechanism. Electrochemically determined diffusion coefficients corrected by thermodynamic
factors are found to be in good agreement with D* determined by our method, over a wide range of
compositions. The c-axis diffusion was explained by the migration of Li* ions from one layer to another
through additional diffusion channels, such as antiphase boundaries and a pair of Li antisite and oxygen

rsc.li/pccp vacancies in cobalt oxide layers.

Introduction

The knowledge of the diffusion behaviour of Li' ions in
Li-insertion electrodes is essential for understanding the
charge-discharge mechanism of the electrodes, which enables
us to improve the performance of Li-ion batteries (LIBs). The
layered structure of LiCoO, (LCO), the best-known cathode
material for LIBs, exhibits high rate capability and excellent
cycle stability.>® LCO has shown excellent performance in solid-
state batteries,”® making it attractive for a wide range of applica-
tions, including microelectronics and electric vehicles.'**

LCO has a two-dimensional diffusion path parallel to the
ab-plane. The vacancy diffusion mechanism has been predicted
by the density functional theory (DFT) calculations, and for-
mation of divacancies has been found to reduce the activation
energy (E,) of Li* ion migration."*™** The calculations show that
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the diffusion coefficient in the ab-plane of Li,sC0O, is about
107° em® s ,'»" although there is some uncertainty in the
absolute value. In the ideal LCO structure, there is no diffusion
path in the c-axis direction. However, experimentally, Li ions can
be extracted and inserted along the c-axis direction,”"'® which has
been confirmed in the all-solid-state batteries based on c-axis
oriented thin films*”~° and epitaxial thin films.'® Grain boundaries
as a pathway for Li diffusion has been proposed by DFT
calculations."””"® Nanoscale atomic force microscopy also suggests
fast Li diffusion near the grain boundaries."**' However, no direct
measurement of the diffusion coefficient of lithium ions along the
c-axis of LiCoO, has been reported.

Diffusion coefficients of LCO have been reported so far by
many authors, which were measured by electrochemical tech-
niques as the chemical diffusion coefficients (D). Table 1
summarizes the reported values of D of LCO. The values of
D reported in the literature vary from 10~ to 10~® cm® s " for
powders and 10" to 107° em® s™* for thin films. The large
discrepancies are attributed to the intrinsic uncertainty
involved in the experiments.”” The electrochemical system
involves multiple bulk and interfacial processes (e.g., ohmic
resistances in the electrolyte, interfacial charge transfer resis-
tance and side reactions**®), which often make the analysis
difficult. In addition, self-diffusion coefficients were measured
by NMR and muon-spin relaxation techniques.>””*® These tech-
niques estimate the jump rate of Li" ions from the relaxation
phenomena.
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Table 1 Literature review of chemical diffusion coefficients for the Li,CoO, powder and thin film electrodes. The thin films were prepared by
electrostatic spray deposition (ESD), pulsed laser deposition (PLD), and radio frequency magnetron sputtering (RF sp.). The electrochemical techniques
used include the potentiostatic intermittent titration technique (PITT), the galvanostatic intermittent titration technique (GITT), and electrochemical

impedance spectroscopy (EIS)

Sample Technique D (em®s™) Li composition (potential) Ref.
Powder PITT 5 x 107° 0.2 < x < 0.8 Mizushima®
Powder GITT, PITT 2x10°-4 x 1078 010 <x <1 Honders*
Powder EIS 5 x 1078 X =0.65 Thomas*’
Powder GITT 4x107°-1x 1078 0.5 < x < 0.75 Choi*!
Powder PITT 1x 102 x 107? 0.35 < x < 0.85 Barker®?
Powder PITT 5% 107*2-1 x 107 3.8-4.4V Aurbach®***
Powder PITT 10" 3-10""2 0.5 < x < 0.95 Okubo®®
Single particle PITT, EIS 107 "°-1077 3.8-4.2V Dokko**
ESD film GITT 10710712 N/A Chen*®
PLD film GITT 1x10°" 4.0-4.04 V Striebel*’”
RF sp. film GITT 107" N/A Birke”®
Oxidation film EIS, PITT 107 *2-10"% 0.7 < x < 1.0 Sato®®

PLD film PITT 1x 10 "-4 x 107 0.5 < x < 0.95 McGraw™’
RF sp. film PITT 10" "-101° 0.45 < x < 0.7 Jang®*
PLD film EIS 1 x 1075 x 107"° x=0.7 Iriyama®?
RF sp., PLD film GITT, EIS 10" *-10"* 0.5 <x < 1.0 Bouwman®?
PLD film EIS, PITT 2 x 1071 x 107 0.47 < x < 0.71 Xia®®*

RF sp. film PITT, EIS, GITT 10" "%-10 " 0.45 < x < 0.98 Xie®®

PLD film PITT, EIS 6 x 107 °-8 x 107 *? 3.85-4.20 V Tang>®
PLD epitaxial film PITT 1x10 -2 x 107" 3.84-4.18 V Shiraki®”
PLD film PITT 5% 107 "-2 x 107 1° 3.5-4.4V Matsuda’

We have developed a new technique to observe Li diffusion
coefficients in electrode materials and solid electrolytes by
combining isotope exchange and secondary ion mass spectro-
metry (SIMS).>* > The tracer diffusion coefficient (D*) has been
determined by analysing the distribution of Li isotopes. In
particular, SIMS diffusion measurements have the following
advantages: (1) application to electron—ion mixed conductors,*®
(2) determination of interfacial exchange rates and bulk diffu-
sion coefficients,>**> and (3) application to grain boundary
diffusion.*®*” To the best of our knowledge, this is the first
report of a SIMS based study of tracer diffusion in Li,CoO,.

In this study, we have conducted a detailed measurement on
the composition dependence of D* and D in c-axis oriented
Li,CoO, thin films. We used a technique called the ‘step-
isotope-exchange method’,* which enables the tracer diffusion
measurements on thin-film electrodes even at room tempera-
ture. Instead of the space profile measurement used so far,>*°
the time-dependence of the °Li isotope concentration in the
Li,Co0, thin film, which comes into contact with a °Li-enriched
electrolyte to exchange Li ions, was measured. Furthermore,
D was obtained using an electrochemical method. The diffu-
sion kinetics of c-axis oriented LCO thin films will be discussed
by comparing D and D* and considering the effect of thermo-
dynamic factors.

Methods

Sample preparation

Thin films of LCO were grown by pulsed laser deposition (PLD)
as described in our previous papers.*”? The LCO thin films
were deposited on Pt (200 nm)/Cr (10 nm) coated SiO, glass
substrates using a Li; ,CoO, pellet (TOSHIMA Manufacturing
Co., Ltd) as a target in an oxygen atmosphere of 20 Pa with a

This journal is © the Owner Societies 2021

substrate temperature of 500 °C. An ArF excimer laser (Coherent,
COMPexPro 205) with a wavelength of 193 nm, a pulse energy of
200 m]J, a repetition rate of 15 Hz, and a fluence of 2 ] cm™ > was
used. The deposition time was 2.5 h. The thickness of the films
was measured using a surface profilometer (Kosaka Laboratory,
SE3000).

The thin films were characterized by X-ray diffraction (XRD),
micro Raman spectroscopy, and inductively coupled plasma
atomic emission spectroscopy (ICP-AES) composition analysis.
The XRD patterns of Li,CoO, thin films were recorded using an
X-ray diffractometer (Rigaku, RINT-2100V) using CuK, radiation.
The 20 scan range was 10°-90° at a scan rate of 2.0° min . The
Raman spectra of the Li,CoO, thin films were obtained using a
micro-Raman spectrometer (Tokyo Instruments, Nanofinder30).
A semiconductor laser, with a wavelength of 532 nm, was used for
excitation at 2 uW output power. The composition of the LiCoO,
thin film was analysed by ICP-AES (PerkinElmer, Optima 3300XL)
by dissolving the thin films into aqua regia. The composition of
the film was found to be Co:Li = 1:1.03 £+ 0.02. The chemical
composition was found to be close to the stoichiometry of LiCoO,.

The lithium composition (x) in the Li,CoO, thin film was
controlled electrochemically using a three-electrode beaker
cell.***® Metallic lithium was used as the counter and reference
electrodes. The electrolyte used was 1 mol L' LiClO; in
propylene carbonate (PC) (Tomiyama Pure Chemical Indus-
tries). The electrochemical measurements were performed
using a potentiostat/galvanostat (Bio-Logic, VMP3). The poten-
tiostatic intermittent titration technique (PITT) measurements
were also performed using the three-electrode beaker cell. The
applied potential step was 10 mV. The electric current as a
function of time was measured for 1000 s.

The Li isotope ratio of the starting materials of LCO, Li and
LiClO, was the natural abundance ("*Li: 92.4% ’Li and 7.6% °Li).

Phys. Chem. Chem. Phys., 2021, 23,2438-2448 | 2439
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For the isotope ion-exchange, °Li-enriched LiClO, was synthesized
according to a previously reported procedure.***® An aqueous
solution of HClO, (Wako Pure Chemical) was added dropwise to
®Li,CO; (95% °Li, 5% ’Li, Cambridge Isotope Laboratories. Inc.)
until the white solid dissolved. The resultant °LiClO, powder was
vacuum dried at 200 °C. °LiClO, was dissolved in PC (Kishida
Chemical) in a glove box to obtain 1 mol L™" °LiClO4/PC
solution.”®

Step-isotope-exchange method

A recently developed ‘step-isotope-exchange method’**> was

used to measure the tracer diffusion coefficient. Fig. 1 shows
an illustration of the step-isotope-exchange method. First, a
part of the thin film was immersed in the solution for a time
step, At. Then, an additional 0.5 mm of the sample was
immersed for time, At. Repeating this procedure, the sample
was divided into several regions with different ion exchange
times. The isotope ratio, °Li/(®°Li + “Li), was determined by SIMS
line analysis. A double focusing-type SIMS (CAMECA, IMS 7f)
was used. The primary ion beam was composed of Cs" ions with
a current of 1 nA and a voltage of 15 keV; the spot size of the
focused ion beam was 1 pm. Point spacing of the line analysis
was 100 um and the analysis area was 10 x 10 pum®. The isotope
ratio was determined from the ratio of the intensities of °Li and
“Li whose ionization efficiencies are the same.

The principles of the step-isotope-exchange method have
been explained in detail in a previous paper,*” so we will briefly
describe them here. The isotope ratio in the Li,CoO, thin film
depends on the distance z from the surface and the time ¢.>*°°
Assuming the diffusion-controlled process, the isotope ratio in
the film is described by the diffusion equation,

oC(z,1) 9°C(z,1)
ot =D 92 7’ )

where C(z,t) is the concentration at a distance z, D* is the tracer
diffusion coefficient. In the step-isotope-exchange method, the
isotope profile in the thickness direction is averaged due to the
small thickness. The total amount of exchange isotopes M(¢) is
obtained as,

M(l)—Mozl_i

M, — M,

(2n + 1)>m2D"t
412 ’

8
Qn+ 172 eXp(

n=0

(2)

Fig. 1 Schematic of the step-isotope-exchange method. When the "'Li,.
CoO; thin film is immersed stepwise into the 1 mol Lt 6LiClO4/PC
solution, ™'Li is partly exchanged with ®Li. After repeating this procedure,
the sample is finally divided into several regions with different Li isotope
ratios depending on the immersion times.
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where M, is the initial isotope amount (M, = C,L) and M; is the
amount after infinite time (M = CsL). L is the thickness of the
thin film, and #n is an integer. The value of D* was determined
using this equation.

In general, the interfacial exchange-rate between the Li,CoO,
thin film and the electrolyte needs to be considered. The
boundary condition of the diffusion equation is modified by
including both the diffusion and the exchange-rate effects and
the following solution is derived:***°

N n2D*
) i 2A cos (b—LZ) exp (—b 2 t)

(b2 + A2+ A)cosh, 3)

C(Zv l) 7 CO _
Cs - CO B

n=1

where A is a dimensionless parameter determined from an
exchange rate k, the film thickness L, and the diffusion coefficient
D* as,

kL

b, is the n th positive root of the equation btan b = A. The large
values of A are characteristic of the diffusion-controlled pro-
cess. In contrast, in the case of the exchange-rate-controlled
limit, it follows that

C(r)—C kt
.G COO =1—exp (72) (5)

In this extreme case, there is no concentration gradient inside
the thin film. Only the exchange rate k can be obtained from the
isotope-exchange experiments.

PITT measurements

The chemical diffusion coefficient (D) was measured by
PITT.®%®! In the case of the diffusion-controlled process, under
the assumptions required for PITT,**®' the time-dependent
electric current I(¢) is found to be

- o eh
_ 2A0D S exp (_(2 41L)2 Dt) 4 ©

1) =5
n=1
AQ is the total charge transfer during the voltage step.®® The
experimental data were fitted using eqn (6).
Considering the exchange-controlled case, the following
equation is given as:*

1) =2 exp (—’%) 7)

where £ is the chemical exchange rate. In this extreme case,
only the chemical exchange rate k can be obtained.

DFT calculations

To consider the probability of Li diffusion in LCO through the
grain boundaries, we carried out DFT calculations using the
Vienna Ab initio Simulation package (VASP).®* The interaction
between ions and electrons was described using the projector
augmented wave (PAW) method. The wave function was
expanded in plane waves using a 400 eV cut off and the

This journal is © the Owner Societies 2021
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Brillouin zone was sampled at the I' point. Exchange and
correlation effects were incorporated within the generalized
gradient approximation (GGA), using a Perdew-Burke-Ernzer-
hof gradient-corrected functional.®® The aspherical contribu-
tion to the gradient corrections inside the PAW spheres was
taken into account.®® In all calculations, self-consistency was
achieved with a tolerance of 10 ° eV A™* and 10 7 eV for the
ionic and electronic loops, respectively. The migration of
selected defects in LCO was studied using the climbing-image
nudged elastic-band (NEB) method®®® with 5 images. A peri-
odic supercell approach was used to model the antiphase
boundaries (APBs). The (100) boundary was modelled in a
4 x 4 x 1 (4a, 4b, c) supercell of bulk LCO and the boundary
is prepared by shifting the atoms in the half of the cell (2 x 4 x 1)
to [0 0 0.5]. Here, a, b, and c are the lattice vectors of bulk LCO
respectively.®” All the calculated inner coordinates were opti-
mized in the experimental lattice parameters. The (110) bound-
ary was modelled in a 2 x 4 x 1 supercell of new basis vector of
(@ — b, a+ b, ¢) and the boundary was prepared by shifting half of
the cell (2 x 2 x 1) to [0 0 0.5].

Results and discussion

Characterization of the Li,CoO, thin films

Fig. 2 shows the electrochemical properties of the LCO thin films
obtained by PITT. The characteristic features of LCO thin films
obtained were found to be consistent with previous reports.”® The
potential vs. composition plot (coulometric titration curve) was
obtained by integrating the incremental capacities (AQ/AV). The
method of obtaining the potential vs. Li composition plot from the
PITT experiment was performed according to that of Jang et al.”*
The data are normalized so that the minimum of AQ/AV falls at
x = 0.5 corresponding to V = 4.14 V and x = 1.0 corresponding to
V = 3.82 V, based on the phase diagram of Li,CoO,." The incre-
mental capacitance indicates a large peak at 3.9 V corresponding to
the first-order transition between the two hexagonal phases (H1
and H2). Above 4V, the incremental capacitance shows two small

( ) AQ/ AV (mAhV)

—~
V)
~

102 10" 10°

4.3 4.3
S
=42t § 42
. . - . e
~
5 41r : E 4.1
gi ;
= 40t : 1 40
£ s
2 39t : 3.9
o i

3.8l i ' : 38

04 05 06 07 08 09 10
xin Li,CoO,

Fig. 2 Electrochemical properties of Li,CoO, thin films obtained by PITT:
(a) potential vs. Li composition x plot, and (b) incremental capacity (AQ/AV)
vs. potential. The data are normalized so that the minimum in AQ/AV falls
at x = 0.5 based on the phase diagram of Li,CoO,.
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peaks associated with the order/disorder transition at composi-
tions close to Li, 5C00,."*

Fig. 3(a) shows ex situ XRD patterns of the LCO thin films.
Highly (003) oriented XRD patterns were observed, which
confirm the c-axis orientation of the LCO thin films. As the
maintained potential increased, the c-axis lattice parameter of
the Li,CoO, thin films increased. The c-axis lattice constant of
the as-prepared LCO film was 14.04 A, which then increases up
to 14.37 A at 4.15 V. The variation of the lattice parameter was
in good agreement with values of the bulk LCO reported in the
literature,"* as shown in Fig. 3(b).

Fig. 4(a) shows the ex situ Raman spectra of Li,CoO, thin films.
The Raman active modes of LCO were observed at 595 cm™ " (Ay,)
and 486 cm ™! (Eg), respectively. As the potential increases, the
Raman peaks shift to lower wave numbers and decrease in inten-
sity. These results are in good agreement with previous reports for
Li,CoO, by ex situ’ and in situ* Raman spectroscopy as shown in
Fig. 4(b). In addition, small peaks due to Co;0, were identified at
520 cm ™' (T,) and 690 cm ™' (Ayg), which was attributed to the trace
amount of cobalt oxide near the substrates.*

Tracer diffusion coefficient of the Li,CoO, thin films

Fig. 5 shows the SIMS line profile of the Liyg,C00, thin film
prepared by the step-isotope-exchange method. The Li composition

—
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Fig. 3 (a) Ex situ XRD pattern of Li,CoO, thin films with a schematic of the
crystal structure of LiCoO, and (b) the c-axis lattice parameter compared
with literature data. The samples were prepared at 3.91, 3.93, 4.00 and
4.15V, respectively. As the potential increases, the c-axis lattice parameter
increases. The change in the lattice parameters is in good agreement with
values of the bulk LCO reported in the literature 1~*
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Fig. 4 (a) Ex situ micro Raman spectra and (b) Raman shift of Li,CoO, thin
films. The samples were prepared at 3.91, 3.93, 4.00 and 4.15 V, respec-
tively. As the potential increases, Ajg and E5 modes of LCO thin films
shifted to a lower wavenumber and decreased in intensity. The peak
position of Coz0O4 does not change, as it is electrochemically inactive.
The changes in the Raman shifts of A;q and E; modes were in good
agreement with values reported in the literature.

x = 0.84 was determined from the potential-composition plot at
3.915 V. A stepwise change in the isotope ratio after 0.5 mm
intervals is observed. At each step position, the isotope exchange
time varies by At = 360 s. The position was converted to the ion-
exchange time, and eqn (2) was used to fit the experimental data.
The theoretical curve assuming the diffusion control was in good
agreement with the experiment, which gives the tracer diffusion
coefficient of Li to be D* = 4.9 x 10~ em® s~ " at x = 0.84.

Fig. 6 shows the results of the step-isotope-exchange method for
different compositions. The results were analysed for both diffusion-
controlled and exchange-rate-controlled cases. For compositions
0.98 > x > 0.92, the data were fitted better by the diffusion-
controlled form of eqn (2). For fast diffusion cases (0.72 > x > 0.50),
both eqn (2) and (5) agree with the experimental data.

As discussed in the next paragraph, k is estimated to be fast.
Therefore, the diffusion-controlled condition is also valid for
the composition of 0.72 > x > 0.50. Hence, the diffusion
coefficients can be determined from the step-isotope-exchange
experiments and eqn (2). Table 2 summarizes the D* values
determined from these experiments.

Here, we estimate the parameter A to evaluate the dominant
process. The isotope exchange rate k is related to the exchange
current density i, by i, = FCok,”>** where C, is the molar

2442 | Phys. Chem. Chem. Phys., 2021, 23, 2438-2448

02l 3915V |
T Lis 54C0O
-I 0.84 2 | a
0.0 1 1 1 1 1 1
0.0 20 4.0 0.0 0.5 1.0
Position (mm) Time (h)

Fig. 5 SIMS analysis of the LiggsCoO, thin film prepared by the step-
isotope-exchange method; (left) isotope profile measured by line analysis,
and (right) time evolution of the isotope ratio. The solid line shows the
fitting curve using egn (2). The parameters for fitting were as follows;
Co = 0.08, Cs = 0.95 D* = 49 x 1073 cm? s7%, and L = 240 nm.

8Li / (5Li + "Li)

8Li / (5L + "Li)
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=
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Fig. 6 lon-exchange time dependence of the °Li/(°Li + ’Li) isotope ratio
in the LiyCoO, thin films: (a—f) correspond to x = 0.98, 0.97, 0.92, 0.73,
0.62, and 0.50, respectively. The black solid lines show fitting curves for
the diffusion-controlled case using eqn (2). The red broken lines indicate
the exchange-rate controlled case using egn (5).

concentration of Li in LCO, which is 0.055 mol cm > at
stoichiometry. The value of i, can be estimated from the
charge-transfer resistance (R.) via the Butler-Volmer equation.
In the literature, the values of R, = 7-14 Q cm? have been
reported for Li,CoO, thin films at 4.0 V,>> where the Li
composition x is 0.6. The exchange rate k is, therefore, estimated
to be 0.6-1 x 10™° em s~ . If the thickness L is 500 nm and D* is
1 x 107" cm® s7, then the parameter A is calculated to be
30-60. Thus, the diffusion-controlled condition (4 > 10) is

This journal is © the Owner Societies 2021
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Table 2 Tracer diffusion coefficients D* of the Li,CoO, thin films
obtained by the step-isotope-exchange experiments. The values of D*
were obtained from egn (2) assuming the diffusion control

Potential (V) x in Li,CoO, Phase  Thickness (nm) D* (cm’s™ )
4.230 0.437 H2 320 7.2 x 10713
4.151 0.496 M 690 1.0 x 1072
4.050 0.566 H2 430 1.7 x 1072
4.002 0.616 H2 690 1.5 x 1072
3.970 0.656 H2 280 7.0 x 107
3.931 0.725 H2 290 5.7 x 103
3.930 0.726 H2 660 1.1 x 1072
3.915 0.834 H1 +H2 420 3.5 x 107"
3.915 0.843 H1 + H2 240 49 x 107 %3
3.910 0.917 H1 560 6.9 x 107
3.905 0.945 H1 460 4.7 x 1071
3.905 0.944 H1 470 2.3 x 1013
3.900 0.973 H1 460 2.5 x 107
3.890 0.984 H1 350 1.6 x 107

satisfied. The assumption of diffusion control is found to be
more plausible.

In the vicinity of the stoichiometric composition, the values of
D* become significantly low. In this case, the conventional depth
profile analysis®®*®° can be applied. Fig. 7 shows the SIMS depth
profile of Li,CoO, thin films (x = 0.995 and 0.999). We analysed
the depth profile by assuming a semi-infinite solution of the
diffusion equation considering both diffusion and exchange:>

Cn-C :erfc( z )
Cs — G 2v/ Dt
—exp(hz + W2D*1)erfc ;—Q—h\/D*t)
p(k: ) (2\/D*t

(8

where & = k/D* is the ratio of the exchange rate k to D*. The depth
profile was fitted using a diffusion coefficient D* and an
exchange rate k. The parameters are summarized in Table 3.
The D* was found to be very small, 3 x 10~ cm® s™, at 20 °C.
The activation energy of D* was approximately 0.25 £+ 0.1 eV.
Note that the baseline was greater than the natural abundance
(°Li: 7.6%), suggesting the presence of a fast diffusion compo-
nent, such as grain-boundary diffusion or ab-plane diffusion
owing to a local disturbance in the film orientation.

Fig. 8 shows D* as a function of x in the Li,CoO, thin films.
For the composition near stoichiometry (0.94 < x < 1.0), the
value of D* drastically changes from 10~ to 10™** cm® s .
This behaviour can be explained by the vacancy diffusion
mechanism. In the vacancy diffusion mechanism, the Li* ions
can jump only when the neighbouring site is vacant. Then, D* is
proportional to the probability of the vacant Li site, i.e. (1 — x).
Therefore, D* can be written as,'**?

D* = (1 — x)pd’T" = Dy(1 — x), 9)

where p is a geometric factor that depends on the symmetry of
the sublattice, d is the jump distance between adjacent sites,
I is the jump frequency, and (1 — x) is the vacancy blocking
factor. The broken line in Fig. 8 shows the curve using eqn (9),
where D, = pd®I" is assumed to be constant. Notably, the value of
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Fig. 7 SIMS depth profile of the Li,CoO, thin film (x = 0.995 and 0.999).
The potential of the sample was kept at 3.85 or 3.80 V for 12 h. Then,
isotope ion-exchange was carried out in ®LiClO4/PC solution. Solid lines
show the fitting curve based on eqgn (8).

Table 3 Tracer diffusion coefficient D* and exchange rate k of the
LixCoO, thin films obtained by the SIMS depth profile. The parameters
were obtained by fitting based on eqn (8)

x in Temp.
Potential (V) Li,CoO, (°C)  Diff. time (h) D* (cm*s™ ') k (cm s ")
3.85 0.995 80 18 1.6 x 107*° 3.3 x 107
3.85 0.995 20 41 3.0 x 1077 1.5 x 1072
3.80 0.999 80 18 9.7 x 107 31 x 10"
3.80 0.999 40 22 5.1 x 107" 9.8 x 10°*?
3.80 0.999 20 a1 3.0 x 1077 7.5 x 107"

D* obtained in this experiment represents the diffusion coeffi-
cients for c-axis diffusion, which are expected to be lower than
those for the axis parallel to the ab-plane. In fact, NMR and
muon-spin relaxation experiments®”*® have reported much
higher diffusion coefficients, for example, 7 x 107'° cm® s at
300 K for muon-spin relaxation experiments using the Liy 73C00,
powder.”® 1t is surprising that D* is extremely low near the
stoichiometric composition, given that the LiCoO, thin film is
readily deintercalated by charging in an electrochemical cell. As
we will describe later, the chemical diffusion coefficient, D,
which determines Li deintercalation rate, is almost unchanged.
This is because the vacancy blocking factor is cancelled by the
thermodynamic factor due to the effect of entropy.

Model of c-axis diffusion in the Li,CoO, thin film

In the layered LCO, in-plane diffusion is expected to be fast, but
diffusion through the layers is unlikely to occur. Direct penetration
through the CoO, sheet has a significantly high energy barrier

Phys. Chem. Chem. Phys., 2021, 23, 2438-2448 | 2443
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Fig. 8 Composition dependence of the tracer diffusion coefficient D* of Li,CoO, thin films. Open red circles correspond to D* in the c-axis direction.
The broken line shows the curve of egn (9) based on the vacancy diffusion mechanism.

(6.8 €V).*" Therefore, we propose a model to explain the Li" ion
diffusion in the c-axis, as shown in Fig. 9. This model assumes
that Li" ions can diffuse through the possible antiphase bound-
aries (APBs) or the defects in the CoO, layer. Continuous diffusion
through the same APB is prevented because the APB will be
periodically blocked by the CoO, layer. For the long-range c-axis
transport, the Li" ions need to move from one APB to another APB
through diffusion parallel to the ab-plane. Even in the case of anti-
site defects in the CoO, layer, the Li* ions would move from one
defect to another through ab-plane diffusion. As a result, Li* ions

... Continuous passage in APB

o oo oo o \VAVAVAVAVAVATIVAVAVAYAYA:

diffuse along the c-axis through the CoO, layer. Here, the length of
the Li" ion diffusion is much longer than the c-axis distance.
Hence, the diffusion coefficient will be much smaller than the
direct penetration. This model can explain the behaviour of
observed D* proportional to the vacancy concentration because
the c-axis diffusion (D*) depends on the ab-plane diffusion (D).
The model also explains the small E,, despite the low value of D*,
because the E, reflects the migration barrier in the ab plane.

To validate the models mentioned above, we performed DFT
calculations for the diffusion of Li" ions in the possible defects.

U\ ... Pair of Lig, and V,, defects

:VAVAVAYAVAYA

VAVAVAVAYA >

VAYAVAYAVAYA'Y — = — >

APB

-

VAVAYAVA' {VAVAYAYAYAVAYA > = — -
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Fig. 9 Schematic model of c-axis diffusion in the LCO thin films. This model assumes that Li* ions can diffuse through the antiphase boundaries (APBs)
or the defects in the CoO; layer. For the long-range c-axis transport, the Li* ions need to move from one defect to another defect through diffusion
parallel to the ab plane. The length of the Li* ion diffusion becomes much longer than the c-axis distance.
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Fig. 10 Schematic models of defects for c-axis diffusion in the LCO thin films: (a) a model of the APB along (100) plane and (b,

Lico and Vo defects in the CoO,, layer.

First, the diffusion along the ab-plane direction was calculated.
The results show that the migration energy barrier is 0.7 eV for
the single vacancy and 0.3 eV for the divacancy models. These
values are in good agreement with previous reports.'>"?

Next, the diffusion through the APB was calculated. The APB
structure is understood as a stacking fault with a relative displacement
of a 1/2 unit cell along the [001] direction. Fig. 10(a) shows a schematic
of the (100) boundary. The calculation results show that the
(100) and (110) boundaries are stable with a low formation
energy of 0.08 eV A%, and 0.05 eV A2, respectively (consistent
with the literature®"). The continuous downward passage in the
(100) boundary shows a relatively low energy barrier, which is
0.9 eV for single vacancy and 0.6 eV for divacancy models.
However, it should be noted that the diffusion in the (100)
boundary is interrupted by the CoO, block, which periodically
appears in the (100) boundary. The migration energy barrier for
(110) boundary is 0.9 eV for the single vacancy model. The
divacancy model cannot function in the (110) boundary.

Finally, the diffusion through defects in the CoO, layer was
calculated. The defect model was proposed by Levasseur et al.” for
the lithium overstoichiometric samples, where the excess Li replace
the cobalt ions (antisite defects, Lic,), and the charge is compensated
by oxygen vacancies (Vo). Fig. 10(b) shows a schematic of the pair of
Lic, and Vg defects in the CoO, layer. The calculated energy barriers
through the pair of defects are 1.0 eV for single vacancy, 0.5 eV for
divacancy, and 0.4 eV for triple vacancy models, respectively. The
diffusion energy barrier through a pair of Lic, and Vo, defects shows a
sharp decrease in the energy for Li' ions to cross the CoO, sheet.

The DFT calculations show that Li" ions can penetrate the
Co0, layer through these defects. However, due to the small
number of defects, the probability is low. Therefore, Li" ions
will diffuse longer distances, resulting in the lower diffusion
coefficient. These models explain well the values of D* along
the c-axis obtained by the tracer diffusion experiments.

Comparison of tracer and chemical diffusion coefficients

Fig. 11 shows the chemical diffusion coefficient D of the
Li,CoO, thin film obtained by PITT. The composition depen-
dence of D is different from that of D* because of the following
reasons: (1) the decrease in the D near the stoichiometric
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Fig. 11 Li composition x dependence of the thermodynamic factors (©),
chemical diffusion coefficients (D), and conductivity diffusion coefficients
(D) for LiyCoO, thin films measured by PITT.

composition (x = 1) is small, (2) the D shows a maximum value
at the M phase (x = 0.5), and (3) the value of D shows two local
minima at x = 0.53 and 0.48, which are associated with the order/
disorder transitions near Lij, 5C00O,. These behaviours are in good
agreement with previous studies.””’ Note that in the two-phase
coexistence region, the measurement of D by PITT is difficult
because of the transient behaviour in the two different phases.

Since the driving force for diffusion is the chemical potential
of Li (uy), D is enhanced by a thermodynamic factor O.
According to the theory for the mixed conductors,®® the follow-
ing relationship holds for:

D = 6D, (10)

where D, is the conductivity diffusion coefficient (or compo-
nent diffusion coefficient), which is derived from the mobility
of Li" ions through the Nernst-Einstein equation. Assuming
that Li,CoO, is predominantly an electronic conductor, © can
be written as:>"”"

_ Cpi duy

" kpTdCyy (11)
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where Cy; is the concentration of Li, kg is the Boltzmann
constant, and T is the absolute temperature. Using the relation
between the electrode potential E (vs. Li/Li*) and the chemical

potential, u;; = —eE, the equation can be written as,
ex dE
0=-—— 12
kBTCl)C7 ( )

where e is the elementary charge, and x is the relative concen-
tration of Li in Li,CoO,. From this equation © can be experi-
mentally determined.

The composition dependence of @ in the Li,CoO, thin films
is also shown in Fig. 11. © shows a large value where the slope
of the composition-OCV curve is large. Near the stoichiometric
composition, @ increases significantly up to 10°. Thus, D is
greatly enhanced near the stoichiometry. In an ideal intercala-
tion compound (i.e., a lattice gas model with non-interacting
particles”®), the thermodynamic factor is represented as @ = 1/
(1 — x),”>”* which is derived from the entropy term. Therefore,
the large value of @ near stoichiometric composition is reason-
able. The constant values of D in the H1 phase are attributed to
the cancellation of the thermodynamic and the vacancy block-
ing factors.

Fig. 12 shows the composition dependence of D, obtained
from PITT using eqn (10) and that of D* obtained from SIMS
experiments. The values of D* and D, agree well in the
compositional range of 0.45 < x < 1.0. The composition
dependence of D, is also consistent with the vacancy diffusion
mechanism shown by the solid dashed line. In the c-axis
diffusion coefficient of Li,CoO,, D, =~ D* is clearly
demonstrated.

Finally, we discuss the large discrepancy in the reported D in
Table 1 obtained by the electrochemical methods. There are
two main reasons for this: (1) the influence of the surface
exchange rates and (2) the effect of the anisotropy of the
diffusion coefficient characteristic in LCO. If the interfacial
resistance is too large, the index 4 in eqn (4) is dominated by k.
Then, the I-¢ curve in the PITT experiment shows the
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Fig. 12 Comparison of D* and D, of the Li,CoO, thin films. D* and D, are
plotted as open circles and open squares, respectively. The composition
dependence of D, was measured by PITT and corrected by thermo-
dynamic factors. The broken line shows the vacancy diffusion model.
The values of D, and D* agree well in the wide range of compositions.
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exponential decay as eqn (7), which is indistinguishable from
the long-time domain of the diffusion-controlled case. As a
result, small apparent D would be observed. In addition,
considerably fast diffusion is also challenging to be measured.
Assuming L of 1 um and k of 10°° ecm s, D should be less than
10~ cm® s to satisfy the conditions for 4 > 10. To measure
faster D, L needs to be further increased. Another reason is the
anisotropic diffusion in LCO. The D values reported for the
powder samples (107 '°-10% ecm” s7)*>**™** are several orders
of magnitude higher than those for the c-axis oriented thin
films (10™*-107"° ecm? s71),>!3°%°2545957 wwhich must be the
effect of ab-plane diffusion. However, in the case of powder
electrodes, the diffusion length may be misidentified due to
solution immersion, and the value of D will be overestimated.
Single-crystal electrodes will provide a well-defined geometry,
though they are not easily available. If suitable sized single
crystals are available, direct evidence of ab-plane diffusion in
Li,CoO, can be obtained by the tracer diffusion technique. We
are currently studying ab-plane diffusion using LCO single
crystals, which will be published in the near future.

Conclusions

The tracer diffusion coefficient D* of the c-axis oriented Li,CoO,
thin films was investigated by the step-isotope-exchange
method in conjunction with SIMS analysis. The isotope
exchange method has enabled us to investigate the tracer
diffusion and interfacial exchange rate in the cathode materials
of Li-ion batteries. The D* values for the c-axis direction ranged
from 10~'” to 10~ % cm? s~ * for the c-axis oriented Li,C0O, thin
films (0.4 < x < 1.0). DFT calculations showed the low
migration energy barrier for diffusion of Li" ions through the
APBs or defects in the CoO, layer. The c-axis diffusion of Li"
ions occurs from one layer to another layer through these
defects in the LCO thin films. The composition dependence
of D* is explained by the vacancy diffusion mechanism. The
conductivity diffusion coefficient D, obtained by PITT experi-
ments was found to be in good agreement with D* over a wide
range of compositions. The ion-exchange SIMS technique is
suitable for studying lithium-ion battery materials, especially
electron-ion mixed conductors.
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