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ABSTRACT: Li-containing garnet materials have been attracting considerable g'i
interest as potential solid-state electrolytes for Li ion batteries. In such Ln;M,Li, O, 0sl Ce**

(Ln = lanthanide, alkaline earth; M = Zr, Hf, Sn, Nb, Ta, Sb, Bi, Te), the best Li ion o2di ®
conductivity is observed for Li contents, x, just below the maximum 7.0. The 014 12‘5‘“Aé;,‘2 25 4 o
decrease in conductivity for x = 7.0 systems is related to Li ordering (cell changes 0.0ﬁ
from cubic to tetragonal) to prevent too short Li—Li interactions. In this work, we 0.1

report a combined experimental and modeling study of Ce** doping in 02y ’
La;Zr,Li;O,,. We show for the first time that Ce*" can be doped onto the Zr* gj ‘

site in this material. This doping strategy results in a reduction in the tetragonal 05 e i
distortion as well as a lowering of the temperature of the tetragonal—cubic phase 0 %0 100 180 200
transition, attributed to the increase in cell size reducing Li—Li interaction strain. Time (h)

Coupled with these changes, the conductivity shows a significant (1.5 orders of

! 50 uA cm?

Voltage (V)
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See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

magnitude) improvement. Furthermore, the Ce doping also reduces the interfacial resistance (388 Q cm’ for
Li;La;Z, 75Ce(.,501,) in contact with Li metal, giving additional potential benefits to this doping strategy. The long-term
cycling stability of a Li//garnet//Li symmetric cell over 190 h has been demonstrated.

B INTRODUCTION

Lithium ion batteries (LIBs) dominate the energy-storage
market for portable electronics and electric vehicles because of
their high energy and high power densities and long cycle
life."* However, limitations arising from the organic electro-
Iytes, such as flammability and toxicity, demand the develop-
ment of next-generation batteries.”* All-solid-state batteries
(ASSBs) are seen as ideal candidates to replace traditional
lithium ion batteries. ASSBs could operate over a wide
electrochemical window and are highly stable at elevated
temperatures in ambient atmosphere, thus overcoming safety
shortcomings with current LIBs.”™”

Since the first report of fast Li* ion conducting in
La;M,LisO;, (M = Nb, Ta), such garnet materials have
attracted considerable interest in the last decade.*” The ideal
garnet structure has a general formula A;B,C;0,,, where A, B
and C are eight, six, and four oxygen coordinated sites,
respectively. In the Li ion conducting garnets, the ability to
accommodate extra Li in interstitial sites and the multiple
cation sites makes garnets very amenable for structural
modification.'’™"* A wide variety of doping strategies have
been devised to improve conductivity, including the replace-
ment of A site ions with Ca, Ba, Mg, and Sr; B site ions with
Zr, Hf, and Sn; and C site ions with Al and Ga.">™** Murugan
et al. demonstrated that lithium garnets can accommodate up
to seven Li atoms per formula unit reporting cubic
Li;La;Zr,0;, (LLZO) with high conductivity. However,
further studies revealed that Li-La;Zr,0,, and related
Li;Lay(Hf/Sn),0;, system possess tetragonal cells, which are
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significantly less conductive.””™>” Structural studies showed
that these chemically stoichiometric Li7 tetragonal phases
exhibit Li ordering in three fully occupied sites (tetrahedral 8a
and octahedral 16f and 32g sites). As the Li content increases
toward seven, Li ions are increasingly shifted from the
tetrahedral 24d sites to the distorted octahedral 96h sites to
avoid short Li—Li repulsive interactions, accounting for the
variation of Li ion conductivity and the difference in reported
migration pathways.”**” Tetragonal to cubic phase transitions
have also been shown to be temperature-dependent, with
Li;La;Zr,0;, and Li;La3Sn,0,, transitioning to cubic
symmetry above 625—725 °C.’>’" The observation of cubic
“Li;La3Zr,O,,” at room temperature is attributed to Li loss at
the high reaction temperature, long reaction time, and/or from
Al exchanging with lithium at the 24d tetrahedral site, due to
contamination from the Al,O; crucibles.*”**

Despite the high electrochemical stability window and
mechanical strength in these garnet materials,””** major
challenges need to be addressed to enable practical
applications; these include: (a) overcoming the large interfacial
impedance arising from the rigidity of the garnet electrolyte
and poor wettability of Li metal and (b) dendrite growth and
expansion through the solid electrolyte.”> In addition, H*/Li*
exchange of garnet in humid atmosphere forms LiOH, which
reacts with CO, to form a Li,CO; insulating layer.‘%(’_38
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However, it has been demonstrated that this layer can be
effectively removed through mechanical polishing or anneal-
ing.>”* To overcome the interfacial issue, external pressure or
extra heat has been employed to improve the initial physical
contact of the cell.”'~* Interfacial impedance, caused by the
microscopic voids and grain boundaries of garnet, can also be
negated by coating pellets with metal or nonmetal layers and
alloying with Li metal, as shown in this recent review
article.™™*” For example, the formation of a Li-Al-O layer
between AL, O; and Li has been shown to decrease the
interfacial impedance.*® Hybrid composite garnet—polymer
systems combining high ionic conductivity, the good
mechanical properties of garnet, and good wetting ability of
polymer have also been reported to suppress dendrite
nucleation and decrease the interfacial impedance.*

As these issues remain unresolved and a highly conductive
garnet phase that matches current LIB electrolytes, which is
also commercially viable, remains elusive, there is a need to
investigate new doping strategies as well as new strategies to
minimize interfacial resistance. Ce replacement of La in the
formula Li,_,La; ,Ce,Zr,0, has been reported to stabilize the
cubic phase. However, limited Ce incorporation was detected
before impurities were observed and no conclusive con-
firmation of Ce incorporation in the structure was reported.50

In this paper, we examine the potential for Ce** to replace
Zr*', the aim being to increase the unit cell size and thus
enhance conductivity by reducing the tendency for Li ordering.
The corresponding effects on phase transition, conductivity,
and electrochemical properties were investigated through a
combined experiment and modeling approach, illustrating
enhanced performance both in terms of conductivity and
interfacial resistance.

B EXPERIMENTAL SECTION

Synthesis. Li,CO; (99.9%, Alfa Aesar), LINO; (99.99%, Sigma-
Aldrich), CeO, (99.9%, Acros), La,0; (99.9%, Sigma-Aldrich), and
ZrO, (99%, Sigma-Aldrich) were used as reagents. Li,CO; was dried
at 180 °C while La,0O; and ZrO, were dried at 900 °C before use.
Li,La;Zr, ,Ce,O;, samples from intimately ground stoichiometric
amounts of starting reagents were heated initially to 650 °C for 12 h
at a rate of 5 °C min~". Excess Li,CO; (15—20%) was added to the
mixture to compensate for Li loss during the synthesis. The mixture
was then milled (ZrO, containers and balls) with hexane solvent for
30 min using a Pulverisette S planetary ball mill to yield fine powders.
The powders were pressed into pellets, placed onto ZrO, pellets to
prevent Al contamination, and reheated at 1000—1050 °C for 12 h in
air with a rate of 5 °C min™' to obtain the final product. For future
discussion, samples with x = 0, 0.125, and 0.25 are referred to as
LLZO, LLZCO125, and LLZCO2S, respectively.

Characterization of Materials. A Bruker D8 X-ray diffractom-
eter (XRD) with Cu Ko radiation and a linear position sensitive
detector was used to collect X-ray diffraction data. Patterns were
recorded over the 26 range of 15—80° with a 0.02° step size.
Structural refinement was carried out using the XRD data with the
GSAS suite of Rietveld refinement software.”"

High-temperature XRD data were recorded using a Bruker D8
variable temperature X-ray diffractometer (VIXRD) with a Cu Ka
radiation and linear-position-sensitive detector. VIXRD data were
collected between 25 and 825 °C, with 100 °C interval steps for both
heating and cooling processes.

The microstructures of the pellets were assessed by scanning
electron microscopy (SEM) using a HITACHI TM4000plus scanning
electron microscope. The distribution of elements was probed with an
energy-dispersive X-ray (EDX) spectroscopy detector.

For impedance measurements, pellets were pressed and sintered at
1050 °C for 4 h at a rate of S °C min™' in dry N,. The pellets were
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surrounded by the mother powder to decrease the Li,O loss and avoid
reaction with the Al,O; crucible. Both sides of the pellet were printed
with Au paste and heated at 850 °C for 1 h in air for electrical contact.
Alternating current (AC) impedance data were collected with a HP
4192 analyzer with 100 mV applied voltage over the frequency range
from 1 to 10" Hz in air.

Electrochemical Characterization. Stainless steel (SS) was used
as the working electrode and lithium foil, with a thickness of 38 mm,
was used as the counter electrode. The SS//
Li;LayZr, ;5Ce(,501,(LLZCO2S)//Li cell was assembled by pressing
SS and Li foil on each side of polished LLZCO2S pellet using a
Swagelok cell in an argon-filled glove box. The electrochemical
stability of SS//LLZCO25//Li cell was tested by cyclic voltammetry
(CV) over the voltage range of —0.4 to 4 V vs Li/Li", with a scan rate
of 1 mV s7', using a Biologic SP150 potentiostat. A similar procedure
was used for an undoped LLZO pellet for comparison.

To assess interfacial resistance, Li//LLZO//Li and Li//
LLZCO25//Li symmetric cells were made by hot pressing Li foils
on both sides of polished garnet pellets at 150 °C for 30 min and
assembled using Swagelok cells in the argon-filled glove box.
Electrochemical impedance spectroscopy (EIS) was conducted
using a Solatron 1260 analyzer at 100 mV over the frequency range
from 1 to 107 Hz. The plating/stripping curves were recorded using a
Bio-logic SPSO cell tester.

Computational Methodology. For the computational modeling,
the VASP code (version 5.4.4)>> was employed, which implements a
planewave basis-set with projector augmented wave (PAW)
pseudopotentials.”® All calculations were spin-polarized and used
the PBEsol functional®* with an 800 eV planewave energy cutoff.
Energy minimization employed a full geometry relaxation including
both atomic positions and lattice vectors. The force tolerance for
convergence was 0.01 eV A™' per atom for the geometry
optimizations, and the energy tolerance for convergence was 107*
eV for the hybrid single point energy calculations.

All LLZO systems were energy minimized in the tetragonal 192
atom unit cell using a converged 2 X 2 X 2 k-point grid. The
simulation cells used for the bulk oxides comprised the antifluorite
structure for Li,O, the baddeleyite structure for ZrO,, and the fluorite
structure for CeO,. Both the @-M,0; and bixbyite-M,O; structures
were calculated for lanthanum oxide, and the lower-energy polymorph
was used for further calculations (the more stable structure was found
to be a-La,05). Metallic lithium was in the body-centered cubic (bcc)
lattice. The k-point grid was varied until the convergence of energy for
each material was reached, and these are given in the Supporting
Information (SI) (Table S1).

Energy minimizations were followed by a self-consistent energy
calculation using the hybrid HSE06 functional.’®> The parameters
were retained as above for k-point grid and planewave energy cutoff;
however, the Hartree—Fock exchange was calculated on a k-point grid
half the size.

Defect calculations were performed by inserting a single dopant Ce
into the LLZO lattice and then inserting/deleting compensating
lithium to maintain charge neutrality if necessary. Compensating
lithium interstitial/vacancy was tested as either the nearest neighbor
or furthest neighbor to the dopant ion in the periodic system. The
substitution of Ce was investigated for the Zr site as well as both La
sites.

Redox voltages were calculated by inserting/removing a lithium
atom, performing a PBEsol geometry optimization followed by a
single point HSE06 calculation. The lattice energy change is then
compared to the energy of a lithium atom in metallic lithium, thereby
mimicking redox of doped LLZO in a cell with metallic lithium.

B RESULTS AND DISCUSSION

Phase Formation La3Zr,_ ,Ce,Li;O;,. Stoichiometric
Li;La;Zr,0;, (LLZO) can be indexed with a tetragonal cell
(I4,/acd space group), while the Ce-doped samples showed a
reduction in tetragonal distortion, as shown in Figures 1 and
S1. From the determination of the cell parameters, the cell
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Figure 1. (a) XRD patterns of Li;La;Zr,_,Ce,O1,: x = 0, 0.125, 0.25,
0.375, 0.5, 0.7, 1. (b) Variation of tetragonality (c/a) vs composition
x.

volume was shown to increase linearly as a function of x for 0
< x <028 (Figure 2) due to the larger radius of Ce*

2210

2200}
~2190f JPEE ®
Z .

> 2180

2170 +

2160 L
0.0

0.1 0.2 0.3
xin LilaZr, CeO,,

0.4

Figure 2. Variation of cell volume V of Li;La;Zr, ,Ce,O,, with
composition x.

compared to that of Zr*", indicating the successful replacement
of Ce into the LLZO structure (Figure 3). The refined cell
volume remained approximately constant when x > 0.25,
consistent with the detection of the La,,Ce;,Li,,O,
(tetragonal, I4/mmm unit cell) impurity phase, which shows
that the solid solution limitation resides at x equals ~0.25.
With increasing Ce content, La,Zr,O, impurity phase was also
detected in the compositions with x = 0.75 and 1. Energy-
dispersive X-ray spectroscopy (EDS) mapping results (Figure
4) showed that La, Zr, Ce, and O are uniformly distributed
throughout the LLZCO2S sample. From these results, it can
therefore be considered that Ce is successfully doped onto the
Zr site in the LLZO structure. The relative densities of the
sintered pellets are very similar for LLZO (73%) and LLZCO
(74%) (SEM images of LLZO and LLZCO2S pellets are
shown in Figure S2).

Structure refinement of two compositions, Li;La;Zr,0;, and
Li;LasZr g;5Ceg 125015, was carried out using XRD data. First,
Uy, (thermal parameters) of each atom was set to a default
value, 0.25 A2, and the scale factor, background (six terms of
shifted Chebyshev function), and lattice parameters were
refined. Then, the peak profile coefficient and zero were

(a)

—o— I(obs)
—— I(cal)
~— |(bac)
- Obs - Cal
=} ref-phase
&
Fary
‘@
c
Q
=
= VPN s
f
20 30 40 50 60 70 80
2 Theta (Degree)
(b)
—o— I(obs)
—— I(cal)
- = |(bac)
= —— Obs - Cal
\(U_/ | ref-phase
>
=
[2]
s )
e P e o T
£ btk "
1
20 30 40 50 60 70 80

2 Theta (Degree)

Figure 3. Observed, calculated, and difference profiles from the
refinement of (a) Li;La;Zr,01, and (b) Li;LaZr, g75Ce 12501, using
XRD data.

La Lol Zr Lol

——
Sum

Spum Ce Lal

s

-

—e—
Sum

e
Sum

Figure 4. EDX elemental mappings of Li;La;Zr, 75Ce,501,.

refined and fixed after convergency. The atomic coordinates of
La2, O1, O2, and O3 were refined in turn followed by U,,’s of
Lal, La2, Zr1, O1, O2, and O3. Finally, U,/’s of Lal, La2, Zr1,
01, 02, and O3 and atomic coordinates of La2, O1, O2, and
O3 were refined together. Results for Li;La;Zr,0,, are shown
in Table 1, which shows full site occupancies for all atoms.

For the refinement of Li;La;Zr, 5,:Cej 1,505, a constraint of
the same atomic coordinates and Uj,’s with overall full site
occupancy (Zrl + Cel = 1) was used initially. The scale factor,
background, lattice parameters, peak profile coefficient, and
zero point were refined in turn. Then, the atomic coordinates
of La2, Ol, 02, and O3 were refined followed by the
occupancies of Zrl/Cel. Finally, the atomic coordinates of
La2, O1, 02, and O3, occupancies of Zrl/Cel, and U,,’s of
Lal, La2, Zrl, O1, O2, and O3 were refined, giving
occupancies of 0.08(2) for Cel and 0.92(2) for Zrl. These
values correspond to the stoichiometric composition within 2
esds. The final refined parameters of Li;La;Zr, ¢;5Ce( 1,50, are
shown in Table 2.

Further support for the incorporation of Ce on the Zr site is
shown in the bond lengths. Selected bond lengths for both
Li;La;Zr,0,, and Li;La;Zr, g;sCeg 1,50, are shown in Table 3.
As shown in the table, all six Zr1—O1 bonds expand in the Ce-
doped sample, which is consistent with the large ionic size of
Ce* to Zr*". The average Zrl1/Cel—O bond length increased

DOI: 10.1021/acs.chemmater.9b03526
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Table 1. Refined Structural Parameters of Li,La;Zr,0,, Using XRD Data

atom x y z mult. occupancy U,, X 100 (A%)
Lal 0 0.25 0.125 8 1 0.2(1)

La2 0.1271(3) 0 0.25 16 1 0.1(1)

Zrl 0 0 0 16 1 0.1(1)

o1 —0.0379(10) 0.0546(10) 0.1521(11) 32 1 0.8(3)

02 0.0540(10) 0.8503(11) 0.5379(8) 32 1 0.8(3)

03 0.1480(11) 0.0338(10) 0.4416(9) 32 1 0.8(3)

Lil 0 0.25 0.375 8 1 2.5

Li2 0.1774 0.4274 0.125 16 1 2.5

Li3 0.0800 0.0870 0.8049 32 1 2.5

a=13.1163(1) A, b = 13.1163(1) A, ¢ = 12.6644(2) A, V = 2178.78(4) A3

1 =3.017
R,, = 8.45%, R, = 7.71%

Table 2. Refined Structural Parameters of Li,La;Zr, g,5Cey 1,50, Using XRD Data

atom x y z mult. occupancy U,, X 100 (A?)
Lal 0 0.25 0.125 8 1 0.1(1)
La2 0.1278(3) 0 025 16 1 03(1)
Zrl 0 0 0 16 0.921(20) 2.5
Cel 0 0 0 16 0.079(20) 2.5
o1 —0.0408(13) 0.0566(13) 0.1586(13) 32 1 2.7(3)
02 0.0595(13) 0.8508(14) 0.5407(10) 32 1 2.7(3)
03 0.1494(14) 0.0387(13) 0.4394(10) 32 1 2.7(3)
Lil 0 0.25 0.375 8 1 2.5
Li2 0.1774 0.4274 0.125 16 1 2.5
Li3 0.0800 0.0870 0.8049 32 1 2.5
a=13.1205(2) A, b = 13.1205(2) A, ¢ = 12.6940(3) A, V = 2185.23(7) A}
1 = 2863
R,, = 8.62%, R, = 9.09%
Table 3. Bond Lengths of Zr1/Cel—O for Li;La;Zr,0;, and @
LizLa;Zr, g75Ceg,12501, 3 é iii
\(“/ 625 °C
composition bond length (A) > o 5%
Li;LayZ5,0,5 Zr1-01 (2x) 2.115(14) 2 | o . e
7c1-02 (2%) 2.142(14) £ i : zse
Zr1-03 (2%) 2.125(14) VN W T
werage 711-0 2127(14 TR
Li;LasZr) g75Ce 15501, Zr1/Cel-O1 (2x) 2.212(18) 20 30 I40 50 ‘ 60 70 80
Zr1/Cel—-02 (2x) 2.171(18) 2Theta (Degree)
Zr1/Cel—03 (2X) 2.166(18) ®
average Zrl/Cel—O 2.183(14) I e e — b
S 625°C
5 o 8 | TR J _525°C
from 2.127(14) A for LijLa;Zr,Op, to 2183(14) A for = [ | s
Li;LayZr) g75Ceg 12501 2 2257
VTXRD data of LLZO and LLZCO2S5 were collected; see 2 ]J:_Jlu_i_t:;‘u S
Figure S. The XRD pattern of LLZO showed a tetragonal to - 1G50.00.065.0174_cuvie
cubic phase transition at ~725 °C, which is consistent with : R

prior work by Larraz et al.”' LLZCO25, by comparison, shows
the transition to the cubic phase at a lower temperature, 325
°C (Figure Sb for LLZCO2S). This indicates that the Ce
dopant aids in the stabilization of the cubic garnet phase,
which is most likely related to the larger size of Ce* compared
to Zr** (Figure 6).

Conductivity Results. A typical impedance dataset for
Li;LayZr; ;5Ce,501, is shown in Figure 7 in three formats. In
the complex impedance plane (Figure 7a), a nearly ideal high-
frequency semicircle that passes the origin and a low-frequency
sharp spike were detected. The corresponding spectroscopic C’
plot (Figure 7b) showed a high-frequency plateau with a

capacitance of 6.7 pF cm™', with an associated bulk

218

4 5 60 70 80

30
2Theta (Degree)

Figure 5. Variable temperature XRD of (a) Li;La;Zr,0,, and (b)
Li;La;Zr, 75Ce(,50;, under cooling, showing a tetragonal cell at a low
temperature and a cubic cell at a high temperature with the cubic to
tetragonal phase transition at ~725 and 325 °C, respectively.

permittivity of 76.1, as calculated from ¢, = C/g, where &,
is the })ermittivity of free space with a value of 8.854 X 10™'* F
em~1.>° A hypothetical low-frequency plateau with a value of
~1 uF cm™ at 1 Hz was also observed, which illustrates the
ionic blockage at the sample—electrode interface and hence Li*
ion conduction.”’
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Figure 7. (a) Impedance complex plane plot and (b) spectroscopic
plots of C’ and (c) Y’ at 50 °C.

The high-frequency semicircle was fitted with an equivalent
circuit using a resistor, R;, and a constant phase element,
CPE,, in parallel in the equivalent circuit; see Figure 8a. The
CPE is a frequency-dependent resistor and frequency-depend-

-1
x=0

o 2r ®x=0.25
= Ea=0.28(1)
5 -3 F @.. " )
:{4 L @ &
L |

6 . . . .

21 24 27 3 33 36
1000K/T

Figure 8. Arrhenius plot of Li,La;Zr, ,Ce O}, Activation energies

are in eV.
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ent capacitor in parallel and was used to model the deviation
from ideal, Debye-like behavior.”® Another CPE, in series with
R, and CPE, was used to model the low-frequency spike.

The spectroscopic Y’ plot (Figure 7c) shows a frequency-
independent plateau at the intermediate frequency, which
represents the resistivity of bulk materials, a dispersion at a low
frequency that contributed to the double-layer blockage
phenomenon at the sample—electrode interface, and curvature
at a high frequency associated with the Jonscher’s power law.

Bulk conductivity data are shown in Figure 8 for both
undoped and Ce-doped Li;La;Zr,0,. The conductivity of the
Ce-doped (x = 0.25) sample reached 1.2 X 10™* S cm™ at 50
°C with lower activation energy, 0.29 eV, over the temperature
range from 50 to 125 °C. The conductivity of this LLZCO2S
sample is ~1.5 orders more than that of LLZO at room
temperature (Figure 9).

Figure 9. Ce*" on the Zr (16¢) site. La ions are displayed in green, Zr
ion octahedra in teal, Li ions in orange, O ions in red, and the Ce ion
octahedra in yellow.

Modeling. Doping with CeO, was investigated for both the
La and Zr sites. For doping with CeO, on the La (16e) site, a
charge compensating Li vacancy was introduced

. 1 1
La) + CeO, — Cey, + v, + 71205 + ZLi0

This compensating mechanism gives defect energy of 0.90 eV
when the two defects in the simulation cell are placed as
nearest neighbors and 0.95 eV when placed as far away as
possible in the periodic cell. Incorporation on the other La
(8b) site gave higher values of 1.12 and 1.3S eV. Incorporation
of Ce onto the La site in LLZO has been reported previously
by Trofimov et al;*>*” however, the samples reported in this
work were impure, and the cell parameters showed a cell
expansion, which is consistent with Zr rather than La site
substitution.

For incorporation of Ce onto the Zr site, no charge
compensating defect is required

Zry + CeO, — Cep. + ZtO,

This mechanism gives a defect energy of 0.98 eV, which is very
close to the defect energy of incorporating Ce*" onto the La
(16e) site. The similarities in defect energies suggest the
potential that Ce** could be an ambi-site dopant,”’ capable of
both La and Zr site substitution. However, experimentally we
have only succeeded in attaining single-phase sample Ce*"
doping on the Zr*" site. Further compensating mechanisms for
CeO, incorporation are included in the SI.
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Given the experimental evidence of incorporation of Ce
onto the Zr site, we have calculated the redox properties of Ce
on this site. Redox of Ce}, to Cey, is achieved by inserting a
lithium ion into the LLZO lattice as either the nearest
neighbor or as a furthest neighbor to the dopant ion, giving a
range of energies depending on the placement of the interstitial
lithium. The Ce*" to Ce®* redox voltage on the Zr site may be
calculated via

E[Lig;LayZn Ced* O] — E[Lisela,yZnCef T Og5] — E[Liy]
F

VZr site

where E[x] is the lattice energy of material x and F is the
Faraday constant. When LLZO containing the Ce}, species is
exposed to lithium metal, the voltage is calculated to be 0.36 V
when lithium is inserted as the furthest neighbor and 0.43 V
when inserted as the nearest neighbor.

To check whether this result is due to the extra interstitial
lithium beyond the usual formula, we have calculated the same
value using simulation cells with an additional electron. In this
case, the redox is between a —1 charged simulation cell with
stoichiometric lithium and a —1 charged cell with a lithium
vacancy. The redox voltage is then calculated via

E[LiseLay,ZnCed* O] — E[LigsLa,yZnCef Oyl — E[Liy]
F

VZr site

This calculation gives a voltage of 1.09 V when lithium is
inserted as the furthest neighbor and 0.93 V when lithium is
inserted as the nearest neighbor. Both calculated voltages are
distinctly different from the voltage calculated when cerium
occupies a lanthanum site and undergoes the same redox
process, which gives a voltage of approximately 2.37 V (see the
SI). This indicates a sensitivity of the voltage to both the
doping site and the lithium content when vacant lithium sites
are no longer available. Of the different possibilities, the first
values (0.36/0.43 V) are consistent with the experimental CV
data (see below). This could be explained from the fact that
Ce® is harder to stabilize in the octahedral environment due to
the large difference in the ionic radii (1.01 for Ce** compared
to 0.72 for Zr*'), and why low potentials, ie., a strong
reductive force, are predicted for doping Ce’* on the
octahedral Zr*" site.

The lithium ion diffusion pathways for the cubic phase Ce-
doped LLZO would be similar to any other cubic phase of
LLZO as the unit cell is so densely packed with Li ions that a
different pathway is hard to envisage. Detailed pathways of Li
ion in the cubic phase can be found in 2previous reports using
both cation and anion doping strategies.”"*" As shown in these
papers, despite the different doping strategies, the pathways are
very similar, and therefore we do not anticipate this to be
different when doping with Ce.

Electrochemical Property. The electrochemical stabilities
of both undoped and Ce-doped samples were tested in SS//
LLZO//Li SS//LLZCO25//Li cells by CV from —0.4 to 4 V.
As shown in Figure 10, peaks are observed around 0 V for
LLZO, which is consistent with Li plating/stripping, as shown
in previous studies of such garnet systems. For the LLZCO2S
sample, there is a broader peak observed at ~0.395 V. The
broadening of this peak suggests the introduction of an
additional feature, which may be attributed to additional
cerium redox processes as indicated from the modeling results.
The XRD pattern of LLZCO2S5 after CV measurement showed
the partial decomposition of the sample with the formation of a
small amount of Ce O, (shown in Figure S3). This may
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Figure 10. CV of Li;La;Zr,0,, and Li;La;Zr;sCey,50;, with
stainless steel and Li metal as working and counter electrodes, at a
scanning rate of 1 mV s~

indicate either the insertion of an extra Li into the garnet
structure results in partial decomposition in the region near the
Li metal or that there is a simple reaction at the interface
between Li and the garnet phase leading to this decomposition
product.

The electrochemical impedance spectroscopy (EIS) of
symmetric Li cells with LLZO and LLZCO2S pellets shows
a significant difference in interfacial resistance at the solid—
solid interface (Figure 11). As shown in Figure 11b, the circuit
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Figure 11. (a) Impedance spectra of LilLLZOILi and LilLLZCO2S5ILi
symmetric cells. (b) Impedance spectra of Li[LLZCO25ILi symmetric
cell.

of Li//LLZCO25//Li was fitted using two parallel resistors
and CPE in series, representing the bulk conductivity and
interfacial respondence, respectively. This showed a dramatic
decrease in interfacial resistance from 2100 Q cm? of Li//
LLZO//Li to 388 Q cm® of Li//LLZCO25//Li. This
enhancement may be associated with the in situ formation of
Ce,O; interface layer, which has better wettability and higher
conductivity. Significantly, this enhancement requires no
additional coating as required by prior studies and so suggests
that low-level Ce doping in other garnet electrolyte systems,
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e.g., mixed Nb/Zr- or Al/Ga-doped La;Zr,Li;O,, should be
investigated for potentially reducing interfacial resistances in
these highly conducting cubic systems.

The long-term cycling performance of the Li//LLZCO25//
Li symmetry cell at 60 °C is shown in Figure 12. A flat voltage
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Figure 12. Charge—discharge voltage profile of the Li//
Li;LayZr, 75Ce(,501,//Li symmetry cell at 60 °C with 12.5, 25, and
50 uA cm™? current densities.

plateau with a voltage overpotential of 53 mV at 25 yA cm™>
current density was observed. At the current density of 50 pA
cm™?, a slightly increasing overpotential is seen; however, the
long-term cycling stability over 190 h was still delivered.

B CONCLUSIONS

Cerium doping on the Zr site has been found to be an effective
strategy to reduce tetragonal distortion of LLZO, which is
most likely related to the larger size of Ce*" than Zr*". VTXRD
data show a decrease in the tetragonal—cubic phase transition
temperature from 725 °C for LLZO to 325 °C for LLZCO2S.
Impedance data show enhanced Li* ion conductivity in the Ce-
doped sample with lower activation energy. Both experimental
and computational work support the partial reduction of
LLZCO2S5 when contacting with Li metal. This effect most
likely accounts for a significant decrease in interfacial resistance
(388 Qcm?) of Ce-doped LLZO, which may be related to the
better wettability and higher conductivity of the resultant
Ce,O; interlayer. These results therefore show an alternative
way of reducing the interfacial resistance issue between Li
metal and garnet solid-state electrolyte materials, and future
studies need to investigate other lightly Ce-doped garnet
materials with a view to enhancing the bulk conductivity and
hence the overall performance.
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