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Synthesis, conductivity and structural aspects of
Nd3Zr2Li7_3XA|XO12
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P. M. Panchmatia® and P. R. Slater*?

In this paper we report the synthesis, structure and Li ion conductivity of a new tetragonal garnet phase
NdsZr,Li;O15. In line with other tetragonal garnet systems, the Li is shown to be ordered in the
tetrahedral and distorted octahedral sites, and the Li ion conductivity is consequently low. In an effort
to improve the ionic conductivity of the parent material, we have also investigated Al doping to reduce
the Li content, NdsZr;Lis sAlg 5015, and hence introduce disorder on the Li sublattice. This was found to
be successful leading to a change in the unit cell symmetry from tetragonal to cubic, and an enhanced
Li ion conductivity. Neutron diffraction studies showed that the Al was introduced onto the ideal
tetrahedral garnet site, a site preference also supported by the results of computer modelling studies.
The effect of moisture on the conductivity of these systems was also examined, showing significant
changes at low temperatures consistent with a protonic contribution in humid atmospheres. In line with
these observations, computational modelling suggests favourable exchange energy for the Li*/H*

www.rsc.org/MaterialsA exchange process.

Introduction

The recent portable electronics boom has been driven by
advances made in Li ion battery technology. This has led to a
large amount of interest in the development of new materials
with potential for use in such batteries. In terms of the elec-
trolyte, there is growing interest in the development of new
solid state electrolyte systems, which offer potential advantages
in terms of cell safety and miniaturisation. In this respect, the
lithium containing garnets have been attracting significant
interest, following initial reports of high Li ion conductivity in
such systems by Thangadurai et al.* These Li containing garnets
are unusual in the sense that they show an excess of cations (Li)
compared to the traditional garnet materials, which have ideal
general formula A;B,C;0;, (Where the A site is 8 coordinate, the
B site is 6 coordinate and the C site is 4 coordinate). Thus in the
Li ion conducting garnets, the conventional 8 coordinate (A)
and 6 coordinate (B) sites are fully occupied, while partial
occupancy of the tetrahedral (C) sites is observed, with addi-
tional Li in interstitial distorted octahedral sites not normally
occupied in the garnet structure. Thus the stoichiometry of
these Li ion conducting garnets can be given as A;B,Liz 0.,
where 0 =< x < 4 (ref. 1-14) (the value of x depends on the
oxidation states of A and B). The initial work from Thangadurai
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and Weppner' on these systems reported the synthesis of the
garnet materials LisLazM,0;, (M = Nb, Ta) with high Li ion
conductivities. The authors also reported that it is possible to
increase the Li content by partial substitution of the La with K or
alkaline earth cations, or by partial substitution of In for Nb.*®
To fully understand the Li ion conductivity of these garnet
materials, it is important to have a detailed description of the
structure. In this respect, initial structural studies using X-ray
diffraction data led to different claims on the location of the Li
sites.””*® This can be explained by the fact that Li has a weak
X-ray scattering factor, which consequently severely hinders its
effective location using X-ray diffraction. This problem can be
solved through the use of neutron diffraction studies, with
initial work in the area by Cussen et al on LisLazM,Os,,
showing that the space group was Ia3d, with Li distributed over
both the ideal tetrahedral garnet site and also interstitial dis-
torted octahedral sites.> Cussen et al. also showed that the
occupancy of the interstitial sites was only observed for Li
contents per formula unit greater than 3, while in systems with
ideal conventional garnet stoichiometry, such as Li;Ln;Te,0;,
(Ln = rare earth), the Li was only present in the tetrahedral site.
The Li ion conductivity for Li;Nd;Te,O;, system was conse-
quently low (Georaieo0 c) = 1 x 107> S em™ '), and it was
concluded that occupancy of both tetrahedral and octahedral
sites is the key to ensuring good Li ion conductivity.'**®

A number of recent modelling studies have investigated
the conduction pathways within these garnet systems. These
studies have suggested that the tetrahedral site plays a key role
in the conduction pathway of the Li through the structure,*>*
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thus highlighting the need for both Li in the distorted octahe-
dral sites, as well as vacancies in the tetrahedral sites.

Studies aimed at varying the Li content have shown that it is
possible to prepare samples with Li contents up to 7 Li per
formula unit. In such high Li content garnets, there have been
reports of ordering of the Li ions, with 1 Li ion per formula unit
located in the garnet tetrahedral site and the remaining 6 Li in
the distorted octahedral (4 in the Li2 site, and 2 in the Li3 site)
sites, not normally occupied in an ideal stoichiometric garnet.®
The ordering of the Li atoms within the structure has been
reported to be necessary to avoid short Li-Li repulsive interac-
tions. This ordering leads to a tetragonal, rather than cubic,
unit cell and a low Li ion conductivity.” However, differing
results have been observed for the phase with composition
LazZr,Li;O4,, with reports of both cubic and tetragonal cell
symmetry for this system. The formation of cubic systems
generally involves high synthesis temperatures (up to 1000 °C)
with long heating times (over 12 h), which could give rise to Li,O
evaporation from the system leading to lower than 7 Li per
formula unit and hence explaining the cubic unit cell symmetry.
Other reports have suggested Al incorporation from reaction
with crucibles occurs in these samples, due to the high
synthesis temperature. In cases where cubic symmetry has been
observed, high Li ionic conductivity was observed (i.e. G¢otai(2s =c)
~ 10* S cm "), while tetragonal samples showed low
conductivity due to the ordering of Li. In line with suggestions
that Al incorporation from the crucible may be occurring, there
have recently been a number of reports of doping on the Li site
with Al, Ga, Ge, In and Si.**>* Al doping in the LasZr,Li;O;,
showed the highest conductivities, of the order of 10™* S ecm™"
at room temperature.

Another feature of these systems, that has begun to attract
attention, is the possibility to partially exchange the Li* ions
with protons.*® While many of these studies have focused on
exchange through immersion in water, or organic acids, there
has been growing interest in the reactivity with moisture from
the atmosphere.’**° Recently we reported that partial H'/Li"
exchange occurs in LazZr,Ga, 5Li5 501, On exposure to air, and
that this partial exchange results in a reduction in grain
boundary resistance, and hence an increase in the total
conductivity at low temperatures.>

While there has been considerable work on doping within
LasZr,Li;0,,, there have been no reports on the variation of the
rare earth cation. To this end, we have examined the effect of
varying the rare earth size, and this work showed that it was
possible to synthesise Nd;Zr,Li;O,,, while for smaller rare
earths, a garnet phase did not form. In this paper we report the
synthesis, structure and ionic conductivity of this new tetrag-
onal phase Nd;Zr,Li;O,,. In an effort to improve the ionic
conductivity, we have also investigated Al doping to reduce Li
content and hence change the unit cell symmetry from tetrag-
onal to cubic. The characterisation of this Al doped material is
also reported, and we also investigate the effect of exposure of
the samples to moisture. The experimental work is supported by
computational modelling studies into the most favourable
dopant position and the energetics behind H'/Li" exchange, the
first such studies on these garnet systems.
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Experimental

Nd;Zr,Li;O, and Nd;Zr,Lis5 5Al, 501, were prepared via solid
state reactions as follows. Stoichiometric amounts of Nd,O;
(99.99% purity), ZrO, (99% purity), Al,O3 (99% purity), Li,CO3
(99% purity) powders (with a 10% molar excess of Li,COj, to
account for Li,O loss by chemical transport with traces of water
yielding volatile LiOH) were ground together in an agate pestle
and mortar until a homogeneous powder was achieved. The
powder was transferred into an alumina crucible and then
heated at 600 °C for 2 hours. The temperature was then
increased to 800 °C for 12 hours. The heated powder was
removed from the furnace and reground with a further 10%
molar excess Li,CO; added. The powder was then pressed into a
pellet and the pellet was heated at temperatures of 850 °C for
12 hours for Nd;Zr,Li;O;,, and 1000 °C for 4 hours for
Nd;Zr,Lis sAly 50,,. The garnet pellets were placed on zirconia
pellets to avoid any Al incorporation from the crucible at the
elevated reaction temperature. X-ray diffraction (Bruker D8
diffractometer with Cu Ko, radiation) was used to determine
phase purity.

For conductivity measurements, pellets were pressed and
heated at different temperatures and times (up 1200 °C for 1-12
hours, on zirconia pellets to avoid Al incorporation) to examine
the effect of sintering temperature on the conductivity. It was
found that heating for 4 hours at 1000 °C gave a density of
~82% of the crystallographic density. Higher temperature heat
treatment led to the formation of significant perovskite-type
impurities, attributed to Li loss, and so the sintering tempera-
ture was limited to 1000 °C. Ag electrodes were attached to the
pellet using Ag paste and the pellet fired again, at 120 °C for 30
min, to give a good electrical contact between the electrode and
sample. Conductivity measurements were carried out using A.C.
impedance spectroscopy (Hewlett Packard 4192A Impedance
Analyser) in the range from 0.1 to 10° kHz. Conductivity
measurements were performed in wet and dry N, to elucidate
any changes in the conductivity on exposure to moisture. In
order to confirm that the conductivity changes in wet atmo-
spheres were not simply due to surface conduction along the
edges of the pellet, impedance spectra were also collected on a
pellet where the lateral pellet surfaces were covered with silicon-
based grease (Dow corning high vacuum grease). In these
experiments electrodes were applied to the pellet with the inner
circle removed to create a ring-shaped electrode (shown in
Fig. 1). This experimental approach allows for water incorpo-
ration into the sample, while preventing surface conduction:
such an approach was demonstrated previously by Mather et al.
in the study of proton conduction in nano-crystalline YSZ,*
where the authors showed that in this case the enhanced
conductivity in wet atmosphere was due to surface conduction
rather than bulk effects. Impedance data were analysed using
ZView software** by fitting the data to appropriate equivalent
circuits.

Neutron diffraction data for Nd;Zr,Li;O;, and
Nd;Zr,Lis sAl, 504, were collected on the HRPD diffractom-
eter, ISIS, Rutherford Appleton Laboratory. All structure refine-
ments used the Topas suite of Rietveld refinement software.*

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 Diagram illustrating ring-shaped electrode and standard electrode
arrangements for conductivity measurements.

Computational methods

In this study, well established atomistic modelling methods
embodied in the GULP code* have been used, and these
methods have been reviewed elsewhere.*>*® The calculations are
based on the Born model for polar solids where the interactions
between ions are represented in terms of a long-range
Coulombic term plus an analytical function representing short-
range repulsive and van der Waals interactions. For this study,
the short-range interactions were modelled using the Bucking-
ham potential:

i

vy = ayexp(50) -4 o
where r is the interatomic distance and 4, p and C are empiri-
cally derived parameters. Charged defects will polarise nearby
ions in the lattice and therefore, to calculate the defect energies
accurately, we included the electronic polarisability in the
model, which is incorporated via the shell model.*” Point
defects were modelled using the Mott-Littleton approach, in
which a defect is introduced into the energy-minimised lattice,
and the surrounding ions partitioned into two regions.*””** An
inner sphere of ions immediately surrounding the point defect
(region 1) is then relaxed explicitly whilst the crystal bulk
(region 2) is treated by computationally less expensive quasi-
continuum methods.

As with previous modelling studies on protons in perovskite
oxides*’ and silicate minerals®*** the OH interaction was treated
using an attractive Morse potential (with Coulomb subtraction):

V(r) = D{1 = exp[ - B(r = ro)]}’ ©)

Table 1 Interatomic Buckingham potentials and shell model parameters for
NdsZr;Li;045 and NdsZr;Lis sAlg 5012

Interaction A (eV) o (A) C(evA®) y(e) k(evA™?
Li*---0*" 292.3000  0.3472 0.0000 1.00 99 999
Zr*t-0*” 985.8690  0.3670 0.0000 1.35  169.92
Nd**---0*” 1995.2000  0.3430  22.5900 3.00 99999
AP*--.0%" 1142.6775  0.2991 0.0000 3.00 99999
0*"--0*" 22764.30 0.1490  43.0000 —2.86  74.92
H"-0* ¢ 311.9700  0.2500 0.0000 — —

% Morse intra-molecular parameters: D = 7.0525 €V; 8 = 2.1986 AL
ro = 0.9485 13; charge O core: —1.4263, H core: +0.4263.

This journal is © The Royal Society of Chemistry 2013
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using parameters (listed in Table 1) developed from ab initio
quantum mechanical cluster calculations,* with a point charge
representation of the surrounding lattice. The dipole moment
of the OH group was simulated by placing charges of —1.4263
and +0.4263 on the O and H species, respectively (overall charge
—1.00) in accordance with this study. Additional Buckingham
parameters were employed to simulate the interaction of the
lattice oxygen atoms with the hydroxyl unit.*>** Lattice energies
for the binary oxides required in the doping studies were
calculated using the parameters listed in Table 1, whilst a
correction term was added to account for the change in chem-
ical potential energy due to the formation of LiOH and Li,CO;
from Li,O using the following equations:

Li,O + H,O — 2LiOH (3)

L120 + C02 - L12C03 [4)

The correction term was calculated using experimental
enthalpy of formation at 300 K.>>*

Results
Structural studies

X-ray diffraction patterns showed that the Nd;Zr,Li,;O,, garnet
phase was successfully prepared, with peak splitting indicative
of a tetragonal unit cell. In contrast the Al doped phase,
Nd;Zr,Lis 5Al 501,, showed a simpler X-ray diffraction pattern,
consistent with a cubic unit cell (Fig. 2). This change in
symmetry is an indication that Al has been successfully doped
onto one of the 3 Li sites, leading to the creation of 2 Li"
vacancies for each AI** introduced (one AI** will replace three
Li"), and hence allowing the introduction of disorder and the
change in the symmetry to a cubic unit cell.
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Fig.2 X-ray diffraction patterns for (a) NdsZr,Li;O45 and (b) NdsZr;Lis sAlg 5O15.
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Table 2  Structural parameters for NdsZr,Li;O4, from neutron powder diffrac-
tion data’

Fractional
Atom Site X y z occupancy
Nd1 8b 0 1/4 1/8 1
Nd2 16e 0.1271(1) 0 1/4 1
Zr 16¢ 0 0 0 1
Li1 8a 0 1/4 3/8 1
Li2 16f 0.1819(4) 0.4319(4) 1/8 1
Li3 32g 0.0803(4) 0.0885(4) 0.8042(4) 1
o1 32¢g 0.2773(1) 0.0986(1) 0.1949(1) 1
02 32g 0.1945(1) 0.2834(1) 0.0971(1) 1
03 32¢ 0.1012(1) 0.1942(1) 0.2828(1) 1

¢ Tetragonal, I4,/acd, a = 12.94711(9), ¢ = 12.5512(1) A, Biso,eq = 0.25(1),
Ryp = 3.580, Reyp = 1.152, GOF = 3.107.

Neutron diffraction data were analysed to determine the
location of the Al in Nd;Zr,Lis 5Al, 5045, as well as the Li posi-
tions and distribution in both this and the parent Nd;Zr,Li,;O,,
phase. For the latter, the structure of the tetragonal garnet
phase LasZr,Li; Oy, (ref. 43) with space group I4,/acd, was used
as an initial starting model (where La ions were replaced by Nd
ions). In the refinement an empirical absorption correction was
included to account for absorption from the Li and Nd in the
samples (this was included in both refinements). The structure
refinement confirmed the tetragonal symmetry, with cell
parameters of a = 12.9471(1) A, ¢ = 12.5511(1) A. When
comparing the unit cell parameters of previously reported
tetragonal La,Zr,Li;Oq, with tetragonal Nd;Zr,Li;O.,, a
decrease in unit cell size is observed with the Nd sample, which
is as expected due to the smaller size of Nd** (1.109 A, 8 coor-
dinate) compared to La®" (1.160 A, 8 coordinate).’* Atomic
positions were refined for Nd;Zr,Li;O;, and gave sensible
values with low positional errors for the respective sites. Li
occupancies were initially set at full occupancy for each site.
Refinement of these Li site occupancies led to negligible change
from full occupancy. The values were therefore fixed at full
occupancy for the final refinement. Refinement of the atomic
displacement parameters led to values with large errors, and so
an overall parameter for the phase was refined. Some extra
peaks were present in the neutron diffraction pattern, which

View Article Online

could be attributed to Li,CO; from the excess used in the
synthesis, and the vanadium sample can used in the experi-
ment. These were included in the refinement as secondary
phases. The final structural parameters and bond distances are
presented in Tables 2 and 3, with the observed, calculated and
difference neutron diffraction profiles presented in Fig. 3.

In the Rietveld refinement of the structure of Nd;Zr,Al, s-
Lis 5015, the structural model for La;Nb,LisO;, with space
group Ia3d (ref. 2) was used as a starting point, again with the
replacement of La by Nd. This confirmed the cubic cell with unit
cell parameters of a = 12.8158(1) A. In the first instance, it was
assumed that only Li was present on the Li sites, and the
occupancies of these sites were allowed to vary in the refine-
ment. From this refinement, the occupancy of the Lil (24d)
(ideal tetrahedral) site showed a value close to zero. As Li has a
negative scattering length and Al has a positive scattering length
this was a good indication that Al had been successfully doped
onto this site. The Al on the Li1 (24d) site was therefore added to
the refinement and the occupancy of the Al was fixed at the
value (1/6) expected from the initial sample composition. The
occupancy of this site by Al was supported by the modelling

Intensity [a. u.]

mm—— I L T R T S R TR TR B R TR
[

| 1
——————— 08 O W e a0 o o
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d[A]
Fig. 3 The observed, calculated and difference neutron diffraction data profiles

for NdsZr;Li;Oq> (lower tick marks LiCOs, middle tick marks vanadium sample
can, upper tick marks NdsZr,Li;O15).

Table 3 Selected bond distances for NdsZr,Li;O1, from neutron diffraction studies, along with calculated mean bond lengths from modelling studies

Experimental Calculated mean Experimental Calculated mean

Bond bond distance bond distance Bond bond distance bond distance
Nd1-01 [x2] 2.426(2) 2.433 Li2-02 [x2] 1.968(6) 1.974

Nd1-01 [x2] 2.497(2) 2.468 Li2-01 [x2] 2.349(2) 2.342

Nd1-02 [x2] 2.518(2) 2.536 Li2-01 [x2] 2.379(7) 2.552

Nd1-03 [x2] 2.568(2) 2.621 Li3-01 1.852(6) 1.848

Nd2-03 [x4] 2.484(2) 2.488 Li3-02 2.035(7) 2.055

Nd2-02 [x4] 2.580(2) 2.643 Li3-02 2.049(7) 2.159

Zr-02 [x2] 2.094(2) 1.975 Li3-03 2.195(6) 2.263

Zr-03 [x2] 2.102(2) 1.997 Li3-03 2.719(6) 2.749

Zr-01 [x2] 2.107(2) 2.011 Li3-03 2.834(7) 2.919

Li1-03 [x4] 1.889(2) 1.964

14016 | J. Mater. Chem. A, 2013, 1, 14013-14022
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Table 4 Structural parameters for NdsZr,LissAlgsOq> from neutron powder
diffraction data?

Fractional
Atom Site x y z occupancy
Nd1 24c¢ 1/8 0 1/4 1
Zrl 16a 0 0 0 1
Li1 24d  3/8 0 1/4 0.35(2)
Li2 96h  0.103(1) 0.687(1) 0.574(1) 0.368(5)
All 24d 3/8 0 1/4 1/6
o1 96h  0.2808(1)  0.0984(1)  0.1945(1) 1

“ Cubic, 1a3d, a = 12.8158(1) A, Bisoeq = 0.32(2), Ryp = 4.828, Rexp =
1.527, GOF = 3.162.

studies (see next section). The Li occupancies were then con-
strained to equal 5.5 Li atoms per formula unit, again as
expected from the sample stoichiometry. The fractional Li
occupancies were then refined, giving the tetrahedral Li1 (24d)
site a Li occupancy of 0.35(2) and the distorted octahedral site
Li2 (96h) an occupancy of 0.368(5). Refinement of the Li3
(highly distorted octahedral) site (found to be occupied in other
Li containing garnets) led to zero occupancy of this site, and so
this site was removed from the refinement. As with the refine-
ment of the structure of tetragonal Nd;Zr,Li;O;,, an overall
atomic displacement parameter was refined.

As before, extra peaks were observed due to the vanadium
sample can which was included as a secondary phase. Final
structural parameters and bond distances are presented in
Tables 4 and 5. The observed, calculated and difference neutron
diffraction profiles are presented in Fig. 4.

Modelling studies

The interatomic potentials used for the modelling studies of
Nd;Zr,Li;O,, and Nd;Zr,Li5 5Al, 504, are listed in Table 1, while
Table 6 shows the structural reproduction of the calculated
structure, illustrating a fit to within 1% of the observed cell
parameters. This represents excellent agreement especially
since the modelling of these structures is not trivial given their
complex nature, with Li present in both the tetrahedral and
octahedral coordination sites. Fig. 5(a) and (b) show the sche-
matic representations of both the tetragonal and cubic struc-
tures. Tables 3 and 5 list the experimental and mean calculated
bond lengths for Nd;Zr,Li;O;, and Nd;Zr,Al, sLis 504, respec-
tively. Following the successful reproduction of the structures,

View Article Online
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Fig.4 The observed, calculated and difference neutron diffraction data profiles
for NdsZr;Lis sAlg 501> (lower tick marks vanadium sample can, upper tick marks
Nd3ZrsLis sAlgs015).

defect modelling and dopant solution energies were calculated,
the latter to include both trivalent cation doping on the Li sites,
and H'/Li" exchange.

The defect modelling suggests the most favourable intrinsic
defect to be the Li Frenkel defect, see Table 7. The dopant
studies in Nd;Zr,Li,0;, suggest the Lil (tetrahedral) site to be
the most favoured site for Al doping in accord with the

diffraction studies. The local structural analysis from

Table 6 Structural comparisons (experimental and calculated) for (a)

Nd3Zr;Li;012 and (b) Nd3Zr;Lis sAlo 5012

Parameter Experimental Calculated Difference (% diff.)
(a) Nd3Zr,Li; 045

alA 12.9471 12.9674 0.01993(0.15)
b/A 12.9471 12.9674 0.0199(0.15)
c/A 12.5512 12.5864 0.0353(0.28)
a=0=yv 90.0 90.0 0.0(0.00)

(b)., Nd;Zr,Lis 5Alp 5012

alA 12.8158 12.8246 0.0088(0.07)
b/A 12.8158 12.8179 0.0021(0.02)
c/A 12.8158 12.8126 —0.0032(—0.03)
a=0=v 90.0 90.0 0.0(0.00)

Table 5 Selected bond distances for NdsZrLis sAlg 501> from neutron diffraction studies, along with calculated mean bond lengths from modelling studies

Experimental Calculated mean Calculated mean
Bond bond distance bond distance Bond Bond distance bond distance
Nd-O [x4] 2.469(2) 2.425 Li2-0 1.875(17) 1.937
Nd-O [x4] 2.545(2) 2.549 Li2-0 2.128(18) 2.020
Zr-0 [x6] 2.110(2) 2.073 Li2-0 2.144(16) 2.109
Li1-O [x4] 1.881(2) 1.926 Li2-O 2.194(18) 2.219
Al-O[x4] 1.881(2) 1.662 Li2-0 2.518(17) 2.435
Li2-0 2.657(16) 2.659

This journal is © The Royal Society of Chemistry 2013
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the simulations indicates shorter Al-O bond lengths compared
to the Li-O equivalents in the Nd;Zr,Li;O,. The Al is closer to
its nearest neighbour Li3 (octahedral site) by 0.25 A than the
Li1-Li3 distance in the non-doped tetragonal structure. This
might indicate why the Li3 site is not occupied by Li for the Al
doped cubic sample, since this would lead to unfavourable
strong cation-cation repulsion. The results also show that the
nearest neighbour Li, that used to be in the octahedral coordi-
nation site, has a tendency to displace to achieve LiO, tetrahe-
dral coordination, see Fig. 6(a). The next nearest lithium
however remains octahedrally coordinated suggesting no long-
range distortions. A similar situation is also observed for the
Nd;Zr,Lis 5Aly 501, phase. From these calculations Al doping on
the Li sites is predicted to be favourable in accord with experi-
mental observations.

In determining the trivalent dopant solution energies, three
different mechanisms were investigated (equations shown in
Table 8), where Li,O, Li,CO; and LiOH were possible by-prod-
ucts of the doping studies. Table 8 lists the most favourable
calculated solution energies for doping a variety of trivalent
atoms (Al, Ga, In) in place of Li. These M*" dopants were pre-
dicted to favour the tetrahedral Lil site. The modelling also
implies that if CO, is present, then the formation of Li,COj; is
most favourable. The results therefore suggests that the atmo-
sphere (i.e. partial pressures of H,O, CO,) used in the synthesis
may have an effect on the incorporation of dopants in these
garnet systems. In addition to the analysis of the incorporation
of trivalent dopants, modelling of Li'/H" exchange has also
been investigated. Table 8 lists the two mechanisms considered

View Article Online

(b)

Fig. 5 Schematic representation of the structures of (a) NdsZr,Li;O45, and (b) NdsZr;Lis sAlgsO12. Key: Nd — orange; Zr — purple; Li — green; O — grey; Al — pink.

for proton-exchange. The solution energies for proton exchange
imply that the formation of Li,CO; is more favourable than the
formation of LiOH as a by-product, suggesting again that
the atmosphere, which the sample is exposed to, may have a
significant effect on this process. Local structure analysis of the
proton environment suggests that the H" prefers to exchange
with the Li on the octahedral site causing significant distortions
as it forms a typical O-H bond (0.978 A) with the nearest
neighbour oxygen (illustrated in Fig. 6(b)). Neighbouring octa-
hedral and tetrahedral Li sites are also slightly distorted. Local
atomic distances are shown in Fig. 6(b).

Conductivity studies

Room temperature A.C. impedance measurements of
Nd;Zr,Li;O4, in wet and dry N, recorded a very high resistance
at the limit of the instrument capability. At higher tempera-
tures, an increase in the conductivity was observed, but the
conductivity remained low consistent with the ordered nature
of the Li ion distribution in this phase. Arrhenius plots
comparing the conductivity of the sample in wet and dry N, are
presented in Fig. 7. A small improvement in the bulk conduc-
tivity was observed in wet N, experiments in the temperature
range 100-400 °C. Activation energies were calculated to be
0.55 eV in wet N, atmosphere and 0.66 eV for the dry N,
experiments. This improvement in the conductivity can be
attributed to the effect of H'/Li" exchange, which would lead to
a number of consequences. The introduction of protons may

lead to a protonic contribution to the conductivity, while the

Table 7 Intrinsic defects

Nd,Zr,Li; 0y,

Defects Defect equations Energy (eV)
Li Frenkel Lif; — V{; + Li; 0.78

O Frenkel 05— Vy +0f 6.52
Schottky 2Zrj, + 12055 + 3Nd3y + TLij; > 2V + 12V + 3V + TV}; + Nd3LisZr; Oz 31.69
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(b)

Fig. 6 Local structure of the (a) Al site where the most favourable doping site is the Li tetrahedral site, and (b) H site where the most favourable doping site was the Li
octahedral site. All the distances are in angstroms. Key: Li — green and blue; O - grey; Al - pink; H — white.

Table 8 M?* and H* doping mechanism equations and energies

M,0; + 6LiY; > 2M;; + 4V, + 3LiO 6]
M,0j3 + 6Lij; + 3CO> —2M;; + 4V7]; + 3Li,CO; ()
M,0s + 6Lij; + 3H,0—2M;; + 4V, + 6LiOH 3)
H,0 + Lij; > H}; + LiOH (@)
H,0 + CO; + 2LiJ, = 2H) + Li;CO; (5)
NdsZr,Li; Oy,
Dopant Bond lengths Energy (eV)
Al-O x4 1.662 0.113 (eqn (1))
—2.172 (eqn (2))
—1.890 (eqn (3))
Ga-O x4 1.854 3.505 (eqn (1))
1.220 (eqn (2))
1.501 (eqn (3))
In-O x4 1.980 3.810 (eqn (1))
1.525 (eqn (2))
1.807 (eqn (3))
H-O 0.978 —0.977 (eqn (4))
—2.703 (eqn (5))

creation of Li ion vacancies may increase the Li ion conduc-
tivity. The H'/Li" exchange may also lead to a partial suppres-
sion of the local Li ordering, which could also account for the
improved conductivity. In this respect, a recent study by
Larraz et al. has shown that proton incorporation in the related
LazZr,Li;0;, can lead to a change from an ordered tetragonal
system to a disordered cubic system.*>

Room temperature A.C. impedance measurements for
Nd;Zr,Al sLis 501, showed significantly higher conductivities,
as expected from the introduction of Al lowering the Li content,
and hence leading to disorder on the Li sublattice. Under a wet
N, atmosphere, the impedance spectrum at RT showed a single
semi-circle which was characteristic of a bulk response (Fig. 8).
The conductivity was calculated to be opyui(es °c) = 3.9 X 107> S
cm !, comparable to values previously reported for other cubic
Li ion conducting garnets. The activation energy was calculated

This journal is © The Royal Society of Chemistry 2013
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Fig. 7 Arrhenius plots of bulk conductivity for NdsZr,Li;O15 in wet N,, and dry
N, showing an enhancement for the latter at low temperatures.

to be 0.56 eV between 100 and 400 °C. For the dry N, atmo-
sphere, the room temperature data showed a larger bulk semi-
circle, along with the beginning of a second feature attributed to
a grain boundary response (Fig. 9). The bulk conductivity was
calculated to be opyii(zs <c) = 9.1 x 10 ° S em ™', indicating a
lower bulk conductivity than in the wet atmosphere. At higher
temperatures, both the data in dry and wet N, showed the
presence of two semicircles consistent with bulk and grain
boundary components. Equivalent circuits were used to fit these
data and are presented in Fig. 10 and 11 for the 100 °C data set.
The activation energy was calculated to be 0.38 eV in the dry N,
atmosphere between 100 and 400 °C, which is slightly lower
than for the wet N, data.

Arrhenius plots comparing the conductivities in wet N, and
dry N, are shown in Fig. 12. These data show interesting vari-
ations. In particular, at temperatures below 100 °C, the bulk
conductivity is lower in dry N, than in wet N,, suggesting an
additional protonic contribution in the latter. However, at

J. Mater. Chem. A, 2013, 1, 14013-14022 | 14019
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Fig. 8 Observed (circle), calculated (black line), simulated (grey dashed line)
Nyquist plot at room temperature in wet N, for NdsZr;Lis sAlg5O15.

100 °C and above, the conductivity in dry N, becomes higher.
The higher bulk conductivity at the temperatures above 100 °C
in dry N, is consistent with prior studies of La;Zr,Gag sLis5 5012,
where the effect of H'/Li* exchange was to reduce the bulk
conductivity, while enhancing the grain boundary conductivity.
A similar enhancement of the grain boundary conductivity was
observed for Nd;Zr,Al, sLi5 504,. In this case, however, there
also appears to be an enhancement in the bulk conductivity
below 100 °C. It was thought that this may be related to surface
conduction; recent work suggesting high room temperature
proton conductivity in nano-crystalline yttria-stabilised
zirconia*® has been similarly identified as being due to surface
conduction. In order to determine whether surface conduction
was also a factor in the case of these garnet materials, A.C.
impedance measurements were recorded on pellets, which had
been coated with silicone grease on the lateral surface (as
described in the experimental section; see Fig. 1). In wet N,, the
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0+ T T T
0 20000 40000 60000
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Fig. 9 Observed Nyquist plot at room temperature in dry N, for

Nd3Zr;Lis sAlg 5015.
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30000

Fig. 10 Experimental (circle), fit (grey line) and simulated (dashed line) profiles
for wet N, A.C. impedance measurements at 100 °C for NdsZr;Lis sAlp5015.

impedance spectrum (Fig. 13) showed a similar reduced bulk
resistance compared to the dry N, experiment. (Note: the
increase in resistance compared to the initial wet N, data set is
due to the fact that in this experiment, the inner circle of Ag has
been removed to create a ring-shaped electrode, leading to a
reduction in the electrode area.) The fact that the conductivity is
still enhanced in this experiment could be taken suggest that
there is bulk rather than surface proton conduction, although
given the fact that the pellet was only ~82% dense, it is not
possible to discount water incorporation into the pores and
resultant surface conduction along grains (as noted in the
experimental section, attempts to increase the pellet density by
higher temperature sintering led to significant Li loss). Possible
support for the enhancement being due to bulk conduction is,
however, provided by recent results by Larraz et al., who have
reported the presence of bulk water at low temperatures in
garnet Li ion conductors.* Such water insertion would increase
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Fig. 11  Experimental (circle), fit (grey line) and simulated (dashed line) profiles
for dry Ny A.C. impedance measurements at 100 °C for NdsZr,Lis sAlg 5s01>.
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Fig. 12 Arrhenius plots of bulk conductivity for NdsZr,AlgsLis 5015 in wet N,
and dry N,.
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Fig. 13 Observed (circle), calculated (black line), simulated (grey dashed line)
Nyquist plot for ring shaped electrode experiment at room temperature in wet N5
for NdsZr;Lis sAlg 5045.

the H content and so may enhance the protonic contribution to
conduction leading to the observed conductivity enhancement.
The results therefore suggest further work on the effect of water
on these garnet materials is warranted. In particular there is a
need for the preparation and analysis of dense pellets through
low temperature/short heating time routes, e.g. spark plasma
sintering, to avoid Li loss.

Conclusions

We have shown the successful synthesis of the tetragonal garnet
phase Nd;Zr,Li,;O1, for the first time. We have also shown that it
is possible to change the unit cell symmetry to cubic by doping
on the Li sites with Al. Neutron diffraction studies were used to
determine that Al had been doped onto the ideal garnet tetra-
hedral site, also supported by the results of modelling studies.

This journal is © The Royal Society of Chemistry 2013
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Conductivity measurements of the tetragonal Nd;Zr,Li;O;,
sample showed low conductivity due to Li ordering. Doping
with Al improved the conductivity via creating defects within
the structure. It was shown that, in both samples, moisture has
a significant effect on the conductivity. The elimination of the
grain boundary component in wet atmospheres is especially
significant, with regard to the total conductivity, and shows that
care should be taken to ensure elimination of water in assessing
the room temperature Li ion conductivity of these systems. The
modelling studies further support the favourability of the Li"/H"
exchange process, with the favoured H' site being the distorted
octahedral Li site. The modelling studies also suggest that the
atmosphere may also have an effect on the degree of exchange.
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