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Abstract. Lithium aluminium titanium phosphate (LATP) belongsone of the most promising solid
electrolytes. Besides sufficiently high electrocimahstability, its use in lithium-based all-sokthte
batteries crucially depends on the ionic transpooperties. While many impedance studies can be
found in literature that report on overall ion cantivities, a discrimination of bulk and grain bolan

ry electrical responses via conductivity spectrpgcbas rarely been reported so far. Here, we took
advantage of impedance measurements that wereccaut at low temperatures to separate bulk con-
tributions from the grain boundary responses. fihgd out that bulk ion conductivity is by at least
three orders of magnitude higher than ion transpandss the grain boundary regions. At temperatures
well below ambient long-range Li ion dynamics ivgmed by activation energies ranging from 0.26
to 0.29 eV depending on the sintering conditiorsaf example, at temperatures as low as 173 K, the
bulk ion conductivity, measured in;Nhert gas atmosphere, is in the order of 810° S cm?. Ex-
trapolating this value to room temperature yields34x 103 S cm? at 293 K. Interestingly, expos-
ing the dense pellets to air atmosphere over apenigd of time causes a significant decrease i bu
ion transport. This process can be reversed iptiusphate is calcined at elevated temperaturen.agai

1 Introduction

The interest in powerful electrochemical energyae systems has tremendously increased over the
last couple of years. In particular, the developnudrall-solid-state batteries taking advantagsaiid
electrolytes with high ion conductivity represents one of the growing fields in energgrsm. Such
systems would allow higher operation temperatusewell as the use of Li metal anodes directly in-
creasing the energy density. Moreover, in conttastystems using flammable liquid electrolytes,
solid-state batteries should benefit from increasgding stability and lifetime due to less ageprg-
cesses; as a consequence thereof, a significapbbein safety is expected.

A suitable solid electrolyte should guarantee etettemical stability coupled with fast ion dynam-
ics and negligible electronic conductivity. In ratgears, garnet-type oxidé€s®and argyrodite-type
sulfideg**% entered the limelight; in addition, there is rerédvinterest in lithium aluminium titanium
phosphates Li1AlTi«(PQy)s (0 <x < 0.5; LATP) crystallising with NASICON-type (Naugerionic
conductor) structut&23that is based on NaZr,SixP;«O12, 0 <x < 3. LATP crystallises with rhombo-
hedral structure (space groR@c, see Fig. 1) and offers two Li sites, M1 and MAoge site occu-
pancy is controlled by the amount of substituted" &htions which replace the “Tiions!’?124The
extra Li ions, which are needed for charge compensaare anticipated to occupy the M3 sites.
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Fig. 1: Left: Crystal structure of LATP that is based oa MASICON type. Orange and yellow spheres de¢
the Li ions residing on the M1 and M2 sites, resipety. Right: X+ay powder diffraction patterns of the pc
der sample investigated (a) and the pellet (b)) patterns were recorded after a sintering step a8 K2 At the
bottom a reference pattern (ICSD 427622) is givdre pattern were recorded after the conductivitasnee
ments.

Although a quite large number of studigthave been published that present new synthesiesrdor
oxides and deal with the characterisation of theralVion transport properties by means of impedanc
spectroscopy, investigations focusing on the séiparaf the bulk and grain boundary electrical re-
sponses are less frequéhflo design, however, electrolytes with high ionomductivity we need to
know the key processes that govern both (i) butkdgnamics and (ii) ion transport across the grain
boundaries or near the interfacial regions. Heeetaok advantage of low-temperature impedance and
conductivity spectroscopy to elucidate long-range dynamics inside the crystal lattice of LATP.
For this purpose a sol-gel prepared sample withctimeposition Li sAlosTiis(PQy)s was used to per-
form impedance measurements from the mHz to the kéidge. In general, compared to solid-state
preparation techniques the use of solution-basethegis methods, as it is performed here, offars th
possibility to better control composition, homogignand morphology of the final product.
Remarkably, it turned out that at 173 K the ionigkbconductivity of the sol-gel prepared phos-
phate LisAlosTiis(PQu)s is in the order of 8.%¥ 10° S cm?. This translates, after extrapolation to
room temperature, into a value of ca. 8.40°2 S cn* at 293 K, which is among the highest conduc-
tivities reported for LATP-based ion conductdt$22 It is even comparable with conductivities
known for sulphidessuch as LibSnRS:2 (4 x 102 S cm?) and the glass ceramic/B;S:; (3.2x 1073
S cm}).2".2The corresponding activation eneigyturns out to be approximately 0.26 eV. This value
in between that ok.g., Al-stabilised garnet-based electrolytes (0.34'€¥i)d argyrodite-type sulfides
(0.20 eV)!® Together with the fast ion conductordGeRS,,, which has been introduced by Kamaya
et al.,* the latter belong to the best ion conductors prteskover the last years.

2 Experimental

The LivsAlosTi1s(PQy)s sample was synthesized via a new sol-gel pro&eghiometric amounts of
LiINO3 (99%, Alfa Aesar), AIIN@s - 9 HO (99%, Alfa Aesar), titanium (IV) isopropoxide ¢
Aldrich) and NHH.PQ, (99%, Merck) were used. At first, titanium (IV)ojsropoxide (97%, Aldrich)
was added into deionized water immediately formangrecipitate of titanium hydroxide. The fresh
precipitate was filtered, washed and dissolveditiicracid (65%, Aldrich). After a clear T nitrate
solution had been formed, a twofold molar amourttisic acid monohydrate (99%, Merck) was add-
ed into the solution to stabilise it. LiIN@nd AI(NG); - 9 HO were then added into the Fihitrate
solution while stirring. After the salts were dikgal, NHH.PO, was added to the solution; this led to

_2_
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Fig. 22 SEM images of the powder sample (a), b) and fjvels as the pellet investigated (c), d) andja}!
differing by the magnification). Except the one whdn a) all images were taken after the sintering stej2a:
K and the conductivity measurements. b) and f)rriefehe same sample, the images differ in magatifo.

the formation of a sol. Stirring was maintained doother 0.5 h. After about 1 h, a stiff gel wasrsp
taneously obtained. The gel was dried, calcinednaitidd in ethanol with zirconia balls on a milling
bench. The ball-milled powder was put into a cylical pressing mold (10 mm in diameter, 4 mm in
thickness) and pressed at a uniaxial pressure @MPa. The pressed pellets were then sintered at
1123 K. Pure white samples with rhombohedral pligge 1) were obtained after sintering. The den-
sity of the pellets was over 95% of the theoretitsisity.

Immediately before the conductivity and impedan@asurements, the pellet annealed at 1123 K
was once again dried at 873 K for 16 hours to resraw moisture on its surface. Au electrodes of ca.
100 nm in thickness were applied using a sputtatezdLeica). The impedance measurements were
carried out on a Novocontrol Concept 80 broadbamtectric spectrometer at frequencies ranging
from 0.1 Hz to 10 MHz. The temperature was varieinf 123 K to 423 K using either a stream of
heated nitrogen gas or a constant flow of coldbgin in the cryostat. Any contamination with water
or carbon dioxide was avoided as best as possible.

In order to use the same pellet for further impedanvestigations, the Au layer was sanded down
and the surface polished afterwards. Then, theispecwas annealed at 1223 K for 16 hours again;
the density remained almost the same. Subsequénfiedances measurements were carried out un-
der the same conditions in order to test the imphsintering conditions on conductivity properties

For comparison, also a powder sample afAlosTiis(PQy)swas investigated by impedance spec-
troscopy. A cylindrical pellet with a diameter ofrim and a thickness of ca. 1.2 mm was produced by
pressing the pristine powder at a uniaxial presstigpproximately 0.5 GPa; the powder sample is a
green body pellet with a density of reaching alm@@t%. After the drying process (873 K for 16
hours, see above), Li ion blocking electrodes withickness of ca. 100 nm were again applied dt eac
side by Au sputtering. For comparison, the powdas aiso used to prepare a pellet that was sintered
at 1223 K for 16 h.

The pellet as well as the samples prepared fronbL&¥P powder were investigated by scanning
electron microscopy (SEM) using a VEGAS (Tescaripteeand after the sintering steps (see Fig. 2).
X-ray powder diffraction (D8 Advance, Bruker) usi@y-Kq radiation was employed to check the
phase purity of the samples prepared.

-3-
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Fig. 3: a) Complex plane plot.e.,, AC-impedance diagram, of theilAlosTiis(PQy)s pellet sintered
1123 K. In b) a magnification of the higrequency region is shown. The highest frequenegis measure t
data was 10 MHz. The solid line shows tausing individual resistances and CPEs connectqzhrallel; se
text for further discussion.

3 Results and Discussion

The phase purity of the samples investigated wamaed by X-ray powder diffraction (XRD) car-
ried out before and after the conductivity measems Apart from an ‘order-disorder’ transition,
LATP shows no phase transformation down to 108 Khe samples investigated in the present study
reveal the diffraction pattern expected foridAlosTiis(PQy)s. In Fig. 1 (right) the pattern of
Li1seAloseTinaPQy)3 (ICSD 427662) crystallising with the NASICON sttue serves as a reference
to check the purity of the samples with respectdditional crystalline phases. Since no other than
reflections of LATP were observed, such impurityaphs are absent within the detection limit of X-
ray diffraction. Because a flat background sigesateen with no humps that indicates amorphous ma-
terial, we deal with highly crystalline samples.eTharrow reflections of the XRD powder pattern
indicate crystallites with diameters in the um manghis observation is corroborated by our SEM
investigations (see Fig. 2) revealing large cryistslin the case of the sintered pellet, in paféc

In Figs. 3 a) and b) a typical complex plane pl&, the imaginary partZ’ of the impedance is
shownvs its real partZ', is displayed for the LEAlosTiis(PQy)s pellet, which was sintered at 1123 K.
By using a relatively thick sample, 4 mm in thegen&t case, the Nyquist plot is definitely composed
of two semi-circles that can be satisfactorily saped on the frequency scale if the data are recbrd
at temperatures as low as 173 K. In Fig. 3 b) figh-frequency region of the plot is enlarged. The
solid line in &) and b) represents a fit (ZViewta@re) using an equivalent circuit that consists of
resistorR and a constant phase element CPE connected ithepfoaeach circle: (RCPE)(R.CPE).

The resulting capacities af@ = 8.2 pF andC; = 354 pF for the arc at high and low frequencies,
spectively (see Fig. 3). They are in agreement thitise that can be directly derived via the maximum
conditionwe = 1/(RC), see Fig. 2 b), where the relaxation frequenajiven bywe = 2zv. A value of
8.2 pF clearly points to bulk ion dynamics, wheraaslue larger than 300 pF can be attributeddo th
grain boundary (g.b.) respon®e.

The spike seen at the lowest frequencies represkusode polarisation that needs not to be taken
into account in the analysis of the impedance cuktéemperatures higher than ambient, only the g.b
arc and the near-vertical line associated to @detpolarisation is visible.

Interestingly, the two resistancBs and R, differ by more than one order of magnitude. THuis,
motion across the grain boundaries in our LATP darigpsignificantly reduced as compared to intra-
granular ion hopping. At 173 K the bulk resistaies in the order of 200 while R, is in the
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Fig. 4: a) Conductivity isotherms of a sintered LATP piefle1.5Alo.5Ti1.5(PQy)3) with a thickness of 4 mm. T
pellet was sintered at 1123 K. In b) the correspandotherms of the same sample are shown afiegrsig a
1223 K. The conductivity spectra exhibit two sepanalateaus reflecting grain boundary (g.b.) antk fon
conductivities:op: and opo. EP denotes electrode polarisation because ofotidlocking electrodes used
record the data.

MQ range. Such differences between ion transportengtiain interior and overall conductivity were
also reported by Arbét al. earlier®! This suggests that manipulation of the microstmecicould be
used to improve the total conductivityg., by increasing the grain size and minimizing thenber of
grain boundaries. As has been shown for highly aotwlg sulphides, see,g., the study of Hayashi
on NaPS;,*?in the case of a glass ceramic pellet, the gdions are largely reduced and seem to have
a much less blocking effect on overall ion transpQuite recently, Mat al. used transmission elec-
tron microscopy to visualize the structural andnsic@al characteristics of ion blocking g.b.
(LI 3xLa2/3_x)Ti03.33

The features of (i) electrode polarisation, (iigattical bulk response and (iii) g.b. response also
appear in the corresponding conductivity spectifacivwe used to analyse the data as a function of
temperature. In Fig. 4 collections of conductidpectra, that is, the real past, of the complex con-
ductivity plottedvs frequencyv, is shown for the pellet sintered at 1123 K (& 4823 K (b). Where-
as at elevated temperatures both the g.b. res@oelectrode polarisation govern the spectra, at
lower T the bulk response comes to light. Considerablarsaition effects are seen because of suffi-

_5_
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Fig. 5: Top: Change of the imaginary part of the complmpédance of LisAlosTi1s(PQy)s with frequency
The curves exhibit two maxima that are ascribedulk and g.b. response. The maximum associated latith
tice ion dynamics is more pronounced in the modtgpsesentation, see right axis. Besides the @atarded ¢
153 K, the two spectra quired at 173 K are also shown. Bottom: Variatidrthe real part of the compl
impedance with frequency. As in the case'¢¥) the bulk regions appear at higher frequencies.

ciently fast Li ion transport causing a piling ujpians in front of the surface of the ion blockialgc-
trode applied. While the low-frequency g.b. resgoyields distinct and almost flat DC plateaus, €har
acterised by (see Fig. 4 a), those of the bulk resporsg,are more difficult to analyse. Fortunate-
ly, at sufficiently low temperatures, sexy., the isotherms at 153 K and 173 K, it is possibleead
off reliable conductivities representing long-rarigéon transport through the crystal lattice of TR.
This analysis was also performed for the pellet tes sintered at 1273 K, see Fig. 4 b), althobhgh t
determination of the inflection point of the isatims turns out to be even more difficult. It is wort
noting that the inverse of the valuesopi andaop, agree well with those deduced from the Nyquist
plots,viz. Ry andR..

The characteristics of both bulk and g.b. respoaseslso visible when the imaginary past’-of
the complex impedance is plottesifrequency, see Fig. 5. While the maximum at loggtrencies is
assigned to ion dynamics governed by grain bouadgathe local maximum at higher frequencies
represents lattice ion dynamics. Since the eleoindulusM” is inversely proportional to the capaci-
tanceC, in a logg(M"(v)) plot bulk contributions are pronounced while tlesponses due to grain
boundaries decrease in intensftyThe ratio of CJ/Ci = 43 (see above) agrees well with

_6_
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Fig. 6: Left: Arrhenius plot of the g.b. and bulk ion camtivities of the LisAlgsTi1s(PQw)s samples studied
The data were deduced from the conductivity isatisepartly shown in Fig. 3 a) and b). The dashedsatid
lines represent fits according to an Arrhenius lawi] exp(— Ed/(ksT)), ks denotes Boltzmann’s constant.
activation energies obtained are indicated. At ambiemperature, see vertical line, a DC bulk cotidity of
ca. 3.4 mS/cm is obtained after extrapolation. Riichematic illustration of a heterogeneous paétand-
scape. Depending on the length scale, the methagkeahto study ion dynamics is either sensitiveotmiange
ion dynamics or to local ionic jump processes. Whilomicscale methods, such as Li NMR, are also sen
to individual ion hopping withdw energy barriers, dc conductivity measurementb@ian average value t
characterises long-rangeg., through-going, ion dynamics.

1/(M"max ¥M""max.2. AS expected, increasing the temperature fromKLE3 173 K shifts the maxima in
M" and Z"" towards higher frequencies.

To analyse the underlying temperature dependentigecélectrical relaxation processes we evalu-
ated the conductivity isotherms shown in Fig. 4ttfig the DC conductivities inferred from the iso-
therms as a function of the inverse temperatu@irrhenius diagram, the activation energy of the
bulk response can be obtained (see Fig. 6). Sgantith 0.29 eV for the pellet sintered at 1123H,
slightly decreases to 0.26 eV after the same samgdesintered again at 1223 K. Simultaneously, the
value for the g.b. response increases from 0.3®€/37 eV.

If we extrapolate the bulk data towards higher terapures, the bulk ion conductivity would be in
the order of 3.4 mS crhat room temperature (see Fig. 6). This value, ediog that reported by Fu
for a glass ceramic (1.3 mS ¢)¥® is in good agreement with the results reporteddoeral groups
studying LATP-based solid electrolytes (see Tableld particular, it agrees well with the data
measured by Arbét al. quite recently?!3* This makes crystalline LATP indeed an extremebt fan
conductor with superior conductivity properties. éixact bulk ion conductivity, however, depends on
the sintering conditions chosen and can be sometwhat by post-annealing. The origins of this con-
ductivity increase are, however, still unknown. @&irthe activation energy does not depend much on
the sintering conditions, one might suppose a sofahge in the number of charge carriers that are
allowed to move over long distances. Further warkeeded to clarify the microstructural changes
and alterations of the defect chemistry taking @ldaring the highF sintering steps. Of course, Li
loss might change local Lenvironments as well as Li and Al site occupanicidsATP.

Interestingly, if the pellet sample is exposedrabgent air for several days, a decrease of the bulk
ion conductivity is observed by about two ordergrafgnitude, see the dashed-dotted line in Fig. 6.
The feature is completely reversible: drying thegle at 873 K for 16 h resets the initially fourigth
conductivity values. We attribute this effect te timfluence of moisture on ion dynamics; further

_7_
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studies are in progress to elucidate the chang®rniductivity. Irrespective of the conductivity drop
observed here, recent studies have been publisaedeémonstrate the usability of water-stable LATP
as electrolyte in aqueous battery systems such-as bhatteries® Moreover, LATP turned out to be
relatively resistant to static corrosion in a lemueous LiOH solutio?f.

Comparing our activation energies with those rdgepresented in literature, there is good agree-
ment with recent studi€é3’ Values slightly below 0.3 eV seem to accuratelycdiée bulk long-range
ion transport. Considering the work by Bucharskyl.,* the authors found the same influence of
sintering on ionic conductivity. Their activatiome¥gies are, however, higher than our values and
range from 0.42 eV to 0.37 eV depending on thesdimy temperature (850 °C to 1100 °C). Worth

noting, we have re-calculated the activation emsrgsing the data of Bucharsityal .*® because there
is an error in their publication, which leads toanwsmaller values fdE.: the authors calculated acti-
vation energies from a legplot but forgot to take into account the convendiactor of log(ex 2.3
originating from the log to In = log (logarithmus naturalis) transformation. Hence, the activation
energies announced by Bucharskyl.® are by a factor of 0.43 too small. Although thasolute ion
conductivities are quite high, viz. in the mSémange at ambient temperature, the activation éerg
resemble those we found for the grain boundaryoresg

Table 1. Overview of recent impedance measurements prabdoteLATP-based inorganic com-
pounds in the literature

composition synthesis method, conductivity activation notes
LiaxAlxTi2«(PQu)s  reference (300 K) energy
x=0 02 04 solid state reaction, 3.4x10°%Scn! 0.24-0.28eV upto 3 GHz,
=0,02,0. Arbi et al.3* (bulk) (x=0.2,0.4) 100-500K
_ mechanochemical synthesis, 4 1 annealing of amorphous
x=0.45 Morimoto et al 32 29x10%Scm 0.31eVv powder
x=0.3 mggmgg;wga' synthesis, .. 104Scentt 0.36 eV sintered at 1173 K
sintered at 1273 K,
_ citrate sol-gel process, 4 1 293 - 473 K,
x=03 Kunshinaet al 4! 3-4x10°%S cm 0.21eV up to 1 MHz; 86-90%
density
x=0.3 e chemica) synthesis, 1.6x104Scmt - densified, 97%
x=0.3 fnaggﬁszsaégﬁrixg %era— 6.7x104Scm? 0.31-0.36 eV effect of micro-cracking
7.8x10°S cnt?
_ citric acid-assisted sol gel (9.b.) 0.395'eV
x=0.3 (total);

composition un-
known, glass

process, Yoot al.**

samples obtained from Ohara
Inc., Mariapparet al .

9.4x10%S cntt
(bulk)

10°5— 106 S cnt
(190 K)

0.13 eV (bulk)

0.37 eV
(total);

total and bulk conduc-
tivity differ by one
order of magnitude; 0.1

ceramic 0.33 eV (bulk) ~ 10 MHz
1.4x10°%S cntt
co-precipitation method, (bulk) .
x=0.5 Kotobuki et al 46 15% 104 S el 0.31eVv sintered at 1323 K
(total)
_ 3
L2 13'1x 10 0.13-0.19 eV bulk and overall con-
s S cnt (bulk) S
X=05 co-prempltatlon method, 7 1% 107 — 4.5x (bulk) ductivity depends on the
' Kotobuki et al .4’ 104S et 0.28-0.35eV Al source used:
(total) (total) Al(NO3)s, Al(C3H70)s
L glass ceramic, several
crystallisation of a glass, samples. sintered at
x=0.5 Narvdez-Semanate and Ro- 1.3x10%Scm! 0.27 eV pes,

drigues’

973 Kto 1273 K, see
also references therein
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For comparison, hopping barriers of &.= 0.16 eV were reported by Kosostaal .*¢ Worth noting,
such small activation energies were extracted fpoeiminary NMR relaxometry instead of conduc-
tivity spectroscopy. In contrast to conductivity asarements, NMR spin-lattice relaxation (SLR),
when performed in the laboratory frame of referemegarticular, is sensitive to both long-raraye
local Li jump processes depending on the conditisesl to collect the data. While values in the iorde
of 0.3 eV refer to through-going (that is, long-gaiion transport in the bulk, activation enerdresn

SLR NMR, on the other hand, have to be carefullysed. In many cases they reflect the elementary
steps of ion jumping,.e., diffusion processes on a shorter length scale tisaially accessible by con-
ductivity spectroscopy or AC impedance measuremesgpectively.

Our own NMR relaxometry measurements, which werdaghout in both the rotating and labora-
tory frame of reference point to very similar aatien energies ranging from 0.16 to 0.18 eV dflly.
Most importantly, the barriers seen via NMR havédaattributed to two different diffusion processes
the ions are subject to almost simultaneously. ighér temperatures NMR was able to sense a third
diffusion process with a higher energy barrier. §INMR activation energies as low as 0.16 eV in-
deed characterise individual hopping processegrdflan the averaged, long-range ion transport seen
via Li ion conductivity measurements. Quite recgritiinget al.*° studied Li ion hopping using first-
principle methods based on density functional thedihe authors report an interstitial diffusion
mechanism that is characterised by an activatienggnof 0.19 e\??

4 Conclusions

Li1AlxTi>(PQy)3 belongs to the group of solid electrolytes whick expected to largely influence
the development of all-solid-state batteries. Afisigintly high ion conductivity, being in the same
order of magnitude as that of a liquid electrolyseone of the basic requirements needed. SoHar, t
separate study of bulk and grain boundary conditethas only rarely been documented. Here, we
took advantage of low temperature conductivity rmeasients and impedance spectroscopy to study
bulk ion dynamics at temperatures lower than 215rKthis temperature range Li ion transport
through the lattice is governed by an average aiitin E», of only 0.26 eV when a pellet sample is
considered that was annealed at 950 °C. The gmindary response is determined by notably larger
activation energies ranging from 0.33 eV to 0.37 thi¢ exact value depends on the sintering tempera-
ture applied.

We could further show that even bulk ionic condtittiseems to depend on the sintering condi-
tions. Exposing the samples to ambient air forraylperiod of time slows down ion transport. The
effect is reversible: after annealing the sameepell elevated temperature, the original high ion-c
ductivity is observed again. We attribute this fingdto the influence of moisture on Li ion dynamics

When compared with results from NMR spectroscopy BRT calculations presented in the litera-
ture so far, we have to keep in mind that DC cotidilg measurements probe long-range ion
transport while NMR is sensitive to the local barsi between next neighbouring Li ions. Moreover,
whereass,,, represents an average over the whole potentiastape, Li NMR is able to characterise
individual diffusion processes whose superpositiesults in overall ion transport measured by con-
ductivity spectroscopy in the so-called low-fregexerangej.e., the DC limit.
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Impedance spectroscopy measurements down to very low temperatures allowed for resolving bulk
ion transport properties in highly conducting ceramic electrolytes.

8 cm x4 cm, TIFF, 600 dpi



