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With the continued increasein Li-metalanode rate capability, there is an equally important
needtodevelop high-rate cathode architectures that are compatible with solid-state electrolytes. A
proposed method of improving charge transportinthe cathode isintroducing a mixed electronicand
ionicconductor (MEIC) which can eliminate the need for conductive additives that occlude

electrolyte-electrode interfaces and lowerthe net additiverequired in the cathode. This study takes
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advantage of a reduced perovskite electrolyte, Lig33Lags,TiOs (LLTO), to act as a model MEIC. It was
found that the ionicconductivity of reduced LLTO is comparable to oxidized LLTO (0p.=10>-10"S
cm™, 065=107-10° S cm™) and the electronicconductivity is ImScm™. The ionictransference
numberswere calculatedto be 0.9995 and 0.0095 in the oxidized and reduced state respectively.
Furthermore, two methods for controlling the transference numbers were evaluated. Itwasfound
that the electronicconductivity cannot easilybe controlled by changing O, overpressures, but
increasingthe ionicconductivity can be achieved by increasing grainsize. Thisworkidentifiesa
possible class of MEIC materials that may improve rate capabilities of cathodesin solid-state

architectures and motivate adeeperunderstanding of MEICs in the context of solid-state batteries.

1. Introduction

With the increasing need forvehicle electrification, there isaneed to develop higher
performance, safer, lower cost batteries™. Forthese reasons, solid-state batteries are emergingas
a candidate to meetthe energy density requirements for next generation electricvehicles. Due to
theirpotential to enable Li metal anodes, significant effort has been made to study and stabilize the
Li metal-solid electrolyteinterface™". With recent progressin thisarea, studies have demonstrated
stable cycling of Liin a variety of solid electrolytes, ranging from oxides® ™), to sulfides®, to

“0'1”, atcurrentdensities nearing the targets forelectricvehicles (>1 mA cm'z). However,

polymers
despite the significant progressinintegrating Li metal with solid electrolytes, therehas been alack
of emphasis on cathode integration. One of the majorissues forcathodesin all solid -state batteries
isthe ease of ionand electron transport through the composite electrode construct'****". Unlike
conventional Li-ion batteries, there is no liquid electrolyte to infiltrate the cathode porosity and
facilitate ion transport. Therefore, composite cathodes forall solid -state batteries require both ion-

conductingas well as electron-conducting additives to facilitate charge transport through the

electrode thickness. However, with the inherently high resistance across solid -solid interfaces
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compared to solid-liquid interfaces, charge transport through composite cathodes remains a major

hurdle to the development of fast-charging all solid-state batteries'*..

Currently, cathodesforall solid-state batteries reportedin the literature are prepared
either by co-sintering or by coating. For co-sintered composite cathodes, the active material is co-
sintered with anion-conducting additive, typically the same materialas the solid-electrolyte, and
electron-conducting additives like Ag or carbon black to create interpenetrating matrices of active
material and conductive additive®**™®!. Alternatively, cathodes can be prepared similarly to
conventional Li-ion cathodes but with an additional coating of Li-conducting additive™ ™. Although
these methods have shown some success, they are also limited by stability of the composite
constituents, surface occlusion of active particles, and poor connectivity of conductive additive and
active particles™>**''82% These strategies are illustrated in Figure 1. A potential solution forthese
issues which has been suggested”, is to develop mixed electronicand ionic conducting materials to
eitherentirely replace orreduce the amount of different conductive additives, similarly to cathodes
insolid-oxide fuel cells. By embeddingthe active particles within a matrix of a mixed-conducting
phase, itdiminishes the need forseparate ion-conducting additive and electron-conducting additive.
This may improve the connectivity of the active particles, enablingimproved transport ofions
toward and electrons away from the active particle surface. Furthermore, thisintroduces the
potential to fabricate composite cathodes with high theoretical densities, which canimprove the

energy density and utilization.

In this study, lithium lanthanum titanium oxide (LLTO) was chosen as a model system that
can exhibit mixed electronicandionicconduction. LLTO perovskites have been widely studied as
potential solid-state electrolytes, mainly due to their high bulk ionic conductivity (1ImS cm™), which is
the highest reported bulk conductivity for oxide materials?**. However, one of the biggest

limitations of LLTO isits instability against metallic Li, which results inimmediate reduction of the
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Ti* to Ti**, drastically increasing the electronicconductivity. Asa solid electrolyte, anyincrease in
the electronic conductivity short-circuits the cell. However, it may prove beneficial as a conductive
additive for composite cathodes, asinits reduced state, LLTO becomes a mixed electronicandionic

conductor with relatively high conductivities.

In this work, LLTO of the composition Lig33Lag 5, TiO; was studied, comparing the differences
inthe physical and electrochemical propertiesin the oxidized (0-LLTO) and reduced (r-LLTO) state. A
combination of DCand AC electrochemical methods were performed to study the electronicand
ionicconduction properties. Furthermore, two methods for controlling electronicandionic
conductivity of the reduced LLTO were evaluated, which may be necessary forapplicationin
composite cathodes. The first method aimsto decrease the electronic conductivity by changing the
O, overpressure and the second method aims to increase the ionic conductivity by increasing the
grainsize. Similarto LLTO, there are several other materials that have been disregarded as solid-
electrolytes because of dramaticincreasesin electronic conductivity following spontaneous
reduction of constituent elements (eg: Ti, Cr, Nb, Ge, Bi, etc) as a result of reactions with the
electrodes. Thisstudyfocuses on LLTO as a model mixed electronicandionicconducting systemto
study mixed conductioninthe context of solid-state batteries and in the hopes to revisit other

potential mixed conducting solid electrolyte materials.

2. Experimental Results

2.1. Physical and Structural Properties

It has been previously demonstrated that as-calcined LLTO powder, typically white in color,
turns black, throughout the entire thickness of the densified material, when hot-pressedina
reducing atmosphere, indicating reduction of the Ti**to Ti** and a subsequentincrease inthe

electronic conductivity®?®. Inthis study, this darkening phenomenon is confirmed as shown in
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Figure 2. Since the LLTO powderishot-pressedinagraphite dieandinAr gas, thereisa reduction of
the Ti** to compensate for the loss of O, from the structure. It was observed that the reduction of
Ti*" as indicated by the white-to-black color change only occurred at temperatures above 900°C.
Afterhot-pressing, the reduced LLTO (r-LLTO) pellets exhibit no noticeable color change after days of
sittinginambientairat roomtemperature. Inorderto re-oxidize the r-LLTO, the samples were heat-
treated inair at 900°C, as described by Wolfenstine et al.'”*. This heat-treatment successfully
changedthe color of the pellets from black toan ivory color throughout the thickness of the pellet,
whichistypical foroxidized LLTO (o-LLTO) inthe literature. X-ray diffraction confirmedthatthereis
negligible change in phase purity during this oxidation step. Figure 2compares the visual color
change for the as-hot-pressed sampleand the oxidized sampleas well as the XRD spectra for both
samples. Furthermore, measurements of the physical dimensions confirmed that the relative

densities of the pellets were >95%, which is typical for hot-pressed ceramics.

2.2 Electrochemical Properties

Electrochemical impedance spectroscopy(EIS) was conducted atroom temperature onr-
LLTO and o-LLTO samples using sputtered Au-electrodes. The EIS spectrum foro-LLTO isshownin
Figure 3 and has a general shape thatis consistent with EIS spectrafor LLTO and other ceramic
electrolytes with similar electrodes'”?”). The Warburg element observed is indicative that the
predominant physical process occurring at low frequencies is charge -transfer and semi-infinite
diffusion of Li*inthe Au®®’. As observed with othersolid-electrolytes, there are two observable
semi-circles, indicative of bulk conduction and grain boundary conduction, based on the calculated
capacitances. In agreement with the literature, the resistance of the grain boundariesis orders of
magnitude higherthan the bulk?****%. The calculated conductivities are 0.73 mScm™ and 4.6x10° S
cm™, for bulk and grain boundary respectively, which is consistent with other reports from the

literature ranging from 0.5-1.0 mS cm *?*?*2*%and 3.0x107 S cm™ — 7.5x10° S cm*** > respectively.
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Thisresultsin a total ionicconductivity of 1.6x10° S cm™. The EIS spectrum for r-LLTO is also shown
in Figure 3 and exhibits adrastically different shape than the o-LLTO spectrum. Unlike the o-LLTO
spectra, no Warburg elementis observed, andinstead the low-frequency semi-circle fully intersects
the Re(Z) axis. Thisis characteristicof a non-blocking configuration, which indicates thatthe
dominant physical process occurring atlow frequenciesis electronic conduction ratherthan double -
layer capacitance from blocking behavior. This suggeststhatthe r-LLTO is primarily actingas an
electronicconductor, however, the presence of asemi-circlerather than a single point does indicate

that the conductivity isinsufficiently high to actas a pure metallicresistor.

Because the ioniccurrentis mainly shunted by the electroniccurrentinthe case of r-LLTO,
an electron blocking configuration was needed to measure the ionicconductivity. This method
involves using an electrode material whichis blocking to electrons while non-blocking to Li, thus
actingas an electronfilter. This method has been used for measuringthe MEIC properties of other
Li-ion materials like LiFePO,**°!. Inthis study, 1.0M solution-cast poly(ethylene oxide)-LiTFSI was
used as the electron-blocking material with Li metal foils acting as a Li source and current collector.
Figure 3b shows the impedance spectraforthe r-LLTO in the electron-blocking configuration. Itcan
be seenthat three semi-circles are observed, and based off of the calculated capacitances, these can
be assigned to physical phenomena accordingto Irvine et al.””! (Table S1), with the high-frequency
semi-circle representing the combination of bulk PEO and bulk LLTO conduction (~10°-10""F), a
mid-frequency semi-circle representing LLTO grain-boundary conduction (~107-10° F), and a low-
frequency semi-circle representing acombination of the interfacial resistance between Li/PEO and
PEO/LLTO (~10° F). To measure the resistance of each component, the spectrum was fit to an
equivalentcircuit containing four RCunitsinseries (Figure S1). In orderto account forvariationsin
the time constants, the capacitive elementin each RCunitwas replaced with a constant phase

element (CPE). Given thatthe bulk conductivities for PEO are well defined, the bulk PEO and bulk
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LLTO contributions can be deconvoluted within the circuit model, despite being within the same
frequency regime. The calculated conductivities forthe r-LLTO are 6.3x10* S cm™and 9.1x10° S cm’
' for bulk and grain boundary respectively. It can be seenthatthese valuesare consistent with the
conductivities measured forthe 0-LLTO, suggesting that the reduction of the Ti*'in the lattice does

not significantly affect the mobility of Li".

Chronoamperometry was performed using sputtered-Au electrodes in orderto measure the
electronicconductivity. Inthis configuration, the initialtransience inthe current response is
representative of both Li*and electron transport. However, since thereisno supply of Li* from the
electrodes, the supply of mobileionsis depleted and the residual currentis purely electronic ¢
Figure 4 comparesthe currentresponse foro-LLTO and r-LLTO. It is clearthat the r-LLTO exhibits
high electronicconductivity, five order of magnitudes higherthan the o-LLTO. The resistances are
calculated simply using Ohm’s law at the steady state current values and used to calculate the
electronic conductivities. The electronic conductivities foro-LLTO and r-LLTO are 2.4x10° S/cm and
9.5x10* S/cm. In the case of r-LLTO, the electronicconductivity calculated from the DC
measurements matches reasonably well to the resistance of the observed semi-circle in the AC
impedance spectrum shownin Figure 2b. Slight deviations from resistive behaviorare observed at
higher potentials above 3.5V. The exact nature of these deviationsis unknown but may be
attributed to a potential dependence of the electron charge transfer resistance or higherdegrees of

Au lithiation and localized LLTO delithiation at higher potentials. If so, the actual electronic

conductivities may be slightly lowerthan the reported values.

[25] [26]

It was confirmed by Yang et al."”> and Wenzel etal.””” that the darkening phenomenonin
LLTO isin fact due to the reduction of Ti**to Ti** within the crystal structure and is also accompanied
by the dramaticincrease in electronicconductivity. Using x-ray photoelectron spectroscopy (XPS), it

was reported that reduction of about 12-24% of the Ti*" in the lattice to Ti** was accompanied by an
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increase inthe electronicconductivity upto~1S cm™. Given that the measured electronic
conductivitiesinthisworkisaboutthree orders of magnitude lowerthanthese reported values, itis
expected that the Ti** concentration is significantly lower than otherreportsin the literature.
Assuming thatthe electron carrier concentration is directly proportional to the concentration of Ti **,
it can be estimated thatin this work, only about 0.1% of Ti** in the lattice has been reduced upon
sintering, compared to the 12-24% reported forelectrochemically reduced LLTO. XPSwas
performed onthe samplesand no noticeable differences between the r-LLTO and o-LLTO samples
could be observed. Thisisinagreement with the estimated concentration of Ti**based off of Yang
et al. and Wenzel etal. given that concentrations near0.1% are not easily detectable using
conventional XPS. This also suggeststhat a drasticdarkening of the sample and subsequentincrease
in electronicconductivities (several orders of magnitude) can be achieved with relatively small

concentrations of Ti*".

2.3 Transference Number

From the combination of ACand DC measurements, itcan be seen thato-LLTO is primarily
an ion-conductorwith anionictransference numberof 0.9995 while r-LLTO is primarily an electron-
conductorwith an electronictransference number of 0.9905. For a mixed conductor at steady state,

local charge neutrality dictates thatforall charged species i

2iziJi=0 (1)

where zis the valence, and Jis the charge flux density. The flux density can be writteninaform

similarto Fick’s first law as:

Ji = —DyVc; (2)
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Where D is defined by Weppner & Huggins as the chemical diffusion coefficient (effective diffusion

coefficient)®”), which is related to the diffusivity by an enhancement factor W:
0 log(a,) zj 610g(a1)
D= D;W = D; [(1 alog(ca — Yjxiti 9108(c)) (3)

where W is the enhancement factor, Dis the diffusivity, ais the activity, cis the concentration, andt
isthe transference number. The transference numberis defined by the conductivityo of each

species:

Oj

=3 (4)

where gis the conductivity. For MEICs in composite cathodes, it would be idealforthe ioniccurrent
and electroniccurrentto contribute equally such that the rate of incoming/outgoingLi*is
comparable to the rate of outgoing/incoming e ®”?®. Because the currents underan applied

potential are afunction of the transference numbers, thisis represented by the relationship:

Jem (te_rtLi+) = Jpi+ (te_'tLi+) (5)

Therefore, the ability to control the ionic/electronic conductivities may be necessary to meet this
conditionand design viable composite cathodes. Inthe following section, two potential methods of
controlling the transference number of r-LLTO are suggested. The first method proposes adecrease
inthe electronicconductivity by controlling the Ti valence state and the second method proposes

increasing the ionicconductivity by increasing the grainsize.

2.4 Electrochemical Response to Changesin po,

As the high electronicconductivity in r-LLTO is due to the reduction of Ti** to Ti**, a potential
way to decrease the electronic conductivity may be to partially re-oxidize the Ti**ions. Inthis study,

LLTO samples were fabricated in the r-LLTO state and then annealed in O, to attain the o-LLTO state.
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Presumably, the increasein O, overpressure decreases the concentration of oxygen vacancies,
requiring the Ti**to re-oxidize to Ti*" to maintain charge neutrality. Assumingthe initial valence of

the Ti inthe lattice is Ti**, this is represented (using Kroger-Vink notation) by the defect relations:

1 . ,
og=502(9)+vo+2e (6)
le'] = [Tiz;] (7)
3 il
K = telelle] (8)
[0&]

where Kis the equilibrium constantand po; is the partial pressure of oxygen. Based onthe charge

neutrality equationthe electron concentration [e‘] can be expressed as:

Charge neutrality: [e'] = 2[V] (9)

K = pZ, [e;’] [e’]? (10)
K =exp (_i_;;") (12)
[l ~ pos exp (—52) = f(Poa T) (12)

From this equationitcan be seenthatthe electron concentration and therefore the electronic
conductivityisafunction of the py, and the temperature. Asthe py,increases, itis expected that
the concentration of Ti** decreases and therefore a decrease in electronic conductivity should occur.
Furthermore, the proposed defect reaction which asserts that the change in Ti valence is the primary

means to maintain charge neutrality, ratherthan achange in Li concentration supports the lack of

Author Manuscript

changein the Li* conductivity in the oxidized and reduced states. Therefore, the ability to transition

betweenthe r-LLTO and o-LLTO states suggests thatintermediate values forthe electronic
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conductivity may be achieved without compositional changes, simply by altering the concentrations
of Ti*" and Ti** by means of the temperature and O, overpressure. To evaluate the ability to control
the electronic conductivity of the LLTO samples, the electronic conductivities were measured in situ
at varyingtemperatures and atmospheres andis depictedin Figure 5. In general, it was observed
that at elevated temperatures and high p,,, the reduced samples favored a completely oxidized
state, as indicated by drasticdropsin electronicconductivity. In py,=1.0, the r-LLTO samples
spontaneously oxidizeatambient temperatures, which isindicated by the low electronic
conductivity values, as previously calculated. Foratmospheres with py,=0.5and p,,=0.75, the
transition temperatureis 150°C, while at pp,=0.25 the transition temperatureis 300°C.

Furthermore, in py,=10" (Ar), the samples oxidize at 900°C. Given, the typical diffusion coefficients
for Oinionconductingoxides, the systemis unlikely to be at its equilibrium state at each
temperature and would likely take more than several days to equilibrate at each temperature.
Despite this, itcan be seenthatthe dramaticdecrease in electronic conductivity still occurs within a
relatively short period of time in comparison to the time necessary to fully reach equilibrium. These
resultsimply that the transition fromthe reduced to oxidized state happens ratherabruptly, as
illustrated by the sudden discontinuity in the conductivity as a function of temperature forthe po,
samplein Figure 5. Thismay be due to the low concentration (~0.1%) of Ti*" in the r-LLTO samples as

previously estimated.

Figure 5 also shows the Arrhenius behavior of the electronic conductivity in the pg,=1. and
0.25 environments. As expected, there is a linear relationship between the In( o) and T*, however, a
discontinuity at 450°C indicates that there are two distinct mechanisms which govern electron
conduction. In the low temperature region, electronic conductivity likely originates from a polaron

[39]

hopping mechanism In this case the electron concentration [e‘] is given by Equation 12. From

Equation 12 it is observed that at a given temperature [e‘] is determined by the py,, as the po,
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increases the [e] decreases. With the assumption that electron mobility is independent of po,"® the
electronic conductivity should vary with pg,in the same way the [e] varies with pg,. From Figure 5it
is observed that as po; increases in the low temperature region electronic conductivity decreases, in
agreement with Equation 12. Furthermore, in the low temperature region if polaron conductivity is
the dominant mechanism, the activation energy for electronic conductivity (assuming po;
independent mobility) given by Equation 12 should be the same for both the oxidized and reduced
samples, the only difference being the [e] which is controlled by the pg,. The activation for the
reduced and oxidized samples in the low temperature is 0.06 eV and 0.08 eV, respectively. The
similar values suggest that the low temperature region of both the oxidized and reduced samples is
controlled by the same mechanism, most likely polaron hopping. At a given temperature the
difference in electronic conductivity between the reduced and oxidized samples is due only to the

effectof pg,on the [e].

Above 450°C the electronic conductivity of the reduced and oxidized samples at the different
po: fall on the same curve. Furthermore, above 450°C an increase in activation energy (0.35 eV)
compared to the low temperature region (0.08 eV) is observed. This would suggest a new
conductivity mechanism, other than polaron hopping, which isindependent of pg,. It could be due to
impurities but they usually dominate at temperatures below those where polarons control electronic
conductivity®'. Thus, the new region above 450°C is not due to impurities. It is likely that in this
region the electronic conductivity is a result of electronic transition across the band gap. In this case
the activation energy for crossing the bad gap would be higher than that for polaron

349 and hence, would control electronic conductivity at high temperatures which is in

conductivity
agreement with results of Figure 5. Furthermore, if the electronic conductivity is controlled by

crossing the band gap, the electronic conductivity would be independent of py, and be the same for

both the high and low p,, samples. Thisisin agreementwith results of Figure 5, where it is observed
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that in the high temperature the electronic conductivity is independent of p,, for both samples and
they have the same activation energy in this region. At low temperatures polaron conductivity
dominates in which case, electronic conductivity is a function of p,. At higher temperature it is
suggested that electronic conductivity is controlled by the band gap, leading to a ppy, independent

conductivity.

Itisevidentin Figure 5that the transition from r-LLTO to o-LLTO s discrete ratherthan
continuous, which was also observed forall py; between py,=0.25and pp,=1. Thissuggeststhat it
may be difficultto achieve intermediate values of the electronic conductivity using this approach.
Thiswould mean that it may not be viable using heat treatments to finely control the electronic
conductivity forachievingideal transference numbers. The LLTO will only be able to exhibitlow
conductivity or high conductivity and not be able to exhibitintermediate values. Although it may be
possible intheory, the inability to precisely control small quantities of Ti** (<0.1%) using heat
treatments alone may be the primary limiting factor. Forthisreason, partial reduction of o-LLTO
was not exploredinthis work. Inthis case, otherapproachesto finely control the electronic
conductivity may prove to be a more viable strategy. One possiblemethodto achieve a mixed
valence state of the Ti atoms may be by aliovalent doping. Wolfenstine et al. demonstrated the
ability to control the electron concentration and therefore the electronic conductivity in Li;TisO4, via
Ta doping™". Alternatively, methods that can maintain atmospheres (p,,and temperature) with
high levels of precision during sintering or post-sintering may be able to better control the mixed
valence state. However, solely using simple heat treatment approaches as demonstrated, the
electronicconductivity isanon-trivial parameterto finely control and therefore may not be a viable

method of tuning the transference number.
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2.5 Effect of Grain Size on Conductivity

Ratherthan decrease the electronic conductivity, another approach to control the
transference numberistoincrease the ionicconductivity. Sinceitis well understood thattheionic

conductivity of LLTO is limited by the poor grain boundary conduction

,one strategy toimprove
theionicconductivityistoincrease the average grainsize. As expected, this hasbeenshowntobe
the case by Ban and Choi'?>*®. Inorderto increase the average grain size, the samples were
annealedinArfor10 hrs, 20 hrs, and 50 hrs. Visual inspection as well as XRD confirm that the
samplesremaininthe reduced state with negligible change in phase purity afterannealing. Figure 6
shows electron backscatter diffraction (EBSD) maps forthe as-hot-pressed and the annealed

samples. The average grainsize foreachis 0.8 um, 1 um, 2 um, and 10 um. By fittingthe grainsize

as a function of annealing time to the equation:

dn—d? = A(T)t (13)

where dis the grainsize, dyisthe original grainsize, Aisa temperature-dependent constant, tisthe
annealingtime, and nisthe grain-growth exponent, it was determined that a grain-growth exponent
of n=2resulted inthe best fit, with an R* value of 0.95. Thisis indicative that the grain growthin
LLTO isrepresentative of normal grain growth, which is not limited by secondary phases or
pores****! EISand chronoamperometry were performed on each sample using the previously
mentioned configurations. It was observed thatthereisa roughlylinearincrease intheionicgrain
boundary conductance with increasing grain size, which is consistent with the observations of Ban
and Choi™'. Asexpected, aone order of magnitude increasein the grain size (1um to 10pum)
decreasesthe grain boundary resistance by one order of magnitude (IMQcm to 0.1MQ cm). The
magnitude of change is alsoin good agreement with the findings of Ban and Choi*®". While the ionic
grain boundary resistance decreases with increasing grain size, the DCmethods show that the

electronicconductivity does not significantly change with grain size. Thissuggeststhatthe high
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electronicconductivity of r-LLTO is not significantly impeded by grain boundaries. The relatively
small mean free paths (~1-100 nm) of the electrons compared to the grain size (>1um) may explain

(4647 " In terms of controlling the

the independence of electronic conductivity from grain size
transference number, it would seemthatincreasing the ionicconductivity may be an easier method
than decreasing the electronicconductivity. Althoughthe demonstrated relationshipisshowntobe
linear, itis expectedthatthe trend should eventually asymptote toward agrain size -independent
value at large grain sizes'*®. Therefore, in ordertoachieve ionicconductivities comparableto the
electronicconductivities, significantly larger grains (>100 um based on the observed trends) or near
single grains will be required. Alternatively, promisingresultsinterms of ionicconductivity have
been demonstratedin amorphous LLTO, which may be a promising solution forachieving

comparable ionicand electronic conductivities"*?.

3. Implications for Solid-State Batteries

LLTO was first considered as a promising solid-electrolyte due toits high ionicconductivity.
However, the mostimportantcriterion forany battery electrolyte isalow electronic conductivityto
preventself-discharge. Thisisthe primaryreason why o-LLTO is a viable solid-state electrolyte but
becomesapoor electrolyteupon spontaneous reduction from Li metal contact. Although, o-LLTO
may be compatible against otherless reducingelectrodes, itis unlikelyto enable Li metal anodes
which are the biggest motivation for developing solid-state batteries. However, in acomposite
cathode configuration, amixed conductor, like r-LLTO, may eliminate the need for separate ionicand
electronicconductive additives. Ratherthan havingtwo percolative networks of conductive
additives which lowers the fraction of active material and may suffer from poor connectivity, asingle
percolative network of mixed conducting material may allow for higheractive loadings and more
facile ionic/electronictransport toward/away from the active particles. Itisdemonstrated here that

mixed conduction of Li*and electrons can be achievedin a relatively well-studied system, which may
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suggest the possibility of revisiting other electrolytes that undergo spontaneous reduction, such as
Lis sLasZri sNbosO1; °°* or Li;oGeP,S:, **%!. However, in orderto achieve transport of both Li* and
electrons atrates relevantto Li-ion batteries, it will be necessary for the total conductivities of both
speciestobe on the orderof ~10™*-10 S cm™, ideally with similar transference numbers for reasons
previously discussed. Simultaneously satisfying all of these requirements poses a significant
challenge given the issues of transport across solid-solid interfaces, electrochemical stability, and
fabrication, but may provide anovel solution toimproving the rate capability of cathodesin all-solid-

state architectures.

4, Conclusion

With the improving capabilities to cycle Li metal with solid state electrolytes at high current
densities, thereisagrowing need toimprove the rate capabilities of compatible cathodes. To date,
the concept of using MEIC materialsinthe context of solid-state batteries has notbeen extensively
explored. The goal of this study was to investigate the electrochemical properties of aknown MEIC
material, which has often been disregarded as asolid-state battery material because of those very
properties. Itwas demonstrated here thatr-LLTO can be readily synthesized by densifyingina
reducing environment and shows notable physical and electrochemical properties fromits o-LLTO
counterpart. Unlike o-LLTO, which has a measured ionictransference number of 0.9995, r-LLTO was
measured to have an electronictransference number of 0.9905, whichis due to the five order of
magnitude increase in the electronic conductivity upon reduction. Inthe context of composite
cathode configurations, it may be necessary forthe transference numberto be less skewed toward a
particular charged species and therefore the effects of po, and grain size on transference number
were evaluated. Whileincreasing the grain size of the r-LLTO improves the ionic conductivity, the
electronicconductivity could not easilybe controlled by changing the p,,inthe atmosphere.

Overall, thiswork investigated the MEIC properties of acommon solid electrolyte material, LLTO,
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which may give insight onthe designs of composite cathode forsolid state batteries and motivate

furtherstudy of other potential MEIC materials forthis application.

5. Experimental Section

Material Synthesis:

Lithium lanthanum titanate powder of the composition Lig33Lag5,TiO; was purchased from
NEI Corporation (Somerset, NJ) and densified using arapid induction hot-pressing method. This
composition of LLTO was used specifically asitis known to have the highestbulkionic
conductivity??. The LLTO powder was pressed in agraphite die undera load of 40 MPa while
heated at a temperature of 1050°C. Duringthe entirety of the hot-pressing process, the graphitedie
is contained within astream of Ar flow, creating a reducing environment. Itis known thatordering
of the La atoms at high temperatures within the lattice can resultin atetragonal distortion %%
Therefore, in orderto achieve cubic LLTO without modifying the composition, the LLTO is cooled at a
relatively rapid rate of ~35°C min™, which should be sufficientlyfast to achieve primarily cubicLLTO,
despite the presence of tetragonal phase LLTO in the as-received powder™'. The resultingbillets
were then cut into pellets with adiamond saw and polished with avariety of sandpapers and
diamond pastes, beginningata 1200 grit sandpaper and ending with afinal polish usinga 0.5 um
diamond paste and a mineral-oil based polishing fluid (Leco, St. Joseph, MI). Asreportedinthe
literature, after hot-pressing, the white-colored LLTO powder turns black after hot-pressing,
indicatingareduction of the Ti*" to Ti**'*. Forthe oxidized samples, the hot-pressed pellets were

heat-treated inairat 900°C for 2 hrs and coveredin motherpowdertoreduce the amount of Li
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Material Characterization:

X-ray diffraction (XRD) was conducted using Cu Ka radiation using a Rigaku Miniflex 600 x-ray
diffractometerto determinephase purity. The sampleswere scanned from 15to 65 degrees witha
0.02 degree stepsize. In orderto investigate the effect of grain size on the mixed conductivity of
the reduced LLTO, the hot-pressed samples were heated for various times at elevated temperature
to increase the grainssize. The individual pellets were covered in mother powderto reduce Liloss
and containedin a tightly sealed molybdenum foil packet to minimize exposureto atmosphere. The
samples were heatedinaSentro Tech STT-1700C-2.5-12 tube furnace (Strongsville, OH) at 1150°C
for timesof 10, 20 and 50 hrsundera constant2 L min™ flow of Ar, to prevent oxidation of the
sample. The grainsize was determined using a Tescan MIRA3 GMU FEG scanningelectron
microscope equipped with electron backscatter diffraction (EBSD). For EBSD analysis, the
microscope was operated atan accelerating voltage of 20 kV, a working distance of 25 mm, and a tilt
angle of 70°. Data analysis was performed using EDAX OIMsoftware. Inorder to eliminate indexing
noise forsub-micron noise, the datasets were refined under the assumption that only pixel

groupingslargerthan 0.75 um are representative of grains.

Electrochemical Characterization:

The conductivities of the samples were measured using a combination of ACand DC
methods using a Bio-logic VMP300 galvanostat/potentiostat. Electrochemical impedance
spectroscopy (EIS) was conducted to measure the ionic conductivity, using two configurations of
electrodes. The first configuration consisted of two sputtered Au electrodes, acting as Warburg
elements limited by Li diffusionin Au atlow frequencies. The second configuration consisted of two
thin films (150 um) of 1.0M poly(ethylene oxide)-LiTFSI (PEO-LiTFSI) which is blocking to electron

transport but non-blockingto Li* transport at low frequencies. The PEO-LiTFSI films were
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synthesized by solution casting, as described by Gupta et al.*®. The PEO-LiTFSI films were pressed
againstthe polished LLTO pellets and then 200 um Li foils (Alfa Aesar) were pressed against the
opposite side of the PEO films to act as both a current collectorand Li source. The Li-PEO-LLTO-PEO-
Li stack was heated underslight pressure at 80°C to improve contact between each component. The
EIS was conducted usinga 10 mV perturbation voltage at frequencies ranging from 500mHz to

7MHz. The electronicconductivities were measured with sputtered Au electrodes using staircase
potentiometry (Mott-Schottky), with voltage steps of 1.0 V, from 0.5 V to 5.5 V vs the open circuit
potential. EISmeasurements were performed at the end of each voltage step using the same

parameters asthe EIS measurements performed withoutan applied potential.

High-temperature conductivitymeasurements were also conducted using
chronoamperometry. The samples were coated with Au paste electrodes and held in a custom-built
sample holderin atube furnace undera flowing mixture of Arand O, gas. The partial pressure of O,
was controlled by adjusting the flow rate and inlet pressure of the two gases and the samples were
held at increasing temperatures ranging from 150°C to 900°C. The sampleswere heldfor2 hrs at
each temperature before chronoamperometry was performed with a potentialof 1 Vvs the open-

circuit potential.
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Supporting Informationis available from the Wiley Online Library orfromthe author.
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Figure 1. Schematic of a composite cathode within an all-solid-state-battery. Different strategies for
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Figure 2. XRD spectrafor the calcined powder, r-LLTO, and o-LLTO. Areference forcubicperovskite
LLTO is provided, PDF 00-046-0465. Stars indicate peaks belongingtothe tetragonal perovskite

phase. Visual comparison between as hot-pressed r-LLTO and oxidized o-LLTO is also shown.
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Figure 3. a) Schematicof EIS with Au Li-ion blocking electrodes and corresponding EIS for r-LLTO and
0-LLTO at room temperature. b) schematicof EIS with electron blocking electrodes and

corresponding EISforr-LLTO at room temperature.
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Lithium lanthanum titanate can exhibit both high ionicconductivity and high electronic conductivity
dependingonits oxidation state. While electronicconductivityinsolid electrolytesistypically
undesirable, the ability to conduct both Li-ions and electrons may pose usefulfor cathode
composites. This workinvestigates the conduction properties of lithium lanthanum titanate and
potential methods to control transference number.
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