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Abstract
A primary target of energy storage is the all solid state battery, however finding a suitable solid state 

electrolyte has proven troublesome. Lithium garnet materials are promising solid state electrolytes 

with high room temperature conductivity, a wide electrochemical window, high chemical stability with 

Li metal and have minimal hazards. However, lithium garnets suffer from slow, energy demanding 

synthesis, rapid proton exchange (leading to high interfacial resistance between the garnet and 

electrodes), mechanical instabilities with Li metal and require specific handling methods to achieve 

the highest performing materials (such as full processing under Ar). Here we report a Ti/Ce co-doped 

high entropy lithium garnet material with four B site dopants, with the formula 

Li6.5La3Zr1Nb0.5Ce0.25Ti0.25O12. This material benefits from rapid simultaneous sintering and 

densification directly from the starting materials, allowing formation of dense pellets in <1hr at 1100°C 

using only a standard, cheap, muffle furnace. Li6.5La3Zr1Nb0.5Ce0.25Ti0.25O12 also has high conductivity 

(0.5 mS cm-1 at 25°C), scalability and insensitivity to both rapid furnace ramp rates and long dwell 

times. There is also an indication of unusual behaviour towards limiting lithium dendrite propagation, 

which is also discussed. 
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Introduction 

Safe, long-lasting portable energy storage is an elusive goal. Lithium-ion batteries (LIB) are the device 

of choice for use in secondary, rechargeable, batteries, owing to their high energy density, low self-

discharge, long life (compared to other options) and extended cycling stability1, 2. Yet LIBs remain far 

from reaching their theoretical potential and pose serious safety concerns, while a rechargeable 

lithium metal battery with high cyclability remains elusive. LIB safety problems generally arise from 

the liquid based electrolytes, such as LiPF6 in ethylene carbonate and dimethyl carbonate. These 

electrolytes are flammable, toxic, have limited electrochemical windows and are unstable with Li 

metal1, 3-21.  These electrolytes, therefore, require optimisation or replacement for the next leap in 

energy storage.

Solid state batteries (SSB) are thought to overcome most limitations in current LIBs5, 22-26. However, 

current SSBs remain confined mostly to small scale laboratory work, as finding a suitable solid state 

electrolyte (SSE) has proved troublesome. The issues primarily relate to either poor ionic mobility or 

limited electrochemical windows, however are further complicated by long/complex synthesis and 

poor interfacial contact to the electrodes. This poor interfacial contact leads to a resistance too high 

for battery operation, abrupt potential changes, and increasingly poorer contact due to volume 

changes during cell operation27-35. Therefore, full SSBs have yet to be deployed on a large scale, with 

the exception of micro-batteries, such as those based upon lithium phosphorus oxynitride, which have 

been commercially available for some time36.

Of the available SSEs, lithium garnet type materials have received significant attention, owing to their 

well-established wide electrochemical window and (after considerable work) ionic conductivity 

rivalling that of current liquid electrolytes at room temperature (0.1 - 1mS cm-1)37-41. These materials 

are also chemically stable with Li metal, but they are susceptible to Li dendrite propagation through 

grain boundaries, although this can be substantially improved with increased SSE density, high stack 

pressures and low interfacial resistance42-48. Lithium garnets, however, often require time consuming 

synthesis, followed by densification processes, which can take several days. The best performing 

garnets in the literature also need handling solely within an Ar atmosphere to fully prevent proton 

exchange, which arises from thermodynamic instabilities in air (associated with the high Li content37, 

49. Therefore, synthesis often lacks scalability and is usually confined to the < 4g level.

Ideal garnets have the general formula A3B2X3O12 (e.g. A = Fe, Mg, B = Al, Cr, Fe, and X = Si, Fe, Al, Ga)50-

53. In Li3 garnets, e.g. Li3La3Te2O12, lithium fully occupies the 24d tetrahedral site and shows minimal Li 

ion mobility52, 54. System modifications by addition of lower valent cations permit increased Li content 
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to maintain charge neutrality. This gives increased conductivity with lithium occupying additional 

interstitial octahedral sites in a disordered fashion51, 53, 55, 56. Li garnets can accommodate 7 Li per 

formula unit (pfu), but this results in full Li site occupation and Li ordering (to reduce short Li-Li 

distances). This gives an elongation of an axis in the cubic cell forming the thermodynamically stable 

tetragonal system57-61. Tetragonal garnets have 7 Li pfu and poor conductivity with the I41/acd space 

group (no. 142)57-60 whereas cubic garnets have <7 Li pfu and show high conductivity commonly with 

Ia d (no. 230) symmetry, although I 3d (no.220) has been proposed for GaxLi7-3xLa3Zr2O12 (Ga-LLZO) 3 4
53, 62, 63. Li6.95La3Zr1.95Nb0.05O12 has also been reported with orthorhombic symmetry, space group Ibca64. 

Irrespectively, most lithium garnet reports detail cubic systems where Li content is between ~6.2-6.6 

pfu as this maximises the Li content (and subsequent disorder) while maintaining some vacant 

interstitial sites for an effective migration pathway37, 45, 51, 55-57, 65-80.

Much work has focused on single dopant strategies, such as Al/Ga-LLZO, however only a small number 

of reports focus upon higher entropy lithium garnets, where multiple cations have been substituted 

onto a single site (where a high entropy metal oxide is, generally, considered to be a single-phase 

material with ≥ 5 elements pfu). Such increased entropic factors could be harmonious with the highly 

entropic cubic, high Li content garnet systems. This would promote increased disorder which may 

yield better conductivity, rapid synthesis, or better cell performance, some of which have been shown 

in recent reports81-83. 

Prior work has shown that Ce doping in LLZO enables lower interfacial resistance between the Li metal 

and the garnet (388 Ω cm2), likely due to partial Ce4+ reduction61.  We also recently reported on some 

high entropy garnet systems, and the ease at which they can form. We suggested that, with 

Ga0.2Li5.75La2.5Nd0.5Nb0.35Ta0.3Ce0.1Zr0.75Hf0.25Ti0.25O12, the use of the Ti dopant should be examined further 

due to prior literature reports of dendrite resistance, high relative density pellets (95%), good ionic 

conductivity (0.2 mS cm-1 at room temperature) and favourable interfacial wetting between the Li metal 

and Ti doped garnets81, 84-86. Therefore, the aim of this work was to build upon prior studies and combine 

the low interfacial resistance afforded by Ce4+ and the favourable performance properties reported for Ti4+ 

doping into a new dual doped high entropy garnet system, with aims to improve sintering, densification 

and conductivity. 

Herein, an easy to synthesise Li garnet is presented, with the formula Li6.5La3Zr1Nb0.5Ce0.25Ti0.25O12 (LTC). 

LTC was designed to take advantage of a high entropy type approach via a multi-element doping 

strategy on the B site (rather than a single dopant for cubic phase stabilisation, such as Nb in a 

tetragonal LLZO type system). LTC enables a fast synthesis route to a high conductivity garnet, 

requiring only 15 - 60 minutes to form dense pellets, directly from the starting materials, and uses 

only conventional muffle furnaces placed in a dry room. LTC is insensitive to heating rates, forming 
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similar performing SSE membranes when heated at 2°C min-1 or at 40°C min-1 (furnace limit). 

Furthermore, the high ionic conduction in LTC (1.1 mS cm-1 at 45°C, 88% density) does not noticeably 

degrade if heated for >1h. Mostly pure LTC can form in as little as 5 mins at 1100 °C, whereas powder 

synthesis can be accomplished at 950 °C/1h in air. The rapid simultaneous synthesis and densification 

results are not mirrored when preparing garnets using Ce or Ti as a single dopant, nor in reports 

detailing the single dopants elsewhere86-88. LTC shows excellent cycling stability, and a wide 

electrochemical window.

LTC was also designed to avoid Li site substituted dopants (such as Al/Ga), which exsolve to the grain 

boundary during heating and are unstable in contact with Li metal. These have been reported prior to 

undergo reversible short circuits during cell cycling, whereupon soft short circuits are removed by 

cell resting. This causes the garnet cations to be reduced via Li metal, which oxidises Li and removes 

the dendrite/s, with this attributed to the non-negligible electronic conductivity of lithium garnet 

materials89. This problem, however, could be tailored towards more rapid removal of lithium metal 

short circuits via dopant strategies.  This could assist in dendrite removal before cell failure, and 

could be especially helpful if used as an interlayer in an all solid state cell. The reversible short 

circuit behaviour and in-situ changes to area specific resistance in LTC was, therefore, assessed 

in this work by time resolved impedance spectroscopy and X-ray absorption near edge structure. 
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Methods 
Synthesis
Li6.5La3Zr1 Nb0.5Ce0.25Ti0.25O12 (LTC) was prepared via the solid-state route from stochiometric quantities 

of Li2CO3 (≥ 99%, Sigma), La2O3 (99.9%, Sigma), Nb2O5 (99.9%, Alfa Aesar), ZrO2 (>99% Alfa Aesar), TiO2 

(99.6%, Alfa Aesar) and CeO2 (99.9%, Acros Organics) in air. A 40% mol excess of lithium was added to 

compensate for lithium loss during high temperature sintering. All powders were ball milled for 1 hr 

with ZrO2 balls (350 rpm) with hexane. The powders were heated to 950°C (powder) or pelletised and 

heated 1100°C (1 h) at the fastest possible ramp rate in air (100°C min-1) and within a dry room (40°C 

min-1) in Carbolite ELF11/6 or CWF13/3 furnaces respectively. 10 mm pellets were pressed to 0.5 - 1 

ton for ~1 min from the starting materials. The dry room had a dewpoint between -45°C to -64°C (the 

elimination of humidity is desirable to prepare good quality garnet samples, as it is well established 

moisture can be an issue in the synthesis of Li garnet systems)90-92. Singularly Ce, Ti doped 

Li6.5La3Zr1.25Nb0.5Ce0.25O12 and Li6.5La3Zr1.25Nb0.5Ti0.25O12 were synthesised in the same manner but 

required two and four hours respectively to obtain similarly dense pellets.

All samples were stored in an argon glove box to prevent proton-Li exchange71, 93-96. Scanning electron 

microscopy (SEM) was performed on a Philips XL30 FEG instrument, with the elemental distribution 

confirmed by the corresponding Oxford Inca 300 energy dispersive X-ray (EDX) attachment. Pellets 

were polished with silicon carbide sandpaper from 800 to 4000 grit to form a flat surface. Additional 

SEM/EDX was performed on unpolished pellets and powder (available in the SI) using a benchtop 

Hitachi TM4000plus instrument. Here, elemental analysis was undertaken via an AZtecOne X-stream2 

energy dispersive X-ray spectrometer. SEM/EDX pellets or powders were secured to the SEM stub by 

carbon tape. Phase analysis was performed by X-ray diffraction (XRD) using a Bruker D8 diffractometer 

with a Cu X-ray source. Experimental pellet densities were determined and compared to theoretical 

values from Rietveld refinement results (performed using GSAS II software)97. 3D visualisations of the 

crystal structure used Vesta98.

Impedance Spectroscopy 
Post-sintering, the pellets were polished and were sputtered with Au using an Agar Automatic Sputter 

coater with a 40mA current for 60 seconds, (or until a clearly visible gold coating was present). The 

pellets were protected from short circuit by adhesive tape. The sputtered pellets were then secured 

in an MTI split cell for room temperature impedance spectroscopy measurements, which were 

performed using a Solartron 1260 impedance analyser from 1 Hz to 10 MHz with a 20 mV potential. 

Variable temperature measurements were undertaken in a Genlab Classic oven from 19 – 64 °C, with 
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at least 30-minute rest periods once obtaining the set temperature. Temperature accuracy was 

confirmed via a Fluke 51 II external thermocouple.

Cell assembly
All cell tests were performed on a biologic VMP3 or SP50 instrument. Li|LTC|Li symmetric cells (> 9 

cells) were assembled in an Ar glove box. Firstly, the pellets (∼1 mm thickness) were polished using 

silicon carbide sandpaper from 240 to 4000 grit, then lithium metal foil was applied to each side of 

the pellet. The cell was then heated to 175 °C under a constant pressure for 1 h using a commercially 

and readily available steel 3-way G clamp as reported prior99 and was secured under light pressure via 

hand tightening the clamp. The cell was subsequently secured within an MTI split test cell. Cells were 

examined via impedance spectroscopy before (and after) cell testing from 10 MHz to 0.1 Hz with a 20 

mV potential on a Solartron 1260 impedance analyser. LTC Cells were analysed on an open lab bench 

(non-air conditioned) with small temperature fluctuations between 17-23°C for the critical current 

density (CCD), in increments of 10 μA cm−2. Cells were also assembled in a similar manner for long 

term Li stripping and plating analysis at 49°C, see figure S8.

Au|LTC|Li cells, for cyclic voltammetry (C.V.), were formed by polishing an LTC pellet as above and 

hand pressing the pellet into Li foil in an Ar glovebox. The cell was placed in a MTI Split cell with Au 

foil as the working electrode. Cyclic voltammetry was subsequently run from −0.4 to 10 V at a scan 

rate of 1 mV s−1.
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Results and discussion

X-Ray diffraction results

The powder X-ray diffraction (XRD) patterns of the LTC garnet materials sintered at 950°C (powder) 

and 1100°C (pellet) for 1h are shown in figure 1. Both were indexed on the Ia d space group as per 3

other garnet materials without Ga (or Fe) Li site substitution62, 100. Rietveld refinements were based 

upon the structural model from Hamao et al.101. Considering the scattering similarities between Zr and 

Nb these were set to the intended ratios. As Zr and Nb occupancies could not be refined, Ce and Ti 

occupancies were also set to the intended ratio (which corresponded to the homogeneity seen within 

the EDX images gathered from the pellet surface, see later). Table 1 reports the calculated lattice 

parameters and an example refinement is shown in figure S1. Lattice parameters were 12.9389(6) Å 

for the powder sintered at 950°C and 12.9477(2) Å for the densified pellet at 1100°C (88% relative 

density). This is in line with other garnets with similarly high Li content on the Ia d type symmetry, 3

and slightly larger than reported for the singly doped garnet Li6.5La3Zr1.5Ta0.5O12
101, which can be 

attributed to the presence of the larger Ce. 

Considering the rapid speed, additional investigations into the optimum sintering/densification time 

were undertaken. LTC pellets were prepared and heated to 1100°C for 5, 15, 30, 45 and 60 minutes, 

see figure 2 and table 1. It was determined that garnet phases form in as little as 5 mins, with lattice 

parameters of 12.9404(7) Å being only slightly reduced compared to 1h. However, those phases 

sintered for 5 min had broad peaks, and were not uniformly densified with only a dense inner core 

surrounded by loose powders. Such pellets had relative densities of 80% but were thin and brittle. 

Nonetheless, this is an impressive density value for only 5 minutes sintering. 

Pellets which were heated for ≥ 15 minutes did not require removal of any excess powder and formed 

denser membranes. These samples showed sharp, highly crystalline, diffraction peaks and gave lattice 

parameters similar to sintering for 1h. The peaks were mostly garnet related; however, some minor 

unknown impurities were present which could not be fully identified. These are attributed to partial 

sintering of the starting materials, with some peaks indexed to Li-Nb-O phases of varying 

stoichiometries. These impurity peaks remained until ≥ 45mins, after which pure garnet type 

symmetry was observed. Relative densities for pellets sintered for ≥ 15 minutes ranged from 83-88%, 

the maximum of which was obtained at 1h. Sintering beyond 1h gave little difference in density, 

therefore subsequent pellets were sintered for 1h. Attempts were made to reduce the Li mol excess 

to 5, 10 or 20%, however pellet densification was much reduced by comparison and only a dense pellet 
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core, encapsulated by less dense powders, was observed. This suggests that the Li excess is also acting 

as an additional sintering aid.

Therefore, maximal pellet densities for these samples using conventional muffle furnaces is ~88% at 

1100°C (similar densities were also achieved under N2/O2 and no additional benefits were found when 

heating >1100°C). This is in line with our previous work conducted under similar experimental 

procedures for other garnet systems68-70, 99, 102, however these reports required sintering the powder 

for ~12h followed by densification for ~12h in either air or N2/O2 (even with comparable Li excess as 

reported here. Or the addition of other sintering aids, e.g. LiF) and were more sensitive to heating 

rates. This is also true of the majority of reports elsewhere37, 41, 78, 87, 92, 101, 103-105. The sintering and 

densification behaviour of LTC, however, is considerably quicker and LTC has high ionic conductivity 

compared to similar reports (see later for impedance spectroscopy)68-70, 81, 99, 102, 106.

It is not clear why LTC has such rapid densification and sintering.  It could perhaps rely on the increased 

disorder of the B site, which is host to four separate elements. This could enable greater entropic 

contributions to the cubic lithium garnet and thus provide the additional contribution to drive more 

rapid synthesis. However, it appears that some form of reactive sintering is crucial, as powder 

synthesis followed by densification was significantly more troublesome (1200 °C for 4 - 6 hours) and 

gave marginally poorer room temperature ionic conductivity (~0.1 mS cm-1).  The rapid densification 

of LTC is reminiscent of liquid sintering, whereby the low melting point of a particular compound 

(Li2CO3 here, with a 40% excess) can enable formation of a dense ceramic, and this is supported by the 

poorer densification observed when using a lower Li excess.  However, when Ti or Ce is used singularly 

with Li6.5La3Zr1.25Nb0.5M0.25O12 (M = Ti, Ce) (also with 40% Li excess) the synthesis was quick yet 

densification took several hours, see later. Therefore, although liquid sintering is a possibility to 

explain the rapid densification, its dependence on an Li2CO3 excess remains unclear.

LTC was also proven to be scalable to at least 15g (the volume limit of the milling pot) under the same 

procedure. Increased Li content beyond 6.5 pfu was attempted, in the form of 

Li6.6La3Nb0.4Zr1Ti0.35Ce0.25O12 and Li6.7La3Nb0.3Zr1Ti0.45Ce0.25O12. However, this yielded impurities, such as 

CeO2 ,which were unable to be removed, see figure S2.  
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LTC Sample 
(mins)

Lattice 
Parameters (Å)

ρrel (%) σ (mS cm-1) Cbulk (F/cm)
(pF)

εr

Powder 12.9389(6) - - - -
5 12.9404(7) 80 - - -
15 12.9492(6) 84 0.30 (26°C) 4.75 54
30 12.9490(4) 86 0.39 (27°C) 5.57 63

45 12.9507(5) 83 0.35 (24°C) 4.69 53
60 12.9477(2) 88 0.42 (24°C) 5.64 64
180 12.9446(2) 86 0.37 (22°C) 4.29 48
720 12.9539(1) 87 0.38 (22°C) 4.87 55
LT 12.9138(9) 86 0.33 (22°C) 4.77 54
LC 12.9760(14) 84 0.31 (22°C) 5.91 66

Table 1. Lattice parameters, relative density, conductivity, capacitance values and dielectric constants 
for the analysed materials, where LT and LC correspond to the use of Ti and Ce as single dopants.
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SEM/EDX
The sintered pellet (1100 °C) was analysed via SEM and EDX to assess the microstructural features and 

to confirm elemental content. The SEM images show a dense pellet structure with an absence of 

discernible grain boundaries, with the corresponding EDX indicating the expected elemental 

distribution (see figure 3). Although the pellet has well connected individual grains; clear voids are 

present. Therefore, magnification was increased to examine these voids more closely. Here, the EDX, 

while indicating a relatively homogenous distribution of elements, shows higher concentrations of Ti 

around the grain boundary. It is unclear why this is so, however this could relate to some incomplete 

synthesis, or dopant exsolution in this region. Additional SEM and EDX images are shown in the SI for 

the unpolished pellet surface (which shows individual grains, see figure S3) and of the LTC powder 

when synthesised at 950°C (figure S4).
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Conductivity 
The room temperature conductivity of LTC was assessed by impedance spectroscopy for each pellet 

dwell time > 5 mins. Densities of the pellets ranged from 83-88% and were unable to be improved by 

times > 1h, higher temperature, slower heating rates or under N2/O2, see table 1. 

A typical Nyquist plot with Au blocking electrodes is shown in figure 4, with the associated capacitance 

bode plot available in the SI. All LTC materials demonstrated a single resistivity contribution which is 

attributed to overlapping bulk and grain boundary contributions. Therefore, all plots were fit with a 

single parallel R/CPE element, see figure 4. The spectroscopic C plot (see figure S5) shows a high 

frequency plateau corresponding to capacitance in the pF cm-1 range from which dielectric constants 

of 48-64 were calculated (based on the permittivity of free space of 8.854x10-14 F cm-1). This 

corresponds to the data obtained from the equivalent circuit models and is the expected response for 

bulk oxide materials76, 107-109. The spike observed at low frequency relates to the Au electrode double 

layer, which blocks Li diffusion giving capacitive behaviour due to space-charge layers.

LTC materials sintered for 1h reached a maximum conductivity of 0.4 mS cm-1 at 21°C and 1.1 mS cm-

1 at 45.5°C. Those sintered between the 15-60 minutes saw marginal changes in conductivity (the 5-

minute membrane was too thin to be studied), see table 1. Beyond 1h density was similar, and 

conductivity degraded only slightly. Therefore, LTC is a garnet system that does not require specific 

handling requirements to form similarly performing membranes. Variable temperature 

measurements were also taken on pellets sintered for 1h, with the Arrhenius plots displayed in figure 

5. These gave an activation energy of 0.34 eV over the temperature range of 19 – 64 °C.

Overall LTC is amongst the most conductive garnet system we have obtained within our laboratory 

and compares favourably to other reports of highly conducting systems elsewhere with similar 

densities and complex compositions82, 83, 86, 110, 111, but is easy to handle, quick to synthesise/densify 

and potentially scalable. This, therefore, indicates if this material were able to be synthesised and then 

sintered fully under Ar (with no intermediate air exposure), which would eliminate any surface Li2CO3 

as per work here37, 45, performance could potentially be further improved. However, if the large Li 

excess is facilitating high membrane porosity, hot pressing during heating may additionally be required 

for increased density. These approaches were, unfortunately, unable to be tested in the facilities 

available in our lab.
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Electrochemical testing 

Cyclic Voltammetry 
To confirm the electrochemical stability window of the LTC materials, Au/LTC/Li cells were constructed 

and analysed via cyclic voltammetry (C.V.), see figure 6. LTC demonstrates an outstanding voltage 

stability of at least 10 V (vs Li/Li+) (the maximum voltage of the VMP3). A small peak is present at ~ 0.5 

V, attributed to Au-Li alloying76. Outside of this the current response is flat, which indicates negligible 

redox activity and no indication of Ti4+ reduction in the presence of Li metal. This is higher than 

previous reports, which indicate stability up to ~6V, further highlighting the potential of LTC materials 

for use in high voltage cells104, 112, 113. However, the large stripping and plating peaks could be masking 

dopant instabilities. This was assessed further by X-ray absorbance near edge spectroscopy (XANES), 

see later.
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Symmetrical Cell Testing
To assess the critical current density (CCD), symmetrical Li/LTC/Li cells were assembled and analysed. 

CCD enables characterisation of the current density at which a soft or hard short circuit grows. A soft 

short circuit gives stable electronic pathways (for example along grain boundaries) that do not connect 

electrodes and, thus, a significant ionic current can still pass. This reduces cell resistance compared to 

the pristine sample. Comparatively, a hard short circuit connects electrodes and gives a large cell 

resistance drop to 0 Ω (although some small ohmic resistance would still be observed experimentally). 

Low CCDs in lithium garnets have been reported to relate to the number of grain boundaries/larger 

grains/grain orientation114, 115, grain/grain boundary electrical properties45, 115-119, microstructure120, 121 

and grain boundary compositional differences (compared to the bulk)45, 117, 122-124.  Whereas high 

density/low porosity42, 125, 126, low Li metal/garnet resistance45, 127-129 and high ionic mobility 

(intrinsically linked with temperature)45, 130-132 have been suggested to suppress dendrite growth. 

Pristine cells were first analysed by IS to assess the Li/LTC area specific resistance (ASR). This gave 

values between 320-400 Ω cm2. This is similar to our prior reports on Ce doping, hence confirming the 

strategic use of Ce in low quantities to reduce interfacial resistance61. To confirm the correct 

assignment of the Li/Garnet interface in the impedance spectrum, Au sputtered pellets (used for 

conductivity) are overlaid in figure S9.

CCD measurements were then undertaken, whereupon LTC showed stable ohmic current–voltage 

behaviour up to 140 μA cm−2, with mostly flat voltage profiles but with some deviation from a square 

profile. This is attributed to non-uniform current distribution from imperfect interfacial contact 

between Li and the garnet, see figure 7a. However, a small voltage drop occurs at 140 μA cm−2 

followed by the onset of an erratic voltage profile, yet no clear/sharp voltage drop (as expected with 

a soft or a hard short circuit) is observed. This behaviour continued as the current density increased, 

see figure 7a. Therefore, LTC was cycled until 200 μA cm−2 and analysed by IS. The impedance spectrum 

showed minimal changes to the LTC bulk and grain boundary contributions (compared to the pristine 

cell), see figure 7b. This suggests no short circuit nor any reversible short circuit behaviour, as reported 

elsewhere89. However, the low frequency Li/garnet interface region showed a reduced ASR from 380 

Ω cm2 (pristine cell) to 250 Ω cm2. As no short circuit was observed, CCD analysis was resumed until 

300 μA cm−2. At this point the cell was analysed by IS again, whereupon no changes to the bulk/GB 

contributions were again observed, but ASR had further reduced to 161 Ω cm2. These data indicate 

cycling at certain current densities can initiate some form of a current induced ASR reduction in LTC 

(which could also account for the slightly decreased potential when cycling ≥ 140 μA cm−2). 
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CCD measurements were then resumed until a large overpotential occurred (to the maximum tester 

voltage) at 660 μA cm−2. This automatically terminated the cell testing. Post CCD analysis by IS showed 

a large interfacial resistance (> 29 000 Ω cm2), which indicates complete interfacial breakdown, see 

figure 7c. This could be dopant related and is discussed more later. 

To assess if LTC was susceptible to the reversible short circuit behaviour previously reported by Ping 

et al., and to confirm if this was a separate reaction from the observed ASR reduction at lower current 

densities, symmetrical LTC cells were assembled and cycled at 500 μA cm−2, see figure 8a. This value 

was chosen based upon the CCD results in figure 7a, as this is prior to complete cell degradation but 

is where the voltage profile becomes increasingly unstable. During the first 500 μA cm−2 cycle, voltage 

initially increased before seeing a slow voltage drop, possibly indicative of short circuit behaviour. 

However, upon Immediate impedance analysis after one 500 μA cm−2 cycle, no large resistance 

reduction was observed. This contrasts with the work from Ping et al.. However, the spectrum does 

potentially suggest short circuit propagation through the grain boundary, where some decreased 

resistance was observed, see figure 8b. This could indicate LTC had reversible short-circuit behaviour, 

but that the short circuit recovery process is more rapid compared to the Al-Ta doped LLZO analysed 

by Ping et al. (effectively removing Li dendrites before the IS measurements could be made). 

Therefore, IS was repeated continuously over the course of 1h and the cell gradually increased in 

resistance, recovering to the pristine cell value in 32 minutes. Within ≈1h the impedance spectrum of 

the pellet stabilised with marginally increased resistance, particularly in the Li/Garnet interface region. 

This suggests similar short circuit reversal trends to those obtained by Ping et al.. where the 

reversibility was ascribed to garnet cation reduction which, thus, oxidises Li and removes the short 

circuit89. However, the behaviour observed with LTC still appears to lack a clear indication of a soft or 

hard short circuit.

The 500 μA cm−2 cell cycling was then restarted for 31 further cycles, see figure 9. The voltage profile 

initially mimicked the first cycle (further indicating LTC had chemically reacted with any Li dendrites), 

before again dropping to a consistent lower voltage. After 31 cycles, IS analysis was again conducted. 

Here, a short circuit in the expected manner (large reduction of the bulk/GB components) was 

observed, with repeated impedance showing only marginal recovery. However, after a 24hr rest the 

short circuit had been removed. This, therefore, confirms the reversible short circuit behaviour 

described by Ping et al. for Al, Ta-doped garnets. 

However, the reversible short circuit in lithium symmetrical cells described by Ping et al. began at 200 

μA cm−2 and consistently had a noticeable reduction in the bulk/GB contributions within the 

impedance spectra after a single cycle. Here, at similar (and higher current densities), the CCD of LTC 
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showed an initial reduction in the ASR with no change in the bulk/GB contribution. Furthermore, direct 

cycling of pristine cells at 500 μA cm−2 did not show a clear short circuit until >30 cycles (or dendrites 

were so rapidly removed after a single cycle that IS could not be captured). This, therefore, indicates 

the unusual electrochemical behaviour of LTC cannot be ascribed solely to the reversible short circuit 

behaviour described by Ping et al.. The dopants in LTC could be increasing the short circuit reversibility 

kinetics (which could be beneficial as an interlayer in a full solid state cell, where Li dendrites could be 

neutralised before cell failure). Therefore, to understand the dopant specific effects, the differences 

between garnet samples, with only Nb+Ce, or Nb+Ti dopants, were investigated further.

Dopant Assessment 
To assess the electrochemical properties (and the favourable synthesis/densification) of LTC, the Ti 

and Ce dopants were investigated individually. Firstly, Li6.5La3Zr1.25Nb0.5Ti0.25O12 (LT) and 

Li6.5La3Zr1.25Nb0.5Ce0.25O12 (LC) were synthesised and characterised as above, see figure S6 and S7. LT 

and LC were found to rapidly form phase pure powders as for LTC, but neither demonstrated the rapid 

densification properties of LTC; LT required four hours to form a dense pellet, whereas LC required at 

least two hours. Irrespective of heating regime, the relative density LT and LC were inferior to LTC, as 

was conductivity. This suggests both Ti and Ce are required for optimum sintering/densification and 

conductivity. This is further suggested by reports elsewhere where Ti or Ce was used singularly as 

cubic stabilising dopant, where long synthesis/densification times were required70, 86, 87, 110. 

CCD testing of LT showed that the system did not have a low ASR value (observed value was 1000-

2000 Ω cm2), see figure S10. This is contradictory to other reports, which reported that Ti based 

systems enabled a low interfacial resistance. These works, however, employed heating of Li metal 

beyond 180°C to melt onto the interface in conditions where proton exchange could be more readily 

controlled110. This did not affect the CCD testing of LT in this work as, in all cases, irrespective of ASR, 

no clear CCD limit was observed. The voltage profile became non-square at 280 μA cm−2, but there 

was no voltage drop. The voltage continued to increase until the cell tester maximum voltage was 

reached, see figure S10. At the end, IS showed interfacial breakdown in LT cells. This breakdown 

relates to the lack of short circuit giving no easy path for higher currents. Therefore, interfacial void 

formation arises due to Li stripping at higher current densities, which degrades the interfacial contact 

between the Li and garnet. No indication of current induced ASR was found with LT.

LC gave an ASR of 328 Ω cm2 , and was also examined to determine the CCD limit (see figure S11). LC 

obeyed ohmic current–voltage type behaviour up to 120 μA cm−2, whereupon a small voltage drop 

occurred, similar to LTC cells. Analysis via impedance spectroscopy after the 260 μA cm−2 step showed 

no short circuit but an ASR reduction from 328 Ω cm2 (pristine) to 90 Ω cm2 was observed. At 360 μA 
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cm−2 a clear short circuit was present (removal of the bulk/GB resistive component). This was further 

confirmed at 600 μA cm−2. Impedance analysis indicated the short circuit did not recover, with only 

marginal changes noted over similar timeframes, therefore LC was distinct from LTC. This is further 

confirmed by the absence of interfacial breakdown at higher current densities. 

Considering the analysis on LC and LT, it can be confirmed that both Ce and Ti are required for the 

rapid synthesis/densification and improved conductivity (compared to the single dopants). 

Conversely, the reduction in ASR is related to the Ce dopant only. However, results suggest that the 

pairing of Ti and Ce is still required to prevent a hard short circuit at higher current densities and to 

enable enhanced short circuit reversibility, although the reasons behind this remain unclear. 

Our previous work using Ce doped LLZO has shown a reduction in ASR in pristine symmetrical Li cells, 

with this attributed to the formation of interfacial Ce4O7
61, although in-situ improvements to ASR were 

not assessed. Nonetheless, it is logical to conclude a similar reaction could be present with LTC, 

perhaps forming a mixed Ce-Ti-O phase. This is not demonstrated in the CV results, however, it could 

be hidden by the large Li stripping and plating peaks, see figure 6. Therefore, further analysis of 

oxidation states was undertaken by XANES on freshly prepared and cycled LTC pellets. 

X-ray absorption near edge structure
XANES does not show surface-based phenomena, however no proton-controlled environment was 

available to analyse the LTC interface by X-ray photoelectron spectroscopy. Nonetheless, powder was 

obtained from the interface and the bulk of the pellet to ascertain if any clear differences were present 

based upon proximity to Li metal. Ti2O3, anatase TiO2 and CeO2 references were used for comparison, 

see figure 10 and 11. 

Data obtained from the Ti K edge in LTC suffered from severe interference from the strong La L3 

absorption at 5491 eV, see figure 10. This suppressed the LTC Ti K edge peaks considerably, but a 

doublet is present at 4987 and 5001 eV across all LTC samples. These peaks are consistent in position 

and characteristics across the cycled and fresh LTC samples. This doublet corresponds more closely to 

the Ti K edge peak positions of the TiO2 reference. There is also a pre-edge peak in LTC at 4970 eV 

(absent in Ti2O3), which is similar to reports elsewhere133-135. This suggests Ti4+ presence in LTC, but it 

is not conclusive due to the La interference and the difference in peak profiles arising from the 

comparison to anatase type TiO2, see figure 10. However, if the XANES spectra are compared to Ti4+ 

orthosilicate garnets reported in the literature, such as schorlomite and andradite, LTC has similar 

peak profiles, positions and pre-edge characteristics136, 137. Irrespectively, the peaks at 4987 and 5001 

eV can be identified as the region corresponding to Ti in the LTC samples. Here, it can be seen the Ti 
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peak positions and characteristics do not change between cycled and fresh LTC samples, which 

indicates no change of Ti during galvanostatic cycling.

Examination of the Ce L edges suffered slightly from La L2 edge interference, however absorption 

peaks for Ce are much clearer compared to Ti. These show the expected presence of Ce4+ within the 

freshly sintered materials, with a peak doublet at 5731 and 5736 eV. This corresponds to the CeO2 

reference at 5730 and 5737 eV. However, post cycled pellets lacked these peaks, with a singular peak 

appearing at 5726 eV. This shift to lower energy indicates reduction of Ce4+ to a 3+ state. No Ce3+ 

reference was available to test, however, Ce3+ reports elsewhere, with compounds such as CeF3 and 

Ce(NO3)3·6H2O, also show a sharp singular peak in this region that is assigned to a trivalent Ce 

species138-141. Therefore, this suggests that Ce is being reduced during Li stripping and plating beyond 

a surface reaction, penetrating into the bulk and throughout the pellet. This confirms the previous 

work by Dong et al., whereupon Ce reduction was suggested to occur in Li7La3Zr2-xCexO12 materials61.

The XANES data, therefore, supports the reduction of Ce in the garnet structure during cycling, with 

experimental evidence also confirming the ASR reduction during CCD analysis requires Ce. Therefore, 

as Ce is reduced from Ce4+ to Ce3+, a corresponding oxidation to Li metal is likely occurring which 

neutralises dendrite formation at the Li/garnet interface, which fills voids and reduces the interfacial 

resistance. However, once the current density reaches a critical point, dendrites will then start to 

penetrate the pellet. However, the Ce reduction could aid in the recovery process through the bulk/GB 

and remove dendrites more rapidly than non-Ce doped garnets. This could account for the lack of 

clear short circuit after cycling pellets at 500 µA cm-2, however the full electrochemical effects of the 

Ce dopant require further study.

It would appear that that Ti is required to prevent a hard short circuit forming, which then enables 

interfacial breakdown at high current densities. Therefore, the data suggests that Ti and Ce are both 

required to give reduced ASR, for low interfacial resistance, and to improve the ability of the lithium 

garnet to reverse a short circuit during symmetrical cell cycling. However, further studies are needed 

to confirm the exact mechanisms, for example by in-situ symmetrical cycling using SEM and Li sensitive 

EDS. In particular, a cross section studied during Li dendrite growth would be valuable so that 

morphological and chemical changes could be monitored once cycling has stopped, and the cell is at 

rest. This however, is not currently available for our SEM facility.
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Conclusions
In summary, a new co-doped Ti/Ce garnet material (Li6.5La3Zr1Nb0.5Ce0.25Ti0.25O12 (LTC)) has been 

synthesised, and rapidly densified in a single step. LTC demonstrated easy synthesis, requiring only 15 

– 60 minutes to form dense membranes directly from the starting materials, although > 45 mins was 

required for increased phase purity. If only the powder is required, a similarly rapid synthesis can be 

achieved at 950°C. It is also suggested that much faster heating rates could be employed, yielding 

more rapid synthesis, allowing the potential for further synthesis scale up into a continuous process. 

LTC was shown to be somewhat more robust than comparable singly doped garnets, as overall 

performance does not require specific handling, for example heating rate and/or heating times past 

1h yielded similar results. Such absence of specificity gives the potential for LTC ideal to be used within 

a commercial environment. We have also demonstrated that single use of Ce or Ti in these garnets 

does not generate the same properties, and it is the combination of both which enables the ease of 

handling in LTC

It was also shown that LTC presents somewhat unusual Li dendrite resistance properties during 

symmetrical cell cycling. Here, medium current densities were shown to initiate an ASR reduction but 

did not show any reversible short circuit behaviour (under similar cycling regimes), as reported in 

other work. This is suggested to relate to the reduction of Ce4+ to Ce3+, as confirmed by the XANES 

data. However, it was also experimentally shown that Ti is required to prevent hard short circuits from 

which the cell cannot easily recover from, therefore indicating the pairing of Ce and Ti has enabled 

increased dendrite reversibility kinetics compared to the singular dopants.

This report was primarily aimed at showing a high entropy garnet system which could be formed 

rapidly using only conventional muffle furnace sintering. However, the as complexity in garnet 

compositions increase, and interest in highly entropic materials progresses, so does the complexity of 

the electrochemistry of cell operation. In particular, the effect of the Ti dopant on lithium dendrites 

requires further work to understand, as does the influence of Ce, Therefore, more work is required to 

understand the LTC materials such as Li sensitive EDS or by further analysis via surface sensitive 

techniques (such as XPS). This would require facilities which can transfer samples under vacuum to 

avoid proton exchange and to allow assessment of the chemomechanical phenomena. 
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Figures

Figure 1.  XRD patterns of LTC sintered in powder form (950°C, 100°C min-1) and as a pellet (1100°C, 
40°C min-1). Both samples were sintered for 1h and demonstrate pure garnet (Ia d) type symmetry. 3
In both cases heating rates were the maximum available for the furnace model. 
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Figure 2.  XRD patterns of LTC sintered pellet form at 1100°C for different time intervals. All 
patterns demonstrate garnet type symmetry but sharp, crystalline, peaks only appear ≥ 15 
minutes.
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Figure 3. SEM images of polished pellet surface at two different magnification levels showing a 
dense pellet microstructure with no visible grain boundaries, however some voids are present. EDX 
is also shown, demonstrating concentrated areas of Ti in the pores.
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Figure 4. Typical Nyquist impedance plot of LTC, which was fit to the equivalent circuit in the top 
left. 

Figure 5. Arrhenius plot of LTC over the temperature range of 19 – 64 °C (activation energy = 0.34 
eV).

L Rbulk/GB     CPE2
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Figure 6. Cyclic voltammetry of LTC at room temperature using an Au/LTC/Li cell.
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a)

b)

L Rbulk        RGB     CPE2
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Figure 7. Symmetry cell impedance spectra and CCD measurements where a) is the CCD data 
measured in increments of 10 μA cm-2, stars indicate where cell was stopped for impedance 
analysis. b) is the overlaid impedance spectrums during the CCD testing at different current 
densities at room temperature and c) the same as figure 7b but with final impedance spectrum 
showing interfacial degradation upon cell failure (additional long term cycling, at differing current 
densities, is available in figure S8.)

c)
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Figure 8. Results for the LTC cell was cycled at 500 μA cm-2 for a) one cycle with the 
corresponding impedance analysis in b). Cycle 1 was taken 2 minutes after, as sample 
needed to be transported to the Solartron impedance analyser to collect data. Time 
difference between subsequent impedance cycles is 3 minutes, which is the length of each 
scan. Time difference between cycle 7 and 9 is 90 minutes.

a)

b)
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Figure 9. After the first cycle at 500 μA cm-2 and the corresponding impedance analysis in 
figure 8 was complete, LTC cycling was restarted at 500 μA cm-2 and results are shown for a) 
31 cycles with the corresponding impedance analysis in b) taken as per figure 8b. 

b)

a)
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Figure 10. XANES spectra of Ti2O3 and anatase TiO2 compared to LTC where a) is the 
comparison to freshly sintered and b) the comparison to cycled pellets, with powder taken 
from both the interface and bulk respectively. All peaks remain similar indicating no change 
of Ti oxidation state, although the intensity of the bulk cycled peaks is lower, the peak 
positions are unchanged.

a)

b)
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Figure 11. XANES spectra of CeO2 compared to LTC where a) is the comparison to freshly 
sintered and b) the comparison to cycled pellets, with powder taken from both the interface 
and bulk respectively. No change of in the Ce L edges is noted across the freshly prepared 
samples, but a clear change of Ce peaks is present in the cycled cells, whereupon the doublet 
has coalesced into a singular peak which has shifted to lower energy, this indicates 
formation of Ce3+. 

a)

b)
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