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Halogenation of Li7La3Zr2O12 solid electrolytes:
a combined solid-state NMR, computational and
electrochemical study†

Bo Dong, *a Abby R. Haworth, b Stephen R. Yeandel, cd Mark P. Stockham, a

Matthew S. James,a Jingwei Xiu,a Dawei Wang, de Pooja Goddard, c

Karen E. Johnston b and Peter R. Slater *a

Garnet-based solid electrolytes have been proposed as promising candidates for next generation all-solid-

state batteries. Whilst multiple cation substitution studies of these garnets have been undertaken to try and

improve their overall performance, anion doping of garnets has rarely been attempted, owing to the

synthetic challenges associated with this particular doping strategy. In this work, we present the

halogenation (F, Cl) of the solid state electrolyte Li7La3Zr2O12 (LLZO) via a low temperature solid state

synthetic route using PTFE and PVC polymers. A reduction in tetragonal distortion (F incorporation) and

a tetragonal to cubic phase transition (Cl incorporation) is observed in halogenated LLZO, suggesting the

replacement of O2� with F� or Cl� is associated with the creation of lithium vacancies. Combined solid-

state NMR and computational studies support the presence of F� or Cl� in halogenated LLZO. The

effects of surface fluorination were also investigated for Al-doped LLZO (Li6.4Al0.2La3Zr2O12, LLAZO) with

the results suggesting that this strategy has the ability to prevent full dendrite penetration at high current

densities (up to 10 mA cm�2).

Introduction

State-of-the-art lithium-ion batteries (LIBs) have dominated the

portable electronics industry for almost three decades, owing to

their outstanding cycling stability and high energy densities.1 In

recent years, the development of electric vehicles (EVs) and

large-scale off-grid harvesting facilities have called for energy

storage systems with higher energy densities and improved

safety.2 However, the ammable electrolytes used in conven-

tional LIBs, typically LiPF6 in an organic solvent, raises signi-

cant safety concerns in the event of thermal runaway of the cell.

Consequently, current technology relies heavily upon the effi-

cient heat management of battery packs, especially in EVs. All-

solid-state batteries (ASSBs), which replace the organic liquid

electrolyte with a non-ammable inorganic solid electrolyte,

overcome these safety issues, whilst also being chemically

stable with Li metal anodes and high voltage cathode materials.

Consequently, ASSBs are being considered as potential candi-

dates to improve both the performance and safety of LIBs.3,4

Amongst the plethora of ceramic electrolytes investigated,

lithium-rich garnets combine relatively good electrochemical

stability to Li metal with chemical stability in air and high room

temperature ionic conductivities. Hence, these materials are

promising potential solid electrolytes for practical applica-

tions.5–10 The ideal garnet framework has the general formula

A3B2C3O12, where A, B and C are eight, six and four oxygen

coordinated sites, respectively, with space group Ia�3d. Stoi-

chiometric lithium-containing garnets such as Y3Te2Li3O12

typically exhibit poor ionic conductivity, as lithium fully

occupies the tetrahedral C-site, meaning there are no sites

available to accommodate any mobile Li. However, in 2003, fast

Li+ ion conduction was reported by Thangadurai et al.11 in the

lithium-rich garnet Li5La3M2O12 (M¼ Nb, Ta). In these systems,

in addition to Li being in the tetrahedral 24d sites, it also

partially occupies the distorted octahedral 96h and 48g sites.

Since this initial work by Thangadurai et al., higher Li contents,

of up to a maximum of 7 per formula unit have been reported,

e.g., Li7La3Zr2O12 (LLZO). Such an increase in Li content typi-

cally results in an increase in ionic conductivity. However, at the

maximal (7) Li content, the conductivity decreases due to

lithium ordering (to reduce short Li–Li distances), which

reduces the symmetry from a cubic to tetragonal cell (I41/acd).

This results in a structure where all of the lithium sites (tetra-

hedral 8a and octahedral 16f and 32g) are fully occupied.12,13
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Tetragonal Li7-based systems have a temperature dependant

tetragonal to cubic phase transition, e.g., Li7La3Zr2O12 trans-

forms to a cubic phase at 725 �C.14 This cubic phase, which is

highly conductive, can be stabilised at lower temperature by the

introduction of lithium vacancies via numerous doping strate-

gies, including Nb, Ta on the Zr site or Al, Ga on the Li site.15–21

The tetragonal to cubic transition in these garnets can also be

facilitated by the well-known, yet highly undesirable, proton/

lithium exchange that occurs in a humid atmosphere.22–27

Structural studies have demonstrated that both the lithium

content and lithium distribution within the garnet framework

impact both the ion migration pathway and the ionic conduc-

tivity, with the optimum conductivity typically observed for

lithium contents of 6.4–6.6 per garnet formula.5,7,9,28,29 In addi-

tion to optimising the Li-ion conductivity of lithium-rich

garnets via cationic doping, considerable attention has been

focused on overcoming the high interfacial resistance between

the electrolyte and electrodes, as well as trying to eliminate

dendrite inltration through the electrolyte.30–38 It has been re-

ported that the application of coatings to the garnet pellets (and

consequently lithium alloying with the coating at the interface)

and hybrid polymer-garnet electrolyte composite systems can

mitigate these problems to a degree.39–49 Short circuiting

behaviour in the garnet system was also recently reported to be

reversible, which can be healed by a low current density elec-

trochemical process.50,51

Whilst there have been numerous cation doping studies of

garnet-based materials, the investigation of anion doping

strategies is limited, despite prior computational studies sug-

gesting that F-doping in La3Zr2Li7O12 may be benecial.52–54

This omission is likely linked to the challenges associated with

the preparation of such F-containing mixed metal oxides, owing

to the high thermodynamic stability of the uoride starting

materials, e.g., LaOF, which is a thermodynamically favoured F-

containing product at the usual synthesis temperatures.55

Additionally, F may be lost at elevated temperatures through the

reaction with moisture, thereby liberating HF. To overcome

this, low temperatures (typically <400 �C) and precursors with

a similar structure are commonly used. To successfully achieve

uorination, a wide range of reagents have been employed,

including F2, NH4F, and XeF2, with the use of F-containing

polymers attracting the greatest interest.56–58 Polymers such as

polyvinylidene uoride (PVDF) and polytetrauoroethylene

(PTFE) have been widely used for the low temperature uori-

nation of perovskite and related mixed metal oxide systems,

leading to a wide range of new oxide uorides exhibiting

interesting magnetic properties, as well as materials of interest

for use in F-ion batteries.59

Here, we have applied polymer uorination methods to solid

electrolyte materials for the rst time, aiming to uorinate the

Li-stuffed garnet Li7La3Zr2O12 (LLZO) and create lithium

vacancies (i.e., to form the system Li7�xLa3Zr2O12�xFx), which

our previous computational studies suggest should exhibit

a change from tetragonal to cubic symmetry.52 In addition, we

investigate whether chlorination can be achieved using

a similar synthetic route to produce Li7�xLa3Zr2O12�xClx. A

comprehensive study, combining powder X-ray diffraction

(XRD), solid-state nuclear magnetic resonance (NMR) spec-

troscopy, computational modelling and electrochemical testing

is reported to investigate the effects of both F- and Cl-doping on

the structure and the associated physical properties of haloge-

nated LLZO. We also investigate the effects of surface uori-

nation on the performance of Al-doped LLZO

(Li6.4Al0.2La3Zr2O12, LLAZO).

Experimental
Synthesis of F(Cl)-doped Li7La3Zr2O12

Two routes were investigated for the halogenation of Li7La3-

Zr2O12. The rst method utilised a standard high temperature

synthesis route, in which stoichiometric amounts of lithium

uoride (99%, Alfa Aesar) or lithium chloride (99%, Sigma

Aldrich), lithium carbonate (99%, Alfa Aesar), zirconium oxide

(99%, Alfa Aesar) and lanthanide oxide (99.9%, Alfa Aesar) were

mixed and ground using an agate mortar and pestle before

being heated to 650 �C for 12 h. The mixture was subsequently

ball milled for 30 min with 20% excess lithium carbonate,

which was added to compensate for the loss of Li during the

high temperature synthesis. The resulting powders were then

pressed into pellets (13 mm diameter) using 0.2 tons pressure

and heated to 1050 �C for 12 h.

For the second method, a sample of tetragonal Li7La3Zr2O12

was prepared via the route described above (omitting the

addition of LiF or LiCl). The Li7La3Zr2O12 sample was then

mixed with PTFE or PVC (polyvinyl chloride) powder in different

molecular mass ratios (0.1PTFE equals 0.1CF2CF2; 0.1PVC

equals 0.1CH2CHCl). It is noted that, as a control, the reaction

was also performed using the non-F(Cl)-containing polymer

polyethylene (PE, 0.1PE equals 0.1CH2CH2) to conrm the effect

of F or Cl in the synthesis. Each mixture was transferred to an

alumina boat and placed into a tube furnace for heat treatment

under N2. Dry N2 gas was passed through the tube for 30 min

before heating at 80 �C h�1 to 400–450 �C for 12 h with N2 still

owing. The powders were reground and reheated at 80 �C h�1

to 400 �C for 12 h in air in a dry room with a dewpoint between

�45 to �65 �C (Munters Ltd.) to try to remove any carbon

byproduct. A dry room was used to prevent H/Li exchange,

which is known to be an issue for garnet-based systems.

Surface uorination of Li6.4Al0.2La3Zr2O12

Li6.4Al0.2La3Zr2O12 was prepared at 1000–1050 �C using the

same method as for Li7La3Zr2O12 with the addition of Al2O3

(99%, Alfa Aesar). The Li6.4Al0.2La3Zr2O12 powder was then

pressed into a pellet (10 mm diameter) using 0.2 tons pressure,

and heated at 1100 �C for 12 hours in a dry room, with parent

powders on each side of the pellet. The pellet was polished

using 400, 800, 1200, 2500, 4000 grinding papers, covered with

PTFE powder on each side, and heated to 400 �C for 12 hours in

the dry room to facilitate the surface uorination process.

Characterisation of materials

Powder X-ray diffraction. Room and variable-temperature

(VT) X-ray diffraction (XRD) data were collected using a Bruker

This journal is © The Royal Society of Chemistry 2022 J. Mater. Chem. A, 2022, 10, 11172–11185 | 11173
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D8 X-ray diffractometer with a linear position sensitive detector

(PSD) (CuKa radiation 1.5418 Å). Room temperature XRD

patterns were recorded over the 2q range 10� to 60� with a 0.02�

step size. VTXRD data of the heated precursor mixture were

collected between 300 and 700 �C at 50 �C intervals. Structure

renement was carried out using the XRD data with the GSAS

suite of Rietveld renement soware.60

Scanning electron microscopy (SEM). A HITACHI

TM4000plus SEM with an energy dispersive X-ray spectroscopy

(EDX) detector from AztecOne was used to probe both the

microstructure and distribution of elements in the sample.

Powders and pellets were applied to a carbon tape and analysed

at 15 kV in backscattered electron mode.

Electrochemical testing of Li6.4Al0.2La3Zr2O12. Li metal was

hot pressed onto each side of the non-uorinated/uorinated

Li6.4Al0.2La3Zr2O12 pellets at 175 �C for 1 hour in an argon l-

led glove box. The Li/LLAZO/Li and Li/LLAZO(PTFE)/Li

symmetric cells were then assembled using a Swagelok cell.

These symmetric cells were cycled at various current densities to

assess electrochemical stability at room temperature using

a BioLogic VMP3 multichannel potentiostat. Electrochemical

impedance spectroscopy (EIS) data was acquired using the

impedance analyser attached to the BioLogic VMP3 multi-

channel potentiostat at 100 mV over the frequency range from 1

to 106 Hz.

Solid-state NMR spectroscopy. Solid-state 6,7Li, 19F and 35Cl

NMR spectra were acquired using a Bruker Avance III HD

spectrometer equipped with a wide-bore 11.7 T magnet. Larmor

frequencies of 73.6, 194.3, 470.6 and 49.0 MHz were used for
6Li, 7Li, 19F and 35Cl, respectively. Powdered samples were

packed into conventional 4 mm ZrO2 rotors inside a nitrogen-

lled glovebag and a magic-angle spinning (MAS) rate of 10

kHz was employed. The 6,7Li MAS NMR spectra were referenced

to 1 M LiCl (aq), whilst the 19F MAS NMR spectra were refer-

enced to CFCl3, carried out indirectly by setting the resonance

from CF3COOH/H2O (50 : 50 v/v) to �76.54 ppm. The 35Cl MAS

NMR spectra were referenced to 0.1 M NaCl (aq).

Conventional 6Li and 7Li MAS NMR spectra were obtained

using a single-pulse experiment with radiofrequency (rf) eld

strengths of 47.6–56 and 52.6–83 kHz, respectively. In order to

suppress a large background signal, 19F MAS NMR spectra were

acquired using the “depth” pulse sequence. 35Cl MAS NMR

spectra were acquired using a Hahn-echo experiment utilising

a rf eld strength of 31.2 kHz. Specic experimental details are

given in the corresponding gure captions.

Computational modelling. For the computational modelling

the VASP code (version 5.4.4)61was employed which implements

a planewave basis set with PAW pseudopotentials.62 All calcu-

lations were spin polarised and used the PBEsol functional63

with a 800 eV planewave cut-off energy. Energy minimisation

employed a full geometry relaxation, including both atomic

positions and lattice parameters. The electronic structure was

optimized to an energy tolerance of 10�6 eV and the tolerance

for ionic convergence was a force norm of 0.01 eV Å�1 for the

geometry optimisations.

All LLZO systems were energy minimized in the tetragonal

192 atom unit cell (ICSD collection code 191528) using

a converged 2� 2� 2 k-point grid. The simulation cells used for

the bulk oxides comprised the anti-uorite structure for Li2O

and the Baddeleyite structure for ZrO2. Both the a-M2O3 and

Bixbyite-M2O3 structures were calculated for lanthanum oxide

and the lower energy polymorph used for further calculations

(themore stable structure was found to be a-La2O3). The lithium

halides all used the rocksalt structure. The Monkhorst–Pack k-

point grid for all the pure oxide and halides materials was found

to be converged at 4 � 4 � 4 grid points.

Defect calculations were rst performed by inserting a single

dopant halogen into the LLZO lattice without a compensating Li

vacancy whose position is unknown or may be dynamic.

Instead, the number of electrons was adjusted to maintain

charge neutrality of the system. This setup is broadly equivalent

to including an innitely far away Li vacancy and allows

comparison of halogen dopants on the different oxygen sites

without the complication of a secondary local defect. Substitu-

tion on the cation sites has been ruled out by a previous study.52

In the next stage Li vacancies are introduced as either a nearest

neighbour or furthest neighbour to probe the tendency of the

halogen and Li vacancy to cluster.

Results and discussion
Initial characterisation

A phase pure sample of tetragonal Li7La3Zr2O12 (I41/acd) was

successfully prepared via conventional solid-state methods

(Fig. 1), conrmed by Rietveld renement using the PXRD data

(Fig. S1†). However, attempts to produce F-doped samples, e.g.,

Li6.5La3Zr2O11.5F0.5, using similar high temperature methods

led to a number of phases, including the desired tetragonal

garnet phase, in addition to La2O3 and La2Zr2O7 impurities, as

shown in Fig. 1(a). Hence, there is no evidence of O replacement

by F using LiF as a starting reagent via the standard high

temperature synthesis route.

Fig. 1 XRD patterns obtained for Li7�xLa3Zr2O12�xFx: x ¼ 0 and 0.5

showing significant impurities for x ¼ 0.5 and no change in the level of

tetragonal distortion; LiF was used as the fluorine source.

11174 | J. Mater. Chem. A, 2022, 10, 11172–11185 This journal is © The Royal Society of Chemistry 2022
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In contrast, when the ‘as prepared’ tetragonal Li7La3Zr2O12

was mixed with PTFE and heated under dry N2, a reduction in

tetragonal distortion was observed as a function of PTFE

content. Meanwhile, the parent Li7La3Zr2O12 sample (without

addition of PTFE) showed no change upon heating under the

same conditions (Fig. 2(a)). This suggests that the addition of

PTFE was successful in causing a reduction in the tetragonal

distortion, which is consistent with the incorporation of Li

vacancies. This could be achieved either through the creation of

O vacancies, Li7�2xLa3Zr2O12�x, or via the incorporation of F� in

the place of O2�, Li7�xLa3Zr2O12�xFx.

To determine if the observed phase transition is caused by

the creation of oxide ion vacancies or F incorporation, a non-

uorine containing polymer, polyethylene (PE), was also inves-

tigated. The XRD patterns obtained for a sample prepared with

PE are shown in Fig. 2(b), and the data clearly indicate

unchanged tetragonal Li7La3Zr2O12 (Rietveld renement of

1PE–LLZO is shown in Fig. S2†). This suggests that the changes

observed are caused by the F in the PTFE polymer. Hence, this

supports the hypothesis that F is incorporated into the garnet

structure and its presence is required to deliver the observed

reduction in tetragonal distortion.

0.2PTFE:LLZO was selected for further investigation, as the

lithium content (�6.6) is usually considered optimal for Li

conductivity in garnet systems. 0.2PTFE:LLZO was reground

and reheated several times at 400–425 �C in both dry N2 and air

until no further change was detected by XRD. EDX mapping

(Fig. 3(a)) indicated a homogeneous distribution of La, Zr, F

and O throughout the 0.2PTFE:LLZO sample. The stability of

the 0.2PTFE:LLZO sample was subsequently studied via

variable-temperature XRD and is shown in Fig. 3(b). The XRD

patterns obtained indicate that, above 500 �C, the cubic LLZOF

phase undergoes partial decomposition. This begins with the

formation of LaOF, followed by LaZrF7 and ZrO2 at higher

temperature. This supports the inability to form the uori-

nated phase via traditional high temperature solid state

synthetic methods and corresponding studies of other mixed

metal oxide uorides (e.g., perovskites and other related

materials). This, therefore, suggests the F-containing garnet

phase is metastable, thus requiring lower temperature routes

for preparation.56,64 This is also in agreement with the PXRD

data collected for the sample synthesised using LiF as a start-

ing reagent, where the uorinated garnet phase could not be

prepared via traditional high temperature solid state synthetic

methods. Consequently, it was not possible to determine the

conductivity of the uorinated sample, as such an experiment

would require high temperature sintering in order to obtain

a dense pellet.

A similar issue was observed when LiCl was used as the Cl

source for the synthesis of Cl-doped LLZO via traditional solid

state synthetic methods (Fig. S3†). However, LLZOCl could

successfully be synthesised via the polymer route. As shown in

Fig. 4, a change from the tetragonal to cubic form was observed

as the PVC content was increased. The observed and calculated

patterns from renement of 1PVC:LLZO are shown in Fig. S4,†

and is in good agreement with the formation of the Ia�3d cubic

phase. The volume of 1PVC:LLZO increased from 2181.2 to

2206.7 Å3, further supporting the successful incorporation of Cl

in the LLZO structure, given the larger size of Cl�, when

compared to O2�. Similar to the uorinated samples, it was not

possible to determine the conductivity as the high temperature

instability means that pellet sintering is not possible without

phase decomposition.

Computational modelling

In our previous work,52 potential-based simulations suggested

that uoride anions are stable on the oxygen sites within LLZO

with a compensating lithium-ion vacancy defect, which is

consistent with the experimental results discussed above. Here,

we further examine the position of the halide dopant and

associated lithium vacancies in the LLZO framework. For each

halide (F, Cl and Br), doping onto each of the three distinct O

sites in LLZO were trialed. The energies were rst calculated

without the complicating presence of a lithium vacancy. The

charge imbalance is compensated for instead by adjusting the

Fig. 2 XRD patterns obtained for samples of Li7La3Zr2O12 mixed with

(a) PTFE and (b) PE at 400 �C in dry N2, indicating a reduction in

tetragonal distortion for the reaction with PTFE and no change upon

reaction with PE.

This journal is © The Royal Society of Chemistry 2022 J. Mater. Chem. A, 2022, 10, 11172–11185 | 11175
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number of electrons in the system. This is equivalent to

presuming the compensating lithium vacancy is innitely far

away and allows us to focus solely on the effect of the halide

dopant.

Our DFT results show that for all three halogens the O2 site

is preferred, followed by the O3 site and then the O1 site (Table

1). Interestingly the relative energies of doping F on different O

sites have a comparatively small spread of 0.24 eV, compared to

0.48 eV for Cl and 0.67 eV for Br. In particular, the energy

difference for doping F onto the O2 and O3 sites is very small

(0.09 eV). This suggests that F is more likely to occupy multiple

different O sites when doped into the LLZO structure than

either Cl or Br, suggesting an increased disorder. The fully

relaxed DFT structures of F-doped LLZO without Li vacancies

are shown in Fig. 5.

Incorporating the lithium vacancy into the above calcula-

tions allows full defect calculations to be performed using the

following mechanisms,

Fig. 3 (a) EDX elemental mapping images and (b) variable-temperature XRD patterns obtained for 0.2PTFE–LLZO. In (b) the formation of

impurities is observed at T > 500 �C.
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LLZO + LiF/ LLZO–F + Li2O (1)

LLZO + LiCl/ LLZO–Cl + Li2O (2)

LLZO + LiBr/ LLZO–Br + Li2O (3)

Here, LiF, LiCl and LiBr are used to introduce the halides

into the LLZO structure with the halogen on the oxygen site and

a compensating Li vacancy. The compensating Li vacancies

were introduced as either nearest or furthest neighbours to

examine the tendency of the halogen and vacancy to cluster. The

calculated defect energies are presented in Table 2.

Based on our ndings, chlorine doping is �0.6 eV less

favorable than F doping, while Br doping is �1.2 eV less

favorable than F doping for any of the oxygen sites. Despite

being less favourable, which can be attributed to the size of the

halogen relative to the O site, the trends previously observed

with only halogen doping still hold, with the O2 and O3 sites

being themost favored sites for substitution. With F doping, the

Li vacancy prefers to be located nearest to the F doped O site by

0.1–0.2 eV, irrespective of whether it is the O1, O2 or O3 site,

suggesting a high degree of Li vacancy disorder which may

favour transition of F-doped LLZO to the cubic phase (as

observed in the PXRD data, vide supra). Fig. 6 shows the fully

relaxed structure of LLZO with F doped on the most stable O3

site both with and without the nearest neighbour Li present.

For chlorine, the difference between the Li vacancy being

a nearest and furthest neighbour from the dopant is more site

dependent, with the O2 site showing the lowest difference in

energies with the ‘furthest neighbour’ being �0.3 eV higher in

energy than ‘nearest neighbour’. This difference increases to

0.8 eV for chlorine on the O3 site. For bromine, the Li vacancy

binding to the dopant is even higher, with 0.5 eV for the O2 site

and up to 1 eV for the O3 site, suggesting that both Cl and Br will

trap Li vacancies even at higher temperatures. The preference to

replace halogen with O2 sites (rather than O1 and O3) and/or

the site dependence of lithium vacancies may be a further

driving force for the experimentally observed decomposition of

these phases at elevated temperatures.

Solid-state NMR studies

PTFE_LLZO. To gain further support for the incorporation of

F and potential insight into the effects of F-doping on the LLZO

garnet structure, 6,7Li MAS NMR studies were completed for

both the parent LLZO and the LLZOF sample prepared with

a ratio of 0.25 PTFE:LLZO. The 7Li MAS NMR spectra are shown

in Fig. 7(a), where a single resonance centered at d ¼ 1.2 ppm is

exhibited in both, suggesting the presence of a single Li site.

This is in contrast to the reported crystal structure (Ia�3d), where

multiple lithium sites are observed.13 The lack of resolved Li

sites suggests that the local environments of the Li sites are very

similar. This is quite typical of 6,7Li NMR studies, owing to the

very narrow chemical shi range. The presence of a single broad

resonance could also suggest the presence of disorder within

the system. Both isotopes of lithium can be studied using NMR

spectroscopy. Typically, 7Li is preferred due to its high natural

abundance (92.5%). However, its larger quadrupole moment

(�4.01 fm2) can give rise to broad resonances, in particular for

Li sites in low symmetry environments. Hence, 6Li is oen used

to try and resolve overlapped resonances, as its lower quadru-

pole moment (�0.08 fm2) results in narrower lineshapes.65 The
6Li MAS NMR spectra obtained for LLZOF and LZZO are shown

in Fig. 7(b). Again, a single broad resonance is observed in both

cases, further highlighting that the Li sites cannot be resolved.

This is consistent with previous solid-state NMR studies of

related Li-rich garnets, where sites have been shown to be

overlapped, and so the data provide limited information about

local structural changes caused by F incorporation.66–68

Consequently, the NMR studies were extended to include 19F

MAS NMR studies. DFT calculations (vide supra) suggest that

the F anions are likely to disorder across the three O sites. In

particular, doping onto O2 and O3 are only 0.09 eV different in

energy. The 19F MAS NMR spectrum of LLZOF is shown in

Fig. 8(a). Here, a single resonance is observed at diso ¼

�123 ppm with a manifold of spinning sidebands. As the

sample was prepared using PTFE, it was important to determine

the contribution of the PTFE to the 19F MAS NMR spectrum

relative to the F-doped LLZO. The 19F MAS NMR spectrum of

PTFE is shown in Fig. 8(b), where it is compared to the spectrum

obtained for LLZOF. When compared, it is evident there is

a considerable amount of PTFE still present within the sample.

This suggests that the air heat treatment wasn't sufficient to

Fig. 4 XRD patterns obtained for samples of Li7La3Zr2O12 mixed with

PVC showing formation of a cubic cell for higher Cl levels.

Table 1 Relative DFT energies of halogens on different O sites in

LLZO, units of eV (note that comparisons cannot be made between

different halides at this stage)

F Cl Br

O1 0.24 0.48 0.67

O2 0.00 0.00 0.00

O3 0.09 0.38 0.56
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burn off any remaining PTFE, and so it indicates that either

a higher temperature or longer times are needed. The PXRD

data suggests that some of the F is successfully incorporated

into the structure, reducing the tetragonal distortion (vide

supra), and using solid-state 19F MAS NMR spectroscopy it is

possible to conrm the presence of F within the structure.

Fig. 5 Fully relaxed LLZO structures from DFT with an F defect on the (a) O1, (b) O2 and (c) O3 sites showing minimal disruption to the LLZO

lattice. For simplicity, Li vacancies were not included in this set of calculations.

Table 2 Comparison of calculated defect energies for different halogen and Li vacancy defects arrangements in LLZO, units of eV

Li vacancy

Dopant

F Cl Br

Nearest neighbor Furthest neighbor Nearest neighbor Furthest neighbor Nearest neighbor Furthest neighbor

O1 1.30 1.42 2.16 2.56 2.85 3.42

O2 1.11 1.22 1.78 2.07 2.25 2.72

O3 1.08 1.30 1.72 2.48 2.34 3.33
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However, it is unfortunately not possible to accurately deter-

mine the precise location of the incorporated F, as the spectrum

is dominated by the PTFE signal.

PVC_ LLZO. To gain an understanding of how Cl is

substituted into the lithium-stuffed garnet structure, Cl-doped

samples of LLZO (LLZOCl) were also analysed. 7Li MAS NMR

spectra were acquired for two samples with differing PVC

contents, 0.75PVC:LLZO and 1.0PVC:LLZO, and are shown in

Fig. 9(a) and (b), respectively. In both cases, two overlapping

resonances are observed at d z 1 and 0 ppm. Based on our

studies of LLZO, the broad resonance centred at d z 1 ppm is

believed to correspond to the lithium environments in the LLZO

structure. The sharper resonance, centred at dz 0 ppm, is only

observed in the Cl-doped samples. As the PVC content is

increased from 0.75PVC:LLZO to 1.0PVC:LLZO, the intensity of

the sharp resonance increases relative to the broad resonance.

To try and resolve the two resonances, 6Li MAS NMR spectra

were also acquired, and are shown in Fig. 10. Whilst the two

resonances are not fully resolved using 6Li MAS NMR, consid-

erably better resolution is obtained. The broad peaks centred at

d ¼ 1.31 and 1.24 ppm for 0.75PVC:LLZO and 1.0PVC:LLZO,

respectively, are shied slightly compared to the lithium envi-

ronment observed in the parent system LLZO (d ¼ 1.18 ppm),

which provides some direct support for the perturbation of the

structure by the heat treatment with PVC, and hence support for

the successful incorporation of Cl. The changes in chemical

shi indicate subtle changes in the local structure, and thus the

local environment of Li, as Cl is incorporated into the structure.

Whilst we are unable to comment of the exact nature of the

structural change, it is noted that the chemical shi for the

1.0PVC:LLZO is closer to that of LLZO than 0.75PVC:LLZO. The

sharp peak, observed only in the LLZOCl samples, moves to

Fig. 6 Fully relaxed structures from DFT of the most stable F-doped LLZO configurations, where F is located on the O3 site with the nearest

neighbour Li (highlighted in black) either (a) present or (b) removed, showing relaxation of a remaining Li away from its original lattice site towards

the vacancy. The defect formation energy for this configuration is 1.08 eV (Table 2). Element colouring and cell orientation are the same as in

Fig. 11.

Fig. 7 (a) 7Li and (b) 6Li MAS NMR spectra obtained for LLZOF and

LLZO. Spectra are the result of (a) 16, 32 and (b) 200 transients with

a recycle interval of 90 s. A MAS rate of 10 kHz was used and spinning

sidebands are denoted by *. In (a) an expansion of the central transition

is also shown.
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lower chemical shi as the PVC content increases, shiing from

d ¼ 0.32 ppm to d ¼ 0.09 ppm. In both cases, this resonance is

very sharp, suggesting it corresponds to lithium in a highly

symmetrical environment. To try and assign these resonances,

the chemical shis were compared to those reported for

a number of possible impurities, including LiCl(s) (d ¼ �1.1

ppm). However, at present, it is unclear whether the presence of

this additional lithium environment is a result of Cl-doping or

an impurity introduced during synthesis.

The Cl environment within the Li-rich garnet structure can

be studied directly using 35Cl MAS NMR. The 35Cl MAS NMR

spectra obtained for 0.75PVC:LLZO and 1.0PVC:LLZO are

shown in Fig. 11, where, in each case, a single resonance is

observed. As the PVC content is increased, the resonance is

shied from d ¼ �0.27 to 2.13 ppm and the peak narrows

considerably. This indicates that, as more Cl is added to the

system, the local Cl environment changes substantially,

specically, the Cl environment is becoming more symmetrical

upon increased doping. It is currently unclear why increasing

the PVC content effects the Cl local environment in such

a dramatic way. Computational studies (vide supra) suggest that

clustering of lithium vacancies near the dopant is favourable for

Cl anions. This clustering has the potential to signicantly

inuence the local structure of the doped system. However,

further complementary studies, which are outside the remit of

this study would be required to fully understand this local

distortion. Overall, the NMR data provide evidence to support

the successful incorporation of Cl, but further work is required

to clarify the detailed structural features. For example, as

previously suggested, total scattering studies would be useful in

clarifying the changes to the local structure on halogen incor-

poration. Such studies would assist both the assignment and

interpretation of the NMR data and DFT ndings.

Effects of halogenation on electrochemical properties

As noted previously, it appears that the halogenation of Li7-

La3Zr2O12 is only successful at low temperatures, with heating

to higher temperatures leading to partial phase decomposition.

As a result, it was not possible to evaluate the effects of halo-

genation on the conductivity, as the thermal instability of

halogenated Li7La3Zr2O12 meant that the samples could not be

adequately sintered prior to conductivity measurements.

Hence, instead, we investigated whether or not halogenation

could be performed on a pre-sintered pellet of Al-doped LLZO

(Li6.4Al0.2La3Zr2O12) to form a surface layer which could poten-

tially enhance the interfacial interaction with Li metal in an all-

solid-state battery. As a result, these coatings could potentially

be of interest for the reduction of interfacial resistance or

prevention of dendrite growth.

Fig. 8 19F MAS NMR spectra obtained for (a) LLZOF and (b) PTFE. In (b),

the spectrum for LLZOF is also shown for comparison. Spectra are the

result of (a) 320 and (b) 16 transients with a recycle interval of 10 s. A

MAS rate of 10 kHz was used and spinning sidebands are denoted by *.

Fig. 9 7Li MAS NMR spectra of (a) 0.75PVC:LLZO and (b) 1.0PVC:LLZO.

Each spectrum is the result of averaging 64 transients with a recycle

interval of 6 s. A MAS rate of 10 kHz was used.
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The Li/LLAZO/Li cell was initially tested, where short circuit-

ing was observed at a low current density of around 0.1 mA cm�2

(Fig. S6 and S7†), which is a similar critical current density

observed for LLAZO in the literature.31 To evaluate the possible

benets of surface uorination, the Li/LLAZO(PTFE)/Li

symmetric cell was cycled with increasing current densities.

The voltage of the cell slightly increased with increasing current

densities (Fig. 12(a)). The voltage prole exhibits a slightly higher

voltage on one side, which may be caused by uneven coating of

the pellet. Two semicircles were observed in the EIS data

(Fig. 12(b)). The rst semicircle represents the total resistance of

the garnet ceramic electrolyte (Rt), whilst the second (3171U cm2)

is linked with the uorinated coating and garnet/Li metal inter-

face (Ri). During the cycling with increasing current densities,

both Rt and Ri decreased (Fig. 12(c)). A particularly large decrease

was observed for Ri, which decreased from 3171 to 751 U cm2 at

0.1 mA cm�2 and 98U cm2 at 1 mA cm�2 (Fig. 12(c)). The cell was

rested for 12 hours and the EIS data indicates a recovered total

resistance of the garnet framework, indicating that the cell did

not short circuit. It is noted that a slightly higher resistance is

observed for the second semicircle aer being rested (Fig. 12(b)),

corresponding to the impedance of the F-doped layer.

In order to determine the critical current density of the cell,

the current densities were increased from 1 mA cm�2 to 5 mA

cm�2. Similar results were observed, where the voltage of the

cell remained �0.59 V at 1 mA cm�2 and increased with

increasing current densities (Fig. 13(a)), and the resistance of

the Ri decreased to �30 U cm2 at 5 mA cm�2. However, the EIS

data obtained for the cell rested for 12 hours indicates only

a small variation of the total resistance of the garnet aer

testing (Fig. 13(b)). Typically, an irreversible reduction of R

would be expected due to dendrite penetration at higher

currents. However, the data presented indicate the prevention

of full dendrite penetration even with the applied high current

density of 5 mA cm�2 (50 times higher than the value that gives

a clear short circuit due to full Li dendrite penetration in the Li/

LLAZO/Li cell) (Fig. 13(b)).

In order to evaluate the protective nature of these coatings

further, higher current densities from 1 mA cm�2 to 10 mA

cm�2 were then applied to the cell, and the voltage increased to

5.8 V at 10 mA cm�2 (Fig. 14(a)). In contrast to previous EIS data,

Ri (515 U cm2) increased at 10 mA cm�2 compared to those at 1

mA cm�2 (148 U cm2, Fig. 14(c)). The Ri doubled as before,

which may be attributed to some irreversible reaction(s) of the

coating layer at higher voltages (XRD data aer cycling testing is

shown in Fig. S8†), whilst the Rt remains virtually the same aer

cycling at 10 mA cm�2.

It is reported that local defects, such as void formation at the

SSE/Li interface during the stripping process associated with

reduction of SSE/Li contact area can result in increased polar-

isation and local current density, which triggers the dendrite

formation and propagation in the solid state electrolyte.69 In

this work, EDX shows additional distribution of F over the

LLAZO pellet aer the PTFE treatment (shown in S9†), and we

suggest that the surface uorine incorporation (such as

formation of uorine containing phases, such as LiF38) may

reduce the void formation in the LLAZO/Li interface, and

consequently help to “smooth” the local current density and

partially prevent the dendrite growth during the cycling. These

preliminary results indicate that the uorinated coating acts as

a superior buffer layer that prevents full dendrite penetration at

high current densities. It is noted that full optimisation of the

uorinated coating is currently ongoing and includes the

Fig. 10
6Li MAS NMR spectra of (a) 0.75PVC:LLZO and (b)

1.0PVC:LLZO. Each spectrum is the result of averaging 200 transients

with a recycle interval of 8 s. A MAS rate of 10 kHz was used.

Fig. 11 35Cl MAS NMR spectra of 0.75PVC:LLZO and 1.0PVC:LLZO.

Each spectrum is the result of averaging 1600 transients with a recycle

interval of 0.4 s. A MAS rate of 10 kHz was used.
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examination of thinner electrolyte membranes, the determina-

tion of the optimal layer thickness and temperature for uori-

nation and alternative F containing polymers, e.g., PVDF, with

a key future aim to attempt to reduce the interfacial resistance.

Further surface characterisation, such as in-depth time-of-ight

X-ray photoelectron spectroscopy (XPS), would be benecial in

gaining such information to support this hypothesis.

Fig. 12 (a) Constant current cycling testing of Li/LLAZO(PTFE)/Li cell

from 0.1 mA cm�2 to 1 mA cm�2 (b) EIS of the cell before and after

cycling. (c) EIS of the cell after 0.1 mA cm�2, 0.5 mA cm�2 and 1 mA

cm�2 cycling.

Fig. 13 (a) Constant current cycling testing of Li/LLAZO(PTFE)/Li cell

from 1 mA cm�2 to 5 mA cm�2 (b) EIS of the cell before and after

cycling. (c) EIS of the cell after 1 mA cm�2, 3 mA cm�2 and 5 mA cm�2

cycling.
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Conclusions

The present study is the rst example of a low temperature

polymer halogenation (F, Cl) of the solid electrolyte material

Li7La3Zr2O12. Upon halogenation, a reduction in tetragonal

distortion is observed for F doping while a phase trans-

formation from tetragonal to cubic symmetry is observed for Cl

doping, which agrees with the creation of lithium vacancies,

owing to the replacement of O2� with F� or Cl�. Our compu-

tational studies suggest F-doping is more energetically favour-

able than Cl- and Br-doping (the latter not studied

experimentally) and indicate that the O2 and O3 sites are the

most favourable for substitution. Using solid-state NMR spec-

troscopy, the presence of F in F-doped LLZO was conrmed, in

addition to residual PTFE from the synthesis process. Unfor-

tunately, it was not possible to locate the precise position of

each species within the structure using 6,7Li and 19F MAS NMR

spectroscopy. 7Li and 6Li MAS NMR suggest two Li environ-

ments, one corresponding to lithium in a highly symmetrical

environment. The 35Cl MAS NMR spectra exhibit narrowing of

the lineshape, suggesting the Cl environment becomes more

symmetrical upon increased doping. Despite successful halo-

genation of LLZO, the instability at high temperatures means

that such anion doped garnets cannot be successfully sintered

to evaluate the effect on the conductivity. Nevertheless, we have

demonstrated the same approach can be used to produce

a uorinated coating layer on sintered Al-doped LLZO. Elec-

trochemical evaluation indicates that this uorinated coating

layer acts as a superior buffer that prevents full dendrite pene-

tration at high current densities, up to 10 mA cm�2.
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