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ABSTRACT

Metal fluorides promisinglithium-ion battey cathodemateriak, have been classified asnversion
materials, due to theeconstructive phase transitiowidely presumed to occurpon lithiation. We
challenge this view bgtudying Fekusing Xray total scattering and electron diffraction techniques
that measure structure over multiple lengtiales coupled with DFT calculations, and by revisiting
prior experimental studies of Fe&nd Cul. Metal fluoridelithiation is instead dominated by diffusion
controlled displacement mechanisms, a clear topabgelationship between the metal fluoride F
sublattices and that of LiF being establishbdtial lithiation of Fek forms Fekon t he parti c¢
surfacealong with a cationand stackinglisordered phasé\-LixFeFs i structurally relatedo U-/b-
LiMn 2*Fe**Fs, whichtopotactically transforms tB- and thenC-LixFgFs, before forming LiF and Fe.
Lithiation of Fek and CuF results in a buffer phase between #€EF and LiF. The resulting
principles will aid future deelopments of a wider range of isomorphic metal fluorides



In the search folithium-ion battey (LIB) electrode materialsvith much higher energy densities
materials that operate via conversion (rather than topotactic (or insertion)) redai@received
considerable attention.n€se conversion materiadan accommodateultiple electron transfers per
redox centrevia theequation MX,+ (b - )Li*+ (b- ne=aM + bLi.X (X=F, O, S, etd) leadingto
large specific capacitieB.e ¢ a u s e High-elestronegagvitysmparts a higheaverage voltagtor
reaction involving transitiormetal (TM) fluorides (MFK) than those oftheir oxide or sulfide
counterparts they can be used &IBs cathode materialsRecent developmesibf fluoride-ion-based
solid-statebatterie$” and liquid fluoridé ion-conducting electroly®hasprompted furtherenewed
interest

Among allthe MFx phasesFeFR; has received the most attenfialue to its low cosandtoxicity® and
high energydensity (1951 Wh/kg, cf. 1519 and 1874 Wh/kg for Fafd Cul, respectively) Unlike
FeR/CuF, Fek exhibits an additionahigh voltageplateaugenerallyassigned taan insertion(or
intercalation)proces&*! (Fig. 1ab). This process alone shows a (practical) capacify2£f0 mAh/g
(cf. a2 170 mAh/g for both LiCo@and LiFePQ) and is largely reversibléwith a smaller overpotential
than itssubsequerhominal)conversion proce$smakingFeF apromisinginsertion cathodeBecause
of its intrinsically poor electronic conductivityFeRs must benanostructured (andmbedded in a
conductive matrixf**to enable good electrochemical performanidgs nanosizing and thiack of
long-range ordeion lithiation renders structure solution Waray diffraction (XRD)challenging®.
While local probesincluding solidstate nuclear magnetic resonance (NMRpectroscopy, Xay
absorption spectroscopy (XA$$*and pair distribution function (PDF)analyseshave been used, no
clear consensus has emergéel indicatingstrucural complexity. Numerous studié$!:1314.149 haye
correlatel FeR0 phase behavioum the insertion regimewith reaction kinetics but dfferent
mechanismdiave beerproposedlargely due toconflicting reports otthe structue of thelithiated
LixFgFs phasesThemajority of studies agree that the rhombohedrditoited Re@-structure Roc)
comprising corner sharirigers groups(Fig. 1c)transforms into an edgghaing trirutile LixFeks phase
(P4./mnn), albeit with differentx values®!>’ a transformation that wolves considerable change in
anionpacking and Ferdering.Lessradical structural changdrom Roc to R3¢ or to a slightly
distorted rhombohedral phd3bave also beeproposed

To circumvent thanalyticalchallenges, weompare the results obtainfedm both micre (ca 0.2 um)
and nanemeter (ca 7 nm) Fekdenoted as rand rFek, respectively)which contain similar features
in their electrochenstry (Fig. 1a ands1). A chargeflipping method was applied against the electron
diffraction (ED) data tsolve the structusof theintermediateohassethat forms orithiating m-Fek.
With this new structural insight we revisited @Rd Cufz and solved the structure of the nanosized
intermediate by applyingur newly developed approach based on-megative matrix factorisation
(NMF) algorithnt® to PDF datarecently developed to study soliixtureg?, andwhich does not
require any prior knowledge of the number and ratd the phase©ur results show that the general
lithiation pathways in FeRhexagonal close packéutf) and Fek (tetragonal close packéttcp) are
dominated by topotactic diffusiecontrolleddisplacemenmechanismsThis newmechanistignsight
provides a rationale fahe pathhysteresi€ seen in thesmaterials.

Lithiated m-FeFs structur al determination

Given the role of the initial lithiation processes in F@Fsteering the subsequent reactions, we start by
identifying thephases generated on lithiatiomoef~eFs. Theex situXRD patterns of all cycledamples
(Fig. 2a and S2yontaina new broad feature aoprisingtwo distinct components at 26.6° and 28.0°
2d, whose relative intensities vamith stateof-charge Other noticeable changes inclugea large
intensity reduction for the (012) reflecti@scribedo Fe migration to the neighbouring sifeandii)

the emergence of loangle (003) andr( p) reflections indexedbased on the same hexagonal lattice)
indicating the lossf c-glide planesAdditional new reflectionsare seerat the statecorresponding to
nominal formulaelioisFek andLiosFer, d e n ot eid.15a@ n di i Oesfedtively(Fig. 2b)
suggestinga two-step insertiorprocess involving theequential formation of new phadelenoted as
A- and B-LixFgFs). Thesereflections arecloseto those ofpristine m-FeF;, underlyingthe structural
correlatiors between Fefand LiFg/Fs.



An assessment of the hetand aristetypes of{i.e., the low and high symmetry structugessing from)
the ABX; (Roc) structuré® was madéFig. S3) and arhombohedraR3 cellwas chosemsthe starting
modelfor refinement.The refined structures for bo#k andB-LixFgF;contain a neaperfecthcp F
lattice, with the six different crystallographic Fe sitasi as (Fig. 1c) generated from symmetry
reduction showing distinct Fe occupanciemsistent withR3 andR3c symmetry for thed- and B-
phases, respectively (see S8t for details) note the higher symmetry for tliephase indicates an
increased ordering of ¢hFe atomsBased on the new symmetry, iterative refinements (Bid) Svere
performed and the derived structures were verified via PDF analysis (Fdgarat $). Surprisingly,
the inclusion of @onsiderable amount of namystalline rutile Fek-(~1.5nm)was requiredo achieve
a goodfit to the shortrange PDF pattern of all cycled sampl€ke inclusion of FeFalso accounts for
the road XRD feature at 26.6° @ (Fig. S2) however, the 28.0° @ scatteringfeature remais
unmodelledjndicatingthatsome structure/phase information is still absewinmodel.

ED measurements were tthem®.2&r0f avhogbkidonpositiossasbetp | e s
associated with thieighestconcentrations of th&- andB-phases, respectivelgllowing each phase to

be studied individuallyThe ED data of A-LiFeFs show different systematic absendban those
generated irsimulations using pristine FekR-3c) (Fig. 3b and e) and the XRi®rived A-phase
structure R3) (Fig. 3c and f), with) the emergence of {106ype reflections as the shortgstectors

(Fig. 3a) andi) the observation of all (0Dreflections (Fig. 3d). Tése observationsdicatethat a
furthersymmetry lowering all the way frofieR6 symmety (R-3¢) to a primitive lattice (e.g.P3) is
required to describe this phasarthermorethe positions with the highest intensitiesthe first and
second row otheED reflections parallel to the¢ (Fig. 3d) correspontb the(013) and (023)eflections

rather than (012) and (024) in Reproviding compellingevidence for a significant change in Fe
positions The chargdlipping algorithn?* (Sec. S2) washen appliedusing theintensitiesextracted

from the ED pattern o&n A-LixFgF; crystalto determinethe projected structure tiie A-phase. e
resulting modef e at u rzeasgrodanged Be sites (Fig. 3@canning electron diffraction (SEB)
performed to evaluate the spatial distribution ofAkghase $ec. S3)revealeditwo-phase coexistence

in one particle (Fig. 3i) with thé\-phase (Fig. 3jsurrounding the pristine Fefphase (Fig. 3k),
suggesting LgFs grows coherently from the parent phase. In addition, a less crystalline phase was
alsodetected (Fig. 3lyhich canbe indexed to rutile FeKFig. 3d). The ED data oB-LixFgF; (Fig.

S7) matches thé&k3c model obtained from XRD with some weak additional reflections also present
suggesting minor distortionise., local symmetry reductio(Sec. S

Structure and energetics ofA-LixFe/Fs3

Density functional theory (DFT) calculatisrfSec. S) performed ¢ evaluate anyossiblecharge
ordering in the zig-zag A-LiFgFs structure described abqveand to ationalise theweak
ferromagnetism observddr this phase (Sec.6%and Fig. 8), returredaP312 model (Table Siyith
alternatingFe** and Fé* ions separated hy3 along thec-axis. This structureasLi in the Fé* layers
(Fig. 3h)with a Fe orderinghatgivesrise to the strong (013) reflectiossen experimentallfFig. ).
Importantly, the overall energy of this structure is d§3 eV per formula unit less stable than the
thermodynamic minimumtrirutile-LiosFeRs (Table S2). However, despite the consistencyl
ordering between the E@nd DFFderived models, thre area few reflections/peak®.g., the (013)
that are either notably broadened in the experimental XRD pattern or not seen in the simulated
XRD/PDF data (Fig. SEQ1). Thisis ascribedo the different sample illumination sizekthe electron
and Xray scattering experimenthelarger aregprobed bythe latterendeing the XRD/PDFderived
model an average representation ofAlghase In contrastthe smaller illuminated area in Eidobes
the locakmedium rangestructure which is not necessarily affected bgdditional (macroscopic)
structure defects

To explain the origin othe broadeningf the (013) reflectionin the experimental XRDpattern,a
structure incorporating stacking disorder af B812 cell (referred to abe faultedP312 model) was
implemented (Fig. 4a). In addition to the improved agreement in the XRD pattern (Fig. 4d), this faulted
model @nalso rationalise the emergence of thd)@hd (02) reflectionsn the EDpatterngFig. S).
However the fitto thePDFdata (which represents thgeragdocal atomic structurgis still poor(see

3



arrows in Fig. 4end S1). A re-evaluation of cation ordering in the faukB812 model surprisingly
showed that it could be constructed by using a simplesianadle building block (Fig. 4a)with charge
ordering between multivalent cations equivalenthiat found in U-LiMn2*Fe**Fs (Fig. 4b) differing
only in (some of theli positiors (i.e., 1/3 of Liis located in the TNI layerin ULiMn?Fe*Fs). U
LiMn2*Fe**Fsreversibly transforms to the higamperaturé-LiMn?'Fe**Fs phase (botliP321) above
approximately 500C, indicating their similar energi®€sThe b-structure is related to théform by an
inversion of the Liand Fé*positions Inspired bythe LiMnFeF dimorphisnt®, webuilt a new faulted
A-LiFeF; model (Fig 4c) incorporating disordered stackinglbfandb-LiFe?*Fe**Fs building blocks
(in a ratio of50:50)with cation orderings (including Li) mirrorg those of Ub-LiMn2*F€*Fs. The
displacement vectors for tt andb-segmerg were definedso asto minimisefaceshared FeGiven
thatthe Ub ratio and fault probabilities are both variables, the agreement between the experiments and
derived XRD and PDF simulations (Fig.-4}lis good. The majority of Li (5/6) residsin the F&* layer
in thenew faulted modelistill in good agreement with the DFT prediction.

Insertion- and full-cycle mechanisms of fFeF;

A careful comparison of the XRD and PDF data -#fak: and mFeF; obtained during cycling shows
considerable structural similarity between the phgse®ratedn the two systems on lithiatiorrig.
5ac andS13. PDF analysis confirmed the presenc@&@B-LixFgF;and naneFeR upon lithiation of
n-Fek (Fig. 5b-c). However, unlike the twgphase pathway identified in-fFek for the A-B phase
transition, a soliesolution procesfom A-B was seeffior n-Fek.

We now introducethe newly identified lithiated phasednto the Li-Fe-F phase diagraf, usingthe
diagramto navigatethrough thentricate lithiationprocesseéFig. 5d). Duringtheinitial lithiation, Feks
undergoes a thrgghaseeaction(l) giving rise toA-LixFei.sFz: andFeR:

xLi + (1+2) FeRk © A-LiFe.qFs+ 3l FeR | : insertion +displacement

The preservation ofthe hcp anion frameworkbetweenFek and A-LisFe.sFs comples with a
displacementike mechanisrf with the extruded-eF; with its tcp lattice being thedisplaced species
One potentiabndpoint of this reaction is the chargeleredphaseA-LiFe* Fe**Fs (x = 0.5 andi = 0),

a phase that is formed if theeaction involves insertion onlyHowever, the A-phase seen
electrochemicallynustcontainFe-deficiency(ti > 0), since FeFformation is also observebdlote that
the idealised A-LiFe**Fe**Fs has the same composition as trirutile the structure proposed
previously®1>17 putthe A-phasehas arhcprather than #cp lattice.

Li insertion intoand migration irFeFs, andthe conaurrentreduction of F& to Fe**, will be relatively
rapict this, in combinationwith charge ordering between Feand Fé*, will trigger the R-3cT R3
rearrangement of the §ublatticeand thenucleation and growth ahe newphase(A) . Since the
rearrangement of the F sublattiseonly minor it will likely be associated with only a small activation
barrier.In contrast, migratioof the highly charged P#**ionsand thesignificantrearrangement of the

F sublatticeboth required to form FeFwill be associated with a much higher activation barrier, and
this competingreaction will besluggis. The driving force for this reactiaeflects the thermodynamic
stability of the rutile sublatticéwith respect to thecpsublatticeas Fe is reduced. (N.b., Didicates
that A-LiFe?*Fe*'Fs is metastable with respect torutile LiFe*'Fe*'Fg). We tentatively suggest that
more Fek was formed in the Arels samplein partbecause this reaction was performed at a higher
temperaturgbut the effect of particle size on theLiFe*'Fe*'F¢/FeR interfacial energy may also play

a role. The formation of the electronically insulating layemahaeFeF, on thesurfaceof A-LixFeriFs
results ina passivation layeredudng contact with carbon matriand increasng interfacial ionic
resistanceThis, combined with thalbeit smallrelative to that of FeFormation) activation barrieo

form A-LixFe.sFs helps rationalisethe temperaturalependentcycling behaviourwhere elevated

t emper at WChwese fognd cricdl i particularly for the micron phasé to reduce the
overpotentialn the insertiorregime!®2°these observation helps teconcile an inconsistency in the
literaturei namely theobservation ofarge overpotential for a process that is often described as a simple
intercalationreaction!®2°



Upon further dischargeprocessll follows the tie linefrom A-LixFe.iF3 to B-LisxFersFs via an
intercalationtype reactionwith Fe being completely reduced to’Fim B, a process that also invokve
Fe cation migratiomo formaFe sublatticehat complies witlthe highersymmetry(R3c):

(1+ 207 X) Li + A-LixFedFs  WulUUuuuuuuuy— B-Li.iF€#*1.5Fs 1l : intercalation + cation

migration

Whilst the lithiation in mFek is two phasen-Fek undergoes a singjghase mechanisnsonsistent
with the gradual shiftin the 5Li NMR resonanceof this phasdowards lower ppm observed in our
previous®Li NMR study of n-FeR (ExtendedDataFig. 1).1° This size effechas analogies with the
mechanisms seen for LiFeP@ two phase reaction involves the formation and movementrogla
energy) iterfacebetweerthetwo phaseswhich will have a higher surface anegative to the volume
of the particleas particle size decreasasd thus a higher ener@yThis phenomenon can hefavour

a solid solution mechanism in smallgairticles. The smaller polarisation in-fek; enablesa higher
completion rate of this phase transitiah higher voltagesHg. 19, however, full capacity cahe
achieved at 60C on opening up the voltage windowad..5V (Fig. SJ.

Upon completion of reaction,ldsudden voltage drop is obsengghifying the end othefinsertiord
dischargereaction Subsequent chargingt this pointresults in eactiors 116 and 16 (the reverse of
processe Il andl) to reformthe A-phaseand Fek, respectively. Howevethere is only apartial
reformationof Fek (Fig. 5€) i more pronouncecdi micron size particles presumably due tpoor
contact betweeReF, and theA/B-phass; this canbeeffectivelymitigatedby employingnanostructugd
materialsand/orelevated operating temperatuyrdecreasing the distances over which Fe atoms have
to migrate, and enhancing transport, respectively

I n the Aconversi ono r BphasmedFekpraceed hicesepardté reuteb. ahege o f
lithiation of B-Li 1+aFer-aFsfirst (step Il1) involves the formation of anothietermediateC-Li 1.+oqF€*1.

4Fs, whose structure (Sec.7Sis closely related to thé-phase involving another topotactic
displacemenprocess (l11). Further lithiation of the-phasdinally triggers the reconstruction of the F

sublattice fromhcpto fccin LiF forming a Fe (~ 2 nm) andF (> 3 nm)composite:

2(d71 U) Li + B-LipsaiF€*1.4F3 ©  C-LiagF€ 1.gFs+ (T U) Fe 1l : displacement
2(17 d) Li + C-Lir+xFerqFs © 3 LiF + (11 d) Fe IV : conversion

Subsequent chardellows reversible pathways froprocesd Vallthewayt o p r ¢rigesdamd | 6
S14. More information concerning the chargerocess (Sec.8 and the second cycle (Fig. S15) is
givenin the Si

Mechanisticrevisit of rutile fluorides

Boththeimportanceof FeF, as a cathode materi&f and our identification afvo metastable LixFe.-
«F3 phases situated on the LieFR; tie line (ExtendedataFig. 2), prompedareanalysisof our original
FeR PDF datgFig. S¥) using a novehnalytical methodased on Metropolis NMF algorittfnOur
analysis(Video S1) of the firstdischargecycle uncoveredat least one additionalphasein the data
(Fig. 6aandS17) whose presence is supported by a weak Bragg feattareund 20° & (Fig. S¥b).
While auniquesolutionis difficult given the small size otthis phas€~ 1.5 nm), its atomic ordering
could be well modelled usingn orthorhombic LiFeR (Cmmm3* phasewhose (020) reflectio
coincides with the observedeakscattering featuréNotably, this structure exhibitan evident group
subgroup relationshipwith the reactant P4,/ mnn) andthe LiF product Fmom) (Fig. 6b). Inclusion
of this Li-FeFR phase irourrefinemens leads tasignificantlyimprovedfit (Fig. SL8c) with the refined
crystallite sizealmostconstan(~ 15 nm)during the wholeycle.In addition,Li,FeF is also identified
in FeR0 shargeprocesqFig. SL8b) andat the end of the discharge/early in the chafgeek (Fig.
S18ef) 1 likely via areactioninvolving extruded Fef The results implyhat theintermediateLiFer
is presenti at least in pari asan interface, whose formation is likely to mitigate thebstantial



structural difference between the reactantFate product LiFTo help validatethis hypothesiswe
corstructed an interface modelif|Li-FeR|FeF) in whichLi.FeF is coherently connected LiF and
FeR units according to their underlying symmetry relationships (&¢). Based our DFT studies of
this interface model, as well as an evaluation of the energilre tdlated phases under lattice matching
conditions (Fig. $9), we conclude that the inclusion of the R&F interfacial component is
energetically favouredSec. 9). Therefore, althougkeR has been widelperceivedo function via
conversiormechanismour analyss point toareversible twesteptopotacticdisplacemenpathway(V,
and M;). We have further verified #t a similamechanisnoccurs inCuF, (Sec. D andVideo S2)and
haveidentified anorthorhombic LiCuF, (Cmcd3* phaseas the intermediate phaseith a different
Li/Cu ordering scheméFig. S2022 for full detailg. The idealised and simplified reactions gcan
therefore be written as:

2xLi+ MF, O LixMiF+xM (M =Fe, Cy 0<x¢0.5 V,: displacement
2Li+ Lio2MFL 4LiF+ M (M = Fe, Cu) V: displacement

We note that earlier TEM studies also reported a topotactic lithiatiGefef?, but despitesustained
efforts®33:35:3¢ and with the exception of our earlftsi NMR study!’, the presence anintermediate
was notconfirmed in other studies of the bulk phadédse results presented here differ from those in a
recent TEM studi? which reported thdéormation of an Fe€*-containingtrirutile intermediate phase
(LiFe*'F€e*'Fe) upon lithiation of Fek: We note that the high sensitivity of Feb electron radiation
damag#’ at high dose ratés(explored further in thee&®. S11) highlights the need to ensure that the
structural modeal proposed with TEM data amonsistent with the results acquired from multiple
structural techniqued-ig. 23-24). Giventhe structure flexibilityof these orthorhombicstructure in
accommodang symmetrychangs and latticdatomicdistortionsduring the tcp (rutile)-fcc (rocksaly
transition we infer thata number of other rutiteelated TM fluoridesnay follow asimilardisplacement
process Further experimental and computation studies are needed to understand the role that these
buffer phases play in controlling reactivity and rates.

Towards a comprehensive account of FefFeF,; system

Based on themproved mechanisticknowledgeo f r yhasel ben@ddour upon cyclingr’e now
considerthe relationshipbetweenFek; and Fek given their coexistencauring the whold-eF; cycle

It is worth notingthatwhile somestudiesalsoobserved-eR**?°upon lithiation ofFeFs, theformation
of this rutile phaseerivad from a phase transitioof the whole Fefparticle.However,we stresghat
the originalhcpF latticeis largely retairdall the wayto the last lithiatiorstepto form fcc LiF. The F
lattice transition fromhcp (FeR) to tcp (rutile) only occurs at the surface of the kgarticle
Furthermore,n contrast tdhe occurrence ofraintermediatestagein FeR0 s | i to foimeLiF (+o n
Fe)via atcp-fcelatticetransition(reaction \V and M), thehcp-fcc transformationin the lithiation ofC-
Li1+qFer4Fs (reaction 1V)proceeds via reconstructiveconversionreaction A fcc-hcp reconversion
takes placeoncurrentlywith thefcc-tep transitionduring the charge of FeRwhile onlythe latterwas
observedn FeF, (within the same voltage windgwSignificantly more FeF, relative to LiFgFs is
formedupon chargef the Fek system suggesting thahe topotactidcc-tcp transitionis the favoured
delithiationprocessThis work suggests that the nature of theerfacesmay play a role in controlling
theamount of Fef(cf. FeR) upon charge, an important factehich likely needs to be considered in
the preparation of FefFeR electrodes usingre-lithiated LiF/Fe mixture®®4°.

As a final point, we highlight that thdithiation and delithiation steps for both FRe&nd MF. are
primarily diffusion-controlled processedominated bydisplacementmechanisra, whose kinetic
behavioumainly depends on the mobility differentoetween the displaced speciéBuring dischage,
the concurrenti insertion and Mextrusionis limited by theTM diffusion due to the generally faster
Li transport, resulting in almost invariant overpotentiddece flat operatingvoltages while upon
charge, a more rapid Li removal than M insertion $gadgradually increased overpotentials as Li is
extracted resulting in more slopingoltage profiles This phenomenon has been describedipth
hysteresié and is characteristic for dispcement reactiorfs Hence, vhile structure engineering



remains important tanprove therate performancewe notethat effective mitigation ofintrinsic path
hysteesiswill require explatation of materialsystems withmprovedmetal(ion) mobilities

To summarisewe haveperformed a comprehensiugvestigationof FeR6 structuralbehaviour as a
cathode material focIBs andrevisited our previous work on Fe&nd CuR*. We demonstratéthe
need toobtaincrystallographic informationverawide range of length scales to devepompelling
atomistic modelthat could be tested against all tdata Our study revealedn unexpectedly
complicatedithiation processluring Fek0d itial dischargeinvolving displacementf nanoscale FeF
andconcurrent formation of A-LixFgFs, whose intricate structure contains faulted stacking of motifs
that areisostructural toJ and b-LiMnFeFs. Further lithiationof the A-phaseand Fek proceedvia
distinct routsthat aredominated by displacement reactidrased otopological relationshigpbetween

the s e f | R latticestheptcid and that in the rocksalt produdtd). This renewed mechanistic
insight revealsan underlying principle that @y serve as a reference model for a wider range of
isomorphic binary fluorides and ternary systéf% it also rationalises the intrinsic path hysteresis
suggesting that itould be mitigated by employing displaced species with enhanced moliites.a
methodological perspectivéhis work demonstrate the viability of our novelanalytical approach
combining PDF and NMRo uncover minor species within a heterogenous systevith broader
implicatiors beyond energy storage.
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METHODS

Materials preparation. m-Fek; electrode mixtures were prepared by mixingwtSo Fek; (sigma
aldrich) and 25wt% carbon manually ground in an agate mortaf-efs, Fek, and Cuk
nanocomposites were prepared as described elseéivhieTdeir electrode mixtures were prepared by
mixing 90wt% of the nanocoposite with an additional 2@t% of carbon that were manually ground

in an Agathe mortar. The resulting loose powders were directly used as cathodes without any additional
binder. Swagelok cells were assembled with B1g of cathode powders, a Whatman glébre
separator wetted with electrolyte and a Li metal disk. The electrolyte was 1M InPE1(v/v)
EC/DMC. Electrochemical tests were carried out using elBiic potentiostat. Samples for HRXRD,
PDF, ED, and SQUID were recovered from batteries stwpat the selected states of charge,
disassembled inside the glovebox and rinsed with DMC twice before drying and filling the capillaries
or SQUID capsuleAll the charged sampléapart from the ones at the early changeje prepared at
selected voltageBecause using voltage criterion to choose critical state of charge is a more reliable
experimental contrat late chargeA drop of the DMC suspension was used for TEM grid preparation.
TEM grids were sealed under Argon until transferred into the TEM.

X-ray diffraction and total scattering. Ex situ HRXRD experiments were performed at the Advanced

Photon Source (APS) beam#i 11B M ( & = 0. 4 1 3cBannel)analyzeridetertorarray. £X

situ X-ray total scattering were performed at APS beamlindDtB (& = 0. 2127 ) an
beamline 151 (& = 0 . Hoth Gsihg an frea detector. PDF patte@hss(= 24 AY) were generated
usingFit2D*yDAWN#* and PDFgetX#for data reduction and normalisation, respectively. All samples

were sealed in either Kapton or quartz capillaries. XRD and PDF analyses were prfisingg

TOPAS v4 /| GSASI*" and PDFguf/ DISCUS?® programs rgsectively. Stacking faults was modelled

using DIFFaXC. In situ X-ray total scattering data collection for Gué described elsewhéfe

Electron diffraction. Electron diffraction experiments were performed on a Philips CM30 TEM
operating at 300kV. A Nanomegas Spinningstar apparatus was used to produce a beam precession angle
of 1°. Images were recordexh Ditabis imaging plates and processed using software developed in the
Electron Microscopy Group in Cambridge. Scanning electron diffraction experiments were performed

on a Philips CM300 FEGTEM operating at 300kV equipped with a Nanomegas Digistar apparat
generate a scan area of 275nm x 275nm with a scan step of 2.5nm. Diffraction patterns were recorded
on a high speed external digital camera and phase and orientation analysis was performed using the
ASTAR software package.

SQUID. Magnetization was measured on a Quantum Design Magnetic Properties Measurement System
(MPMS) with a superconducting quantum interference device (SQUID) magnetometer. Zero Field
cooled (ZFC) Field cooled (FC) ( l1dadhthOtemperaiegnet i c
range 2300K.Magnetization vs Magnetic field (H) measurements were recorded irgAe6la range

at 200K on pristine Fefand dis Li 0.4.

Density functional theory calculation Combined crystal and magnetic structure predictiwase
performed using Ab Initio Random Structure Searching (AIR'S5)Energy optimisations were
performed using CASTEP In order to remain consistent with the compoaitof the trirutile phase
(P4:/mnm)*°, calculations were performed for a stoichiometry efE€R; and the cell parameters were
adopted from the HRXRD refament. The calculation was performed using a 700 eV plawve cut

off energy and a 5x5x2 MonkhotBackk-point grid using the PBE functional. GGA+U was used with

a U on the irord-channel of 4 eV. Full computational details are available as part olpiex
computed datal'he energy calculation for the interface model was performed using the same setting.

Non-negative matrix factorisation. The NMF approach followed closely the Metropolis Matrix

Factorisation (MMF) method reported eadfewhich uses the MMC algorithm to carry out NMF
The NMF analysis was performed on renormalised PDFs to satisfy theegaitive criterion of NMF.
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The renormalisecy® * P were derived from the experiment&® * ¥ using equation'Oi
™ U Ci p >4 inwhich” refersto the number density of the structure model. Three fundamental
componentgr r (i =4) were employed in the analysis. The goal of the analysis was to identify these

g r and associated weights (j correspondso the number of experimemgﬁ *? ) to minimise
o ° Iy c gje *Ps, whereg® 'Y=BL w ¢ r .Additional constraints were applied to ensure-non

negativegi* r for alli andr, and thaBi= w; 7 Tor allj. The initialg*1 r andg; r representing the
known componentghat were fixed to respectively represent #8EF, and Fe/Cu, whereas the two
unknown componentsg; r andgj1 r and allw; were assigned randomly subject to the various
constraints listed abovEach iteration involved random variation of these parameters, followta by
calculation of the change &° ® I ¢ gf *¥ s . The acceptance or rejection of the variation follows

MMC algorithm. The variation was repeated under increasingly stringent acceptance criteria using
simulated annealing until convergence was achieved.

Data availability

The authors declare that all data supporting the findings of this study are ingitidiedhe paper and
its Supplementary Information files. Source data are available from the corresponding apdmor
reasonable request.
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Fig. 1b Electrochemical performance and crystal structuresComparison ofalvanostatic profiles
betweem) n-Fek; (blue) and mFeks (black) within the insertion cycle, and betwd®m-Fek (blue)
and nFekR; (red) in the full reaction cycle. The corresponding derivative cuotagdV) from n-Fek
are shown with the key reactions labelled. The states of charge during the insettontmre Xray
scattering experiments were performed are maretop: projection of FegFand LiFg/Fs along the
c-axis. The black triangles denote #oB1 axis around which a clockwise rotation of the §eF
octahedron leads to a change of anion armraege from a slightly distortedcparrangement in Feko

a neafperfecthcp arrangement irA/B-LixFgFs. Bottom: structure transition from FeRo the two
lithiated phases, determined by HRXRD and PDF analyses. The same colours in each structure show
the six equivalenfFeRs] octahedrakites with their respective Wyckagfositionsa; 7 as. The white
sites in Fekrepresents vacant sites. All Li and vertex F atorasoaritted for a clearer view.
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Fig. 2b XRD and PDF analysis of mFeFs. a) HRXRD data for the cycled +Rek collected at
selected states of charge. The (003) andl{O®flections of thé\-LiFgFs phase are marked by red

and blue triangles, respectively. Asterisks mek hydrated Fefmpurity introduced during sample
preparation. Top inset shows the intensity variations of the (012) reflection with state of charge. Right
blue inset highlights # two components in the broad feature at around286°2. b) Bragg
contribution of Fek(green),A-LixFgF; (red), andB-LixFgf; (blue) derived from Rietveld refinement
shown in selectedd2range. Key reflections of each phase are marked by dashedvithesdices
labelled. The inset shows the evolution of the phase mole fraction within the first insertiorctycle.
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