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Abstract

We report on the electrochemical fluorination of the A-site vacant perovskite ReO3 using high-temperature

solid state cells as well as room temperature liquid electrolytes. Using galvanostatic oxidation and electrochem-

ical impedance spectroscopy, we find that ReO3 can be oxidized by approximately 0.5 equivalents of electrons

when in contact with fluoride-rich electrolytes. Results from our density functional theory calculations clearly

rule out the most intuitive mechanism for charge compensation, whereby F-ions would simply insert onto the

A-site of the perovskite structure. Operando X-ray diffraction, neutron total scattering measurements, X-ray

spectroscopy, and magic-angle spinning 19F NMR were, therefore, used to explore the mechanism by which

fluoride ions react with the ReO3 electrode during oxidation. Taken together, our results indicate a complex

structural transformation occurs following fluorination to stabilize the resulting material. While we find this

process of fluorinating ReO3 appears to be only partially reversible, this work demonstrates a practical elec-

trolyte and cell design that can be used to evaluate the mobility of small anions like fluoride that is robust

at room temperature, and opens new opportunities for exploring the electrochemical fluorination of many new

materials.
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Scheme 1: Combining anion and cation insertion processes could break gravimetric capacity limits by allowing for
multi-electron redox processes.
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The ability to topotactically control the insertion of ions into crystalline hosts is critical to a range of technologies,

including energy storage, electrochromic displays, superconductivity, and catalysis.1–3 While research on cationic

intercalation chemistry has flourished,4 anionic intercalation has largely been overlooked5 with most work in the

area focused on bulky polyanionic groups inserted into layered materials.6 Given their substantially larger radius and

negative charge polarity, anions require drastically different conditions from cations to promote fast ionic mobility.7,8

The earliest work on anion insertion chemistry was performed by Schafhaeutl and then built upon by Rüdorff

and Hofmann when they showed that SO2−
4 could intercalate between the sheets of graphite in the presence of a

chemical oxidant.9,10 Electrochemical intercalation into crystalline graphite was not achieved until the early 1980’s

using slow cyclic voltammetry to drive the ionic diffusion of species such as ClO−
4 , SO2−

4 , and BF−
4 .11,12 Mallouk

and Bartlett later described the chemical insertion of fluoride in graphite using HF, identifying the formation of

biflouride C12HF2.13 Carlin then built on this work to develop a symmetric graphite cell that intercalated bulky

ions like imidazolium at the cathode and AlCl−4 at the anode to create one of the first embodiments of a dual-ion

battery.14

While the intercalation chemistry of bulky polyanionic groups have received some attention,15,16 the electrochem-

istry of smaller species like fluoride has been mostly limited to conversion-based systems where a reversible chemical

transformation is used.17–19 A critical challenge facing these systems is that they rely almost exclusively on solid-

state fluoride conductors, like Ba-doped LaF3,20–22 sandwiched between metal and metal-fluoride electrodes.23,24

Fichtner and coworkers, for example, have demonstrated a F-ion battery consisting of a CuF2 cathode cycled against

a film of La metal which results in the reduction of the cathode to Cu metal and a conversion to LaF3 on the anode

side.25 More recently, Clemens and coworkers have leveraged all solid-state cells, showing some success with inter-

calating fluoride into La2CoO4, though the poor conductivity of the LaF3 solid electrolyte required operating cells

at 170 ◦C.26,27 This was very recently followed by the work of Banerjee et al. who demonstrated chemical insertion

and removal of fluoride from FeSb2O4 at room temperature using chemical redox methods.28

The high operating temperature of these solids precludes their use in any practical devices, which would require

a fluoride electrolyte with high mobility at room-temperature. Christe and others reported one of the earliest

advances towards such an electrolyte when they reported that quaternary ammonium salts can stabilize free fluoride

in THF.29,30 More recently, Davis et al. showed that salts of N,N,N-trimethyl-N-neopentylammonium fluoride

(Np1F) dissolved in fluoroether solvents could facilitate the stable cycling of CuF2@LaF3 core-shell nanoparticles as

conversion cathodes.31 This seminal work represented some of the first tangible evidence that electrochemical energy

storage can leverage anions like fluoride in similar ways to lithium.

Drawing inspiration from this extensive work in the literature, we sought to explore the fundamental structural

requirements that facilitate fluoride ion mobility in the solid state. Our recent work with ReO3, in which we studied

the fundamental structural distortions that occur during lithiation,32 offered a natural starting material for these

studies given that the A-site vacancy within perovskite provides an obvious interstitial where the fluoride could
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intercalate. Demonstrated in Scheme 1, dual cation and anion insertion could provide an exciting breakthrough to

increase capacity limits. Furthermore, ReO3 is intrinsically metallic, which removes the need for carbon coating and

drastically simplifies the interpretation of spectroscopic data.

In this contribution, we demonstrate the first observation of electrochemical fluorination of an oxide host from

a liquid fluoride electrolyte at room temperature. We find that the negative charge and larger ionic radii of F−

demand a vastly different mechanism for intercalation compared to what was observed during Li insertion. Using

complementary spectroscopic and structural tools, combined with operando electrochemical characterization, we

show that incorporation of fluoride into ReO3 electrode during cycling creates a highly unstable phase that rapidly

decomposes following oxidation. While this decomposition prevents reversible cycling, it also provides insight into

a completely new mechanism for fluoride intercalation under relatively mild and tunable electrochemical conditions

and provides insight into how changing the host composition could stabilize F-ions on the A-site.

ReO3 was chosen as a model electrode compound to investigate the fundamentals of fluoride intercalation for

several reasons, including the high degree of covalency in bonding, the existence of vacancies to accommodate ions,

and its inherent metallic character. ReO3 crystallizes in the Pm3̄m space group (#221) and possesses a perovskite-

like structure composed of highly symmetric corner sharing ReO6 octahedra in a perfectly cubic arrangement with an

empty A-site that creates large three dimensional channels for ionic diffusion33 as shown in Figure 1(a). While cation

insertion has been demonstrated previously, the close-packed oxygen network [Figure 1(b)] makes anion transport

pathways less obvious.

Figure 1: (a) The structure of ReO3 with orange oxygen spheres and maroon rhenium-centered octahedra, shown
along [001]. (b) The structure or ReO3 is displayed along the [111] using the ionic radii of Re and O, emphasizing
the tight packing of anions.

The synthesis of ReO3, described in the Experimental Methods section of the Supporting Information, yields

highly uniform and crystalline nanoparticles between 20 and 50 nanometers in diameter. ReO3 is one of the few
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metallic oxides, exhibiting a conductivity on the order of 10−5 S/cm,34 making it an excellent model battery electrode

because it is possible to prepare test cells without conductive carbon additives, which would complicate many

spectroscopic measurements. Additionally, using test electrodes comprised entirely of ReO3 removes any potential

side reactions related to carbon or binder additives, an important consideration in new cell design.

In an attempt to insert fluoride into ReO3, F-ion half cells were assembled using a Cu metal combined counter

and reference electrode, and an organic liquid fluoride electrolyte, as described in the S.I. Experimental Methods

section. Glass fiber separators soaked in an electrolyte of tetra-n-butylammonium fluoride (TBAF) dissolved in

tetrahydrofuran (THF) served as the source of free fluoride ions between the working and counter electrode. TBAF

was chosen for its relative stability and wide electrochemical window as well as a reasonable fluoride-ion conductivity.

As shown in Figure 2(a), the oxidation reaction produces a smooth voltage curve with an smooth sloping region

followed by a sharper voltage rise until approximately F0.6ReO3. While the use of Cu metal provides a consistent

0.0 0.2 0.4 0.6 0.8

x in F
x
ReO

3

0.0

0.5

1.0

1.5

2.0

V
ol

ta
ge

 v
s 

C
u 

Q
R

E
 (

V
)

C/10 Charging

(a)

0.0 2.0 4.0 6.0 8.0 10.0

Time (hours)

Io
n 

C
ur

re
nt

 (
ar

b
. u

ni
ts

)

Mass of 2 AU (H
2
)

Mass of 32 AU (O
2
)

Mass of 34 AU (F
2
)

(b)

Decomp.

Cell a
t R

est

Figure 2: (a): Galvanostatic charge curve of a fluoride-ion half cell during mass spectrometry measurements with
a ReO3 working electrode and Cu metal counter and reference electrode. (b): Differential electrochemical mass
spectrometry identified H2 evolution in fluoride ion battery half cells, however no O2 or F2 generation was seen.
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reference potential, it cannot be further reduced which raised questions about the nature of the counter reaction

occurring at the cathode. To better understand this counter reaction, Differential Electrochemical Mass Spectrometry

(DEMS) measurements were employed to monitor any evolution of gas in situ during the cycling at both the anode

and cathode. Several gases were monitored during oxidation, including O2, F2, and CO2 (shown in S.I. Figure S8),

but as seen in Figure 2(b), the only gas that was observed to evolve corresponded to H2, which persisted throughout

the plateau during charging and corresponds to a 2e−/H2 process (see S.I. Figure S9). Therefore, the reductive

counter reaction is found to be associated with a hydrogen evolution reaction (HER) from an attack of the THF

or TBAF salt. The lack of oxygen release from ReO3 throughout the measurement is notable given that the quasi-

reference potentials observed scale to be far in excess of 4 V vs. Li+/Li. This suggests there is unlikely to be very

much decomposition of the ReO3 particles through the release of lattice oxygen in the manner previously reported

for other metal oxides.35,36 This high voltage stability is most likely associated with the covalent character of the

material – the strong hybridization between the metal and oxygen orbitals make it very difficult to strip oxygen out

of the lattice.

To validate the liquid-phase electrochemistry, all-solid state cells were prepared using a Ba-doped LaF3 electrolyte

to eliminate solvent decomposition and only allow for redox reactions involving the transport of fluoride-ions. Given

the slow fluoride conductivity of the solid electrolyte, it was necessary to heat the cells to 150 ◦C during cycling in

order to facilitate facile ion transport in the solid electrolyte. As the H2 evolution reaction observed in the liquid

electrolyte half cells in Figure 2(b) is not possible in the solid state, a CuF2 counter electrode was chosen as a

reductive fluoride source. A similar voltage profile was observed during charging of the solid state cells as that of

the liquid cells, however, the sluggish nature of F-ion transport in the solid state led to a high cell resistance in the

solid state cells which were tested. Therefore Galvanostatic Intermittent Titration (GITT) measurements were used

to examine the equilibrium voltage of the reaction. GITT measurements were also performed on cells with a liquid

electrolyte allowing for direct comparison to the electrochemistry performed in solid state cells. As shown in Figure

3, a similar voltage relaxation profile was observed in both solid state and liquid cells, suggesting a very similar

oxidative reaction at the ReO3 electrode for both cell designs.

Electrochemical Impedance Spectroscopy (EIS) studies on the solid electrolyte cell were also used to monitor

variations in the charge transfer and mass transfer resistances at different levels of oxidation. The Nyquist plot

in S.I. Figure S7(a) shows a depressed semicircle in the high frequency region characteristic of charge transfer

resistance (Rct) in parallel with the interfacial double layer capacitance (Cdl). The values of Rct do not change

significantly until x = 0.5 and a small rise of 2–3 W is noticed thereafter. The increase in Rct occurs concurrently

with the transition from the initial sloping voltage to a higher voltage plateau. In the low-frequency region of the

impedance spectrum, the impedance rises steadily with decreasing frequency with a phase angle of approximately

45◦ suggesting a diffusion-limited process. Considering the diffusion length and the thickness of the sample, this

section of the impedance spectrum can be modeled with the semi-infinite linear diffusion boundary conditions, as
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Figure 3: Galvanostatic intermittent titration measurements in (a) liquid electrolyte cells prepared with TBAF
electrolyte show similar open circuit voltage traces when compared to (b) voltage traces from all solid state cells
cycled at 150◦C. Note that differences in the nature of the counter electrode and operating temperatures explain the
offsets in the voltage windows.

described in the S.I. Impedance Spectroscopy section. A decrease in D is observed with increasing state of charge,

as shown in S.I. Table T1, suggesting that changes to the material during charging hinder fluoride transport.

Having validated that the oxidative currents were indeed associated with a reaction at the ReO3 electrode, and

were not simply electrolyte decomposition, we turned to developing a mechanistic understanding of how fluoride

intercalation could occur within the structure of ReO3. Operando X-ray Diffraction (XRD) patterns were collected

during oxidation until an equivalent current for one fluoride per formula unit had been passed. As seen in Figures

4(a) and 4(b), the (111) reflection continuously shifts very slightly to higher angles, indicating a small contraction

of the unit cell during charging but no new peaks evolve nor do any of the existing peaks split to suggest changes

in the cubic symmetry of the lattice. Beyond a nominal fluoride content of roughly 0.6, the intensity of diffraction

patterns begin to significantly decrease, indicating the onset of decomposition as illustrated in S.I. Figure S5. We

note, however, that immediately after exposure to the TBAF electrolyte, and prior to cycling, several low intensity

peaks appear in data obtained at the synchrotron (further demonstrated in S.I. Figure S3). These peaks cannot be

seen with laboratory X-ray sources and do not change position or intensity at any point during the cycling (see S.I.

Figure S4), and are therefore believed to be associated with an electrochemically inert contaminant associated with

the electrolyte solution.

While the extremely minor changes seen in the diffraction patterns initially seem puzzling, a careful look at the

cubic structure shows that placing fluoride ions onto the vacant A-site would not break any of the symmetry elements

within the parent perovskite (see S.I. Figure S6), which is consistent with the absence of any new diffraction peaks. In

parallel, ex situ electron microscopy and electron energy loss spectroscopy (EELS) mapping were used to monitor the
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particle morphology and distribution of fluoride in the electrode after charging. As shown in Figure 4(c), the particles

maintain their cubic morphology with signs of crystallinity suggesting that the ReO3 does not dissolve or directly

extrude any secondary phases during oxidation. EELS measurements, shown in Figure 4(d) show an uneven fluoride

distribution throughout the particles with fluoride rich regions near the surfaces. Nevertheless, there is no evidence

that the morphology of the ReO3 nanoparticles alters during cycling, which rules out a dissolution-precipitation style

reaction. Furthermore the fluoride persists on the particles even after washing the ex situ samples thoroughly to

remove any residual electrolyte.

Ex situ X-ray Emission Spectroscopy (XES) was also collected on similarly washed samples to more directly track

the fluoride content of the oxidized electrodes. The greater penetration depth allows for sensitivity to bulk fluoride

rather than simply probing species isolated to the surface. By comparing the intensity of the spectra from the O

2p orbitals to the F 1s orbitals, relative changes in the bulk fluoride content are clearly seen. As shown in Figure

4(e), the intensity of the peak at approximately 677 eV, associated with the F 1s orbitals from bulk fluoride species,

grows with increasing state of charge while that of the O 2p peak at 531 eV remains constant. As demonstrated by

the DEMS measurements in Figure 2(b), there is no reason to believe that O2 is released from the lattice during

oxidation; thus the variation in the F peak corresponds an increase in the fluoride content throughout the ReO3

electrode during charge. In contrast, the states associated with the lattice oxygen of ReO3 stay relatively constant,

but do show some restructuring due to changes in the chemical environment of the materials, which will be discussed

in greater detail later. Taking these results together, it seems clear that the fluoride reacts with the ReO3, but it is

not immediately clear whether the fluoride intercalates into the structure or if there is a more nuanced transformation

that is missed by the operando X-ray diffraction experiments.

In order to to assess the thermodynamics of various reaction mechanisms on the insertion of F into ReO3, first-

principles density functional theory (DFT) calculations were performed. We first explored topotactic insertion by

enumerating different F-vacancy orderings over the A-sites of ReO3. Figure 6(a) shows the calculated formation

energies of these orderings at a variety of concentrations using the perovskite forms of ReO3 and fully fluorinated

FReO3 as the reference states. The formation energies are very slightly negative indicating that F-vacancy ordering

over the A sites might be expected at low temperatures, while a solid solution will emerge at elevated temperatures

provided the ReO3 perovskite host remains intact.

An alternative to topotactic insertion would be a reconstructive or conversion reaction mechanism,37 whereby a

completely new crystal structure emerges during oxidation. A survey of the Inorganic Crystal Structure Database38

shows the existence of a monoclinic form of ReO3F where the structure consists of edge-sharing chains of octahedrally

coordinated ReO4F2 units with two fluoride ions sitting along common edges of the polyhedra (see S.I. Figure S14).39

In the following, we distinguish the intercalated phase from this one by writing the compositions as FxReO3 or mono-

ReO3F respectively. The energy of this compound is predicted to be more than 2 eV lower per formula unit than that

of the fully intercalated perovskite form of FxReO3, which points to the existence of an enormous thermodynamic
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Figure 4: (a): Operando synchrotron X-ray powder diffraction captured at various states of charge during the
fluorination of ReO3. A loss of diffracted intensity is observed during charging. (b): The (111) reflection is highlighted
to demonstrate the slight shift to higher 2θ values in conjunction with a loss of diffracted intensity at higher states
of charge. (c): TEM images of fluorinated ReO3 show the cubic particle morphology is maintained while (d) EELS
spectra show a F–rich shell on the particles. (e): X-ray emission spectroscopy of FxReO3 at various states of charge
shows an increase in F signal due to fluoride intercalation. Note that the compositions listed reflect the nominal
state-of-charge.

driving force for a reconstructive transformation.

Given that the crystal structure of the mono-ReO3F form is very different from that of the perovskite form of

ReO3, it may not be kinetically accessible at room temperature. We, therefore, decided to begin exploring other

hypothetical structures that may be more readily accessed during F− insertion into ReO3 (see the models illustrated

in Figure 5). One such structure can be obtained by inserting F in the vacant A-sites, followed by a coordinated

migration of Re cations from their octahedral sites to a newly created tetrahedral interstitial, referred to as FxReO3–

1F. This hopping of the cations was considered for several different compositions of fluoride but was repeatedly

found to be higher in energy than when there is no migration of Re out of the octahedral sites. Similarly, geometric

relaxations of the structures also indicated that the forces on the atoms can be fully minimized by distorting Re out

of the center of the octahedra towards one of the triangular faces of the octahedra to create a highly distorted seven

coordinate environment, referred to as seven-coordinate ReO3F (see S.I. Figure S13). This too was found to be far

less favorable than F-ions sitting in the empty cages of the cubic form of ReO3.

Interestingly, however, we find that when all of the A-sites are filled by fluoride and all of the Re ions simulta-

neously migrate into the tetrahedral interstitials, as illustrated in S.I. Figure S16 this structure is significantly lower

in energy than the structure with fluoride only on the A-site, considered as intermediate compositions. This phase,

referred to as tet-FReO3, is best viewed as a molecular crystal with covalently bonded ReO3F tetrahedra that are

loosely held together by weaker van der Waals forces. In this work, we have considered the polar form of the structure
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Figure 5: Various models for the fluorination of ReO3 that are considered throughout the text. Not illustrated is the
tet-FReO3 model where all of the Re ions migrate to tetrahedral positions, which can be considered an end member
to the FxReO3-1F shown in the lower right quadrant.

where the apical F-ions on each tetrahedron point in the same direction, but, in reality, the tetrahedra are likely to

be far more disordered, which we have not considered here at all.

These calculations clearly suggest that if fluoride-intercalated ReO3 were actually to be obtained, there would be

a very strong driving force for it to transform into either the mono-ReO3 polymorph reported in the materials project

or, while not as likely, the form with all of the Re migrated to tetrahedral interstitals [S.I. Figure S16]. At small

values of x, i.e. less than F0.5ReO3, the energy to form the phase with Re moved into the newly formed tetrahedral

interstitial is actually higher than that of simply placing F-ions on the A-site.

This suggests that a reconstructive reaction could occur through a two-phase mechanism, and, indeed, an appli-

cation of the common tangent construction to all the formation energies of structures that are kinetically accessible

predicts a two-phase coexistence between ReO3 and tet-FReO3 as shown by the dashed gray line in Figure 6(a).

This partitioning into two-phases could be expected to result in a core-shell geometry, in which the new tet-FReO3

phase forms on the surface and grows inward, consuming the original ReO3 core, which appears consistent with the

EELS maps but, in principle, should have been observable in the operando diffraction patterns if the shell were fully

crystalline. However, given that the mono-ReO3F is more stable than even tet-FReO3, it is difficult to know exactly

what phase the F-rich shell seen in EELS is composed of.

For this, we turned to structural tools that were more sensitive to the local environments within the material

such as neutron total scattering to generate Pair Distribution Function (PDF). Starting with the top panel of S.I.

Figure S18, the ex situ neutron total scattering experiments for the pristine ReO3 are clearly well-described by the

long-range average cubic structure whereas the significantly changed scattering from a washed sample of F0.6ReO3 is
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Figure 6: (a): The computed Hull diagram indicates that tetrahedral Re is energetically favorable upon fluoride
intercalation while the inset shows a small energetic minima for the insertion of F to the A-site. (b): The calculated
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shown in the bottom portion of the same figure. The first two peaks at 1.88 Å and 2.67 Å in the pristine phase can

be assigned to the Re–O and O–O nearest neighbors, which after oxidation, evolve into a complex mixture of peaks

that makes precisely modeling the pattern exceptionally challenging. To aid in deconvoluting the contributions at

each distance, the bottom panel of S.I. Figure S18 shows the calculated PDF adapted from the FxReO3-1F model

discussed earlier, as described in the Neutron Pair Distribution Analysis section of the Supporting Information.

For example, the first shell of distances at 1.88 Å splits into two distinct contributions that can be attributed to

three short Re–O distances and one slightly longer Re–F bond within the newly created tetrahedra in the model.

Furthermore, the peak at 3.75 Å, associated with Re-Re distances is seen to split as Re migrates from its starting

position and the O–O peak (2.67 Å) evolves into multiple peaks as new O–O and O–F environments are created. We

also note that contributions from short C–H and C–C distance had to be included in order to account for all of the

changes in the oxidized sample. These organic species are believed to be associated with a decomposition product

created during the electrolyte decomposition at the counter electrode discussed earlier.

While the new distances in the PDF might initially appear to support the migration of Re into the tetrahedral

interstitials, the predicted lattice parameters for such a hop suggest the unit cell should expand during such a

transformation. In contrast, the operando diffraction data showed a contraction of the lattice, which would seem to

imply that if such a hop were to occur it would need to be in an uncorrelated fashion that exhibits no long-range

periodic order to the new tetrahedral sites. Alternatively, this may also suggest that a Re environment resembling

the tetrahedral or seven coordinate models described previously might exist at the surface of the particles rather

than as a completely separate new phase (see S.I. Figures S19-S22).

To clarify the ambiguity of the PDF data, solid-state 19F MAS NMR was used as a complementary probe of the

local composition and structure of the intercalated fluoride ions. While the PDF results yield insights on locally-

averaged structural distortions within the bulk material, 19F MAS NMR allows for the direct detection and resolution

of signals from fluoride species in different local environments. As shown in Figure S11 of the Supporting Information,

the 1D 19F MAS NMR spectrum for bulk F0.2ReO3, produced as a result of oxidative insertion during partial charge,

exhibits a complicated distribution of 19F intensity over the frequency range of -100 to -200 ppm. Interestingly,

several distinct and relatively narrow (∼5 ppm, full-width-half-maximum) 19F signals are observed at isotropic

chemical shifts of -136, -141, -150, -170, -174, and -189 ppm, which manifest fluorine species in well-defined local

environments. The signal at -136 ppm is furthermore associated with a 19F spin-lattice relaxation time, T1, of 4.0 s

(Table T3, Supporting Information), which is consistent with fluoride in a diamagnetic perovskite environment.40,41

Interestingly, all of the other signals correspond to much shorter 19F T1 values of 0.3-0.4 s (Table T3), consistent

with fluoride environments that are influenced by conducting or donor electrons.40–42 DFT calculations of several

structural models selected from the phase diagram for fluoride intercalation into ReO3 predict an isotropic 19F

chemical shift of -141 ppm for mono-ReO3F, close to the values of several of the measured signals. By comparison,

the DFT calculations predict the isotropic chemical shift of a model structure with 7-coordinate distorted-octahedra
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to be near -73 ppm and of tet-FReO3 to be near -11 ppm, neither of which are experimentally observed (Figure

S11). The multiple signals clearly show that the fluoride species in the electrode are inhomogeneously distributed in

diverse local environments and corroborate the challenges to the analyses of the PDF data.

In a final attempt to reconcile the experimental results with computational models, X-ray spectroscopy was

performed on the oxygen and fluorine K-edges for pristine and oxidized samples and compared with simulation based

on the various structural permutations discussed previously. The O K-edge emission and absorption spectra reflect

the bulk occupied and unoccupied O 2p partial density of states near the Fermi level. The oxygen K-edge, shown

in Figure 7(b), evolves significantly after cycling, which clearly indicates a change in the electronic structure of

ReO3 during oxidation. While the pristine material (blue) shows a large absorption peak at -2 eV associated with

O 2p – Re 5d bonding orbitals, these states are suppressed upon charging (pink), reflecting electron density being

extracted from the material. The emergence of new peak at 9 eV indicates a change to the local oxygen environment

during oxidation. The presence of F− near very electrophilic Re6+ is expected to draw electron density from the

O 2p states to higher binding energies.
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Figure 7: (a) calculated X-ray emission spectra of the F K-edge are shown in black while the measured spectra of
ReO3 is shown in orange and F0.6ReO3 is shown in blue. The energy shift of the measured spectra agrees well with
the model of Re migration to the tetrahedral site. (b) The calculated and measured O K-edge X-ray emission and
absorption spectra agree for both pristine and fluorinated ReO3 using the proposed structural model.

As shown in Figure 7(a) and (b), DFT calculations were used to model the expected O K-edge absorption and

emission in both ReO3 and FReO3, using the structural models previously described, where Re migrates to one of

the tetrahedral sites in FReO3. Additional models are provided in S.I. Figures S13 – S16. Curiously, the only model

that captures the shape and energy shifts of the measured O 2p partial density of states is where a small number

tetrahedral sites are created, rather than the phase that was predicted to be more thermodynamically favored i.e.

where all of the Re jump to the tetrahedra (see S.I. Figure S16) The relative change in intensity between X-ray
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absorption peaks at -2 eV and -9 eV, representing a change in O bonding environments as ReO3 is fluorinated, is

matched by the DFT calculations, as is the shape and energy shift of the main emission features observed. The

fluorescent nature of O K-edge XES, suggests that the spectral changes from the electrochemical reaction must not

be limited to a surface reaction, but instead some change to the bulk ReO3 electronic structure must also occur. A

closer look at the geometrically relaxed model containing a small number of tetrahedral Re shows a slight off-centering

within the octahedral cages and some rotational disorder that likely explains the changes seen in the spectra.

Calculations of the fluorine K-edge for each model are shown as black traces in Figure 7(a). As seen, the measured

XES spectra of F0.6ReO3 also agrees well with the model where Re migrates to stabilize the intercalated F-ions.

While challenges with alignment of the F K-edge led to broadening of the measured signal and prevented distinct

peaks from being resolved, the strong agreement between the calculated and measured energy shift further supports

the presence of some tetrahedral species within the oxidized electrode.

Finally, HAXPES measurements were performed on the Re 4f, O 2p, and F 1s orbitals of pristine and fluorinated

ReO3 and used to track changes in oxidation state of the various species during oxidative charging. As mentioned,

the highly covalent bonding of ReO3 delocalizes electrons over both oxygen and Re states, which leads to partial

changes in the Re oxidation state during charging. This can be seen in S.I. Figure S17, where the Re 4f photoemission

was measured during various states of charge. The doublet peak at 43 and 46 eV are diagnostic of Re6+, while a

similar doublet at 46 and 48 eV is attributed to Re7+. During oxidative charging, the formation of a shoulder at

48 eV is observed as Re is partially oxidized. However, owing to the strong covalency, no evidence for a fully ionic

description of Re7+ species was detected.

Taking all of the experimental and computational results together, there is clear evidence that F− ions have

incorporated into ReO3 during oxidative charging, but the precise mechanism remains ambiguous. Operando X-

ray diffraction data shows a clear lattice contraction that agrees closely with the trends predicted for the models

containing intercalated F-ions on the A-site of the ReO3 cage. Yet, this A-site model is predicted to be unstable

compared to less densely packed polymorphs, and the ex situ materials characterization suggests the fluoride in the

oxidized materials is most likely associated with those more stable tetrahedral tet-ReO3F species or a decomposition

to the structurally distinct mono-ReO3F phase. This leads us to conclude that this discrepancy is likely due to changes

in the material once it is removed from the electrochemical cell. Note that the operando diffraction experiments are

collected from start to finish in approximately five hours with each pattern being collected in a matter of seconds.

Hence, the most likely explanation for the discrepancy between the various characterization tools is that F-ions

intercalate onto the A-site of the perovskite host, but quickly begin to decompose to the more thermodynamically

favored phases over time.

It is curious that best agreement between the ex situ experimental data and the computation is found for the

model containing a dilute number of Re that have jumped to tetrahedral sites. We suggest two possibilities to

explain this observation. Either a shell of tetrahedrally coordinated Re forms as a decomposition product on the
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surface of the particles and the model we have considered is effectively capturing important interfacial effects; or, the

correlated migration of Re into the tetrahedra environments is kinetically challenging and eventually results in some

of the tetrahedral species trapped within the octahedral network even though they are thermodynamically disfavored.

It is also possible that the final decomposition product contains some aspects of the dilute tetrahedral Re model, but

the model fails to precisely capture all of the structural nuances. While we have gone to great lengths to evaluate as

many possible forms of the intercalated structure, it is very likely that there are a vast number of alternate ways the

perovskite lattice may be able to distort through octahedral tilting or cation migration. We therefore believe there

is ample evidence to conclude that F-ions have incorporated into ReO3 during oxidation despite being unable to

definitively assign a unique structural model to the resulting material. Further exploration using the thermodynamic

modeling with a greatly expanded phase space along with additional operando local probes would be helpful in this

regard, but falls outside the scope of the present study.

While the incorporation of fluoride ions into structures as dense as perovskite may initially seems too energetically

demanding, several studies have shown the possibility to intercalate fluoride perovskite derivatives using aggressive

chemical oxidants.43–46 Other work has investigated the formation of interstitial fluoride species within similar

Sr3Ru2O7 species, in which layers of fluoride are formed and result in correlated rotations of the RuO6 octahedra.47

Crucially, fluorination of the parent oxide was performed at a low reaction temperature of 220 to 300◦C, demonstrating

the relative ease of fluoride intercalation into this oxide.

It is also known that halide ions are very mobile within the perovskite structures, with studies of CH3NH3PbI3

showing this migration occurs easily under an applied bias.48,49 These reactions are typically limited by halide

diffusion through the structure via interstitials or vacancies but can proceed quite quickly. In fact, Walsh and Stranks

have clearly shown that both the cationic and anionic sublattices in perovksites are mobile and the activation barrier

for defect migration is relatively low, which is in good agreement with what we observe here.50

In summary, we have presented, for the first time, the oxidative fluorination of the dense oxide ReO3 using

electrochemical cells and a liquid electrolyte at room temperature. We find that electrons are removed from the

strongly hybridized Re-O orbitals at the Fermi level resulting in partial oxidation of both Re and O, with charge

compensation occurring via the incorporation of fluoride ions into the electrode composition. The introduction of

fluoride results in complex structural changes as some Re appear to migrates from the octahedral sites to newly

formed tetrahedral sites, as evidenced by changes in the XAS and XES spectra, SXRD patterns, and neutron PDF

scattering. While DFT calculations clearly shows that the intercalated forms of FReO3 we have considered are

strongly disfavored by thermodynamics, more exhaustive explorations of the phase space are necessary to fully

understand whether more complex tilting/alterations of the initial octahedral network may serve to stabilize these

phases. Fluoride intercalation at ambient conditions would represent a paradigm shift compared to traditional Li-ion

battery technologies and offers a window into a broad new avenue for developing methods for higher storage capacity

if cationic and anionic intercalation can be successfully and sequentially achieved within single phase materials.
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