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A novel facile solvothermal fluorination method was developed for metastable oxyfluorides preparation by filling
anion vacancies in parent structures. High solubility of XeF, in acetonitrile and polarity of the solvent allowed for
lower reaction temperature. The validity of the method was demonstrated by the preparation of a known oxy-
fluoride, SrCoO3 sFos, at unprecedented low temperature (100 °C). Additionally, two new oxyfluorides with

idealized stoichiometry of La4Ni3OgF; and LasNi3OgFa, were prepared by the solvothermal fluorination via the
Lay4Ni3Og infinite-layer intermediate. The proposed method allows preparation of metastable oxyfluorides, utilizes
only inexpensive commercial autoclaves and can potentially find widespread utilization in materials synthesis.

1. Introduction

Low temperature fluorination of complex metal oxides allows for the
syntheses of many metastable oxyfluorides [1-3], including high tem-
perature superconductors [4,5], magnetic materials [6,7], and phases
with unusual crystal structure motifs [8,9]. Many fluorination agents are
utilized as alternatives to hazardous Fy gas [4,6], including poly-
vinylidene fluoride (PVDF) [9,10], MF; (M = Cu, Ni, Zn, Ag) [7,11],
NH4F [11] and XeF; [5,12,13]. However, PVDF requires temperatures
above 150 °C, even for thin film fluorination [14]; MF5 usage leads to the
presence of metal oxide admixture in the final product and utilization of
NH4F often results in the formation of highly thermodynamically stable
admixtures of alkaline earth fluorides or rare earth oxyfluorides [11]. In
spite of the high vapour pressure of XeF; of 0.5 atm at 100 °C [15],
fluorination is severely kinetically hindered at this temperature, pre-
venting the synthesis of well crystalline pure compounds [5]. However,
fluorination technique efficient in the 50-150 °C temperature range can
potentially provide access to many new metastable oxyfluorides by uti-
lizing a chimie douce (soft chemistry) approach. Unlike conventional
high-temperature reactions, which result in the preparation of thermo-
dynamically stable products, the low-temperature soft chemistry
approach allows for the formation of new metastable phases with unique
structural features and/or unusual metal oxidation states. During soft
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chemistry transformations either a cationic or an anionic sublattice re-
mains unchanged, i.e., such reactions are topochemical in nature.
Recently, fluorination by XeF; under solvothermal conditions was uti-
lized for a topotactic anion exchange in which Gd;., Tb,F3 fluorides were
prepared from Gd;_, Tb,OCl oxychlorides [16].

Mixed metal oxides with O vacancies are often employed as starting
phases for oxidative fluorination. For example, the synthesis of
SrCoO,sFy 5 was recently reported [6]. The phase was prepared by
fluorination of the SroCo20s5 brownmillerite by 10% Fa(g)/90% Nagg) at
220 °C [6]. The A;B,05 brownmillerite lattice is a derivative of the ABO3
perovskite structure with ordered oxygen vacancies. As the result of the
vacancies ordering, layers of alternating corner-sharing BOg octahedra
and BO4 tetrahedra are present in the brownmillerite structure. Ordered
oxygen vacancies can potentially serve as a template for synthesis of
oxyfluorides with specific O/F ordering [12]. In brownmillerites, F
diffusion by a vacancy mechanism involves O positions in layers adjacent
to vacancies layers and lead to O/F mixing in the former tetrahedra layer.
However, considering the lower activation energy for F~ diffusion than
that for 0%~ in oxides [17], it might hypothetically be possible to pre-
serve BO; layers in BOg octahedra; thus, forming a ABO, sFy 5 perovskite
structure with F-rich and F-free blocks. In order to increase the proba-
bility of anion ordering during synthesis, it is important to perform anion
intercalation at as low a temperature as possible to avoid thermal
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randomization of the anions. With this fact in mind, a new facile and
active at low temperature fluorination method is needed.

Traditionally, reactions of oxides with XeF, are performed as solid-
solid or solid-gas processes. At the same time, solvent addition was
shown to be beneficial for a low temperature oxygen deintercalation
process [18]. Stability [19,20] and high solubility [20] (32 g per 100 ml
of solution at 21 °C) of XeF; in acetonitrile (CH3CN) was reported.
Among several studied solvents “inert” toward XeF,, CH3CN was the only
one with negligible side reactions [19]. Literature reports on sol-
vothermal fluorination seems to be limited to fluorination of SroCuO3 and
NdSryCuy06.; by NH4HF; in absolute alcohol [21]. A SrF, admixture was
observed in all fluorinated samples, as is common for this fluorination
reagent [21].

In this communication, a new facile low temperature procedure of
solvothermal fluorination by XeF, in CH3CN is reported. The preparation
of SrCoOs sF¢ 5 at unprecedented low temperature (100 °C) and synthesis
of two new oxyfluorides, LasNigOgF; and LasNi3OgF5 are presented to
demonstrate the validity of the new method.

2. Materials and methods
2.1. Synthesis of precursor oxides

Syntheses of the precursor oxide phases SroCo205 and LasNizOg were
performed according to previous reports [18,22,23]. Quenching from
1000 °C into liquid N was required to avoid SroCo205 brownmillerite
conversion into the cubic O deficient perovskite upon cooling below
1000 °C. La4NizOg was prepared by the reduction of the LasNizOp¢
powder in flowing pure hydrogen at 325 °C [23].

2.2. Solvothermal fluorination

All operations with XeF, and oxyfluorides were performed under
inert atmosphere in a glovebox. At room temperature XeF; is a highly
reactive solid (Telting = 402.18 K [24]) and should be handled by Teflon
or nickel spatulas. Utmost care should be taken to avoid exposing of XeF to
moisture, as hazardous HF will form. Exposure to HF in even minute quantities
can lead to severe respiratory tract, eye, and skin burns. The solvothermal
fluorination procedure was performed in commercial, Teflon-lined steel
autoclaves (Parr Instrument 4744). For the fluorination, 200 mg of an
oxide was suspended in a 1 M solution of XeF; in anhydrous CH3CN (5x
molar excess XeF5) in a 45 mL steel autoclave and sealed. The autoclaves
were removed from the glovebox for a thermal treatment at appropriate
temperatures (see below). After the reaction vessels cooled to room
temperature, the black products were washed with anhydrous CH3CN
several times under inert atmosphere.

2.3. Characterization methods

The samples were characterized by Powder X-ray diffraction (PXD) on
a Bruker D8 Advanced diffractometer using Cu Ka radiation. The patterns
were recorded at room temperature with a step size of 0.02° (20). A
dome-shaped air-free sample holder was used to measure the diffraction
pattern of the moisture sensitive oxyfluorides. Rietveld refinement [25]
of the obtained data was performed with GSAS [26] program with
EXPGUI [27] interface.

The temperature dependence of DC magnetic susceptibility was
measured on powder samples with a Quantum Design SQUID magne-
tometer at H = 3000 Oe in the temperature range 4-300 K. Samples were
loaded into gelatine capsules under N, placed into a plastic sample
holder and cooled to 4 K under zero magnetic field. The measurements
were performed by warming the samples in the applied field after cooling
to 4 K in zero field (ZFC, zero field cooling) and by cooling the samples in
the applied measuring field (FC, field cooling).
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3. Results and discussions
3.1. Solvothermal fluorination by XeF» in acetonitrile

Approximately equal amounts of SrpCo30s and SrCoOsFg5 were
observed by powder X-ray diffraction method (PXD) after the sol-
vothermal fluorination was performed at 50 °C for 10 days. Increasing
the reaction time at 50 °C had little effect on the final product compo-
sition, indicating that the reaction is severely kinetically hindered. After
observing similar results at 75 °C, the reaction temperature was raised to
100 °C while keeping all other variables constant, which resulted in
single phase SrCoO3sFos. Rietveld refinement (Fig. 1, Table 1) in the
Pm3m space group with a shared O/F position converged with Ry, =
1.68%, R, = 1.58%, and Xz = 0.961. The refined lattice parameter a =
3.8549 (1) Aisin good agreement with the literature data [6]. Magnetic
properties of the prepared sample indicated spin-canted antiferromag-
netic transitions analogous to the literature data (Fig. 2). The increase of
magnetic susceptibility at low temperatures is associated with a canted
antiferromagnetism state. A bifurcation of the FC and ZFC magnetic
susceptibility curves occurs at T ~30 K, similar to what was previously
reported [6]. The inset displays M(H) measurement at 2 K, where a
hysteresis is observed. The hysteresis behaviour only occurs below 30 K,
found by measuring the M(H) curves at various temperatures.

An analogous solid-state reaction without CH3CN was performed at
100 °C, resulting in a 0.45:0.55 mixture of SroCo20s5: SrCoOs sFg s;
therefore, fluorination with XeF, at solvothermal condition is more
efficient than in the gaseous phase.

Several factors can lead to higher XeF, activity under solvothermal
conditions at low temperatures. The high solubility of XeF; in CH3CN
allowed the use of a 1 M solution, which has about 45 times higher
concentration than the molarity of saturated vapour of XeF, at 100 °C.
Additionally, the high kinetic stability of XeF, should be taken into
consideration. For example, counterintuitively, XeF, does not hydrolyse
in aqueous solution instantaneously and it can be even extracted from
aqueous solution by CCls [24]. In CH3CN solution XeF, is present in a
non-ionized (molecular) form [20]. Higher fluorination activity can be
achieved by addition of Lewis acids through formation of XeF' and
XeoF§ species [24]. A very effective fluorine atom source, the XeFe
radical, would appear after the electron transfer to either of these cations.
We did not add Lewis acids into reaction mixtures. However, transition
metal ions demonstrate relatively strong Lewis acidity [28]. For example,
it is not possible to prepare Ni2™ coordination compound with XeF,
molecule as a ligand, since the Lewis acidity of Ni?* is sufficient to
withdraw F~ ion from XeF; with Xe,F4 formation [24]. Thus, our starting
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Fig. 1. Observed (crosses), calculated (green line), and difference (bottom grey
line) profiles of Rietveld refinement of PXD data for SrCoO,sFo s prepared by
solvothermal fluorination at 100 °C. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)
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Table 1

Crystallographic data for SrCoOs sFg 5 from Rietveld refinement of PXD data.”
Atomic Wyckoff X y pA 102 Uiso Occupancy
position position %)
Srl la 0 0 0 1.02 (3) 1
Col 1b 0.5 0.5 0.5 0.54 (2) 1
o1 3c 0 0.5 0.5 1.32 (5) 0.833
F1 3c 0 0.5 0.5 1.32 (5) 0.167

 Space group Pm3m (No. 221); a = 3.8549 (1) ;\; Rup = 1.68%; R, = 1.58%;
and ¢% = 0.961.
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Fig. 2. Temperature dependence of DC magnetization for SrCoO; sFy 5. Inset:
magnetization vs. magnetic fields measurement at 2 K.

reagents, transition metal oxides with O vacancies, can activate XeFs.
Additionally, it seems to be reasonable to assume that the presence of a
solvent can lower the activation energy of a transition state for XeF;
breakage. The stabilization can be expected since CH3CN is a polar sol-
vent, which are known to stabilize transition states for charged species in
reactions. Sy1 type reactions are a typical example of the polar solvent
effect. It is most probable that both factors: accessibility of higher XeF,
concentrations and easier XeF; activation in the presence of the solvent —
contribute to the efficiency of fluorination under solvothermal conditions
at lower temperatures. Noteworthy, from the above consideration, it
seems that pressure per se does not contribute to the method efficiency.
However, higher pressure is clearly beneficial in the case of the sol-
vothermal oxygen deintercalation method, since the reaction products
have significantly smaller cell parameters [18].

While SrCoO5sFg 5 can be prepared at 100 °C by the solvothermal
fluorination technique, we also tested the reaction at a higher tempera-
ture to understand the relative fluorinating power of this method. The
reaction temperature was raised to 175 °C (50 °C lower than the tem-
perature used in the previous report of SrCoO» sF 5 preparation) [6]. The
presence of SrCoO2sFps as well as substantial decomposition to the
simple binary fluorides SrF,, and CoF; was observed after reacting for 24
h at 175 °C. The decomposition likely occurred due to over fluorination
of the surface of grains, lending credence to the idea that solvothermal
fluorination is more powerful than conventional solid-state fluorination
methods.

3.2. Synthesis of La4Ni3OgF; and La4NisOgF2 by solvothermal
fluorination

In order to demonstrate a possibility of a broader utilization of the
solvothermal fluorination method, attempts of synthesis of new oxy-
fluorides were undertaken. Ni' ™2 nickelate with NiO, infinite planes,
La4Ni3Og, was chosen as a starting compound for the fluorination. All
known nickelates with infinite NiO, square-planar layers, are members of
the T'-type Ln,  1NijO2y 2 (Ln = La, Nd, Pr; n = 2, 3, and o0) homologous
series [18,23,29-34]. Recently the T'-type nickelates received substantial
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attention due to the discovery of superconductivity in thin-film of doped
n = oo homologue (in Ndg gSrg 2NiO3) [35].

It was shown earlier that the reduction of the parent Ruddlesden-
Popper (RP) nickelate LasNi3Oq¢p results in two distinct line phases:
LagNi3Og and LagNi3Og [18]. The formation of the T'-type nickelate,
LasNizOg, from the RP phase occurs as a result of an oxygen dein-
tercalation and a structural rearrangement in the (LaO)y part of the
structure (Fig. 3). The oxygen atoms from the LaO layers in the perovskite
blocks of the parent RP phases are completely removed during the
reduction process. Additionally, rock-salt type (LaO) block transforms to
fluorite type arrangement by the shift of O atoms. This structural trans-
formation is a mechanism of the internal structural stress release [23].

The reaction reversed to the RP phase reduction, oxidation of
LasNi3Og with LagNi3O;o formation, readily occurs above 175 °C in Oy
flow (Fig. 3). Easy oxidation of LasNi3Og implies the possibility of fluo-
rine intercalation instead of oxygen.

Initially, fluorination of La4Ni3Og by XeFy; was tried without the
addition of CH3CN. The reaction of La4Ni3Og with XeF, at 350 °C (in a
custom brass autoclave) led to the formation of LaOF and some amor-
phous products. Apparently, LaOF is the most thermodynamically stable
phase in the La-Ni—O-F system and possible quaternary oxyfluorides are
only kinetically stable and decompose to thermodynamically stable
phases at higher temperatures. Nevertheless, a well-crystallized product
was obtained by fluorination at 250 °C. This product was investigated by
electron diffraction (ED) and energy dispersive X-ray (EDX) analysis. ED
patterns taken from different crystallites can be separated into two
groups according to distinct c¢/a ratio: ~7.0 for one phase and ~7.3 for
the second one (Fig. 4). According to the EDX analysis both phases have
the same La/Ni ratio but differ in F content with the estimated F content
clearly higher for the phase with the larger c/a ratio. It can be concluded
that a mixture of two new oxyfluorides, La4NizOgF, with different fluo-
rine content was formed. Due to the close values of the X-ray form factors
and the neutron scattering lengths for oxygen and fluorine, neither
powder X-ray diffraction (PXD) nor powder neutron diffraction (PND)
can generally be used for the determination of O/F ratios in oxyfluorides.
However, both methods are reliable for establishing a total anion con-
tent. For oxyfluorides prepared by the reaction of La4NizOg with XeF, any
total anion (O + F) content above eight can only be attributed to fluorine.
The preliminary Rietveld refinement data of synchrotron powder X-ray
diffraction data for the oxyfluoride with a lower fluorine content are
provided in Supplementary Materials (Fig. S1, Table S1). The total anion
content refined was 8.84, which leads to the stoichiometry of
LasNi3OgFy g4. A Le Bail fit for the oxyfluorides with the higher fluorine
content was performed in Cmcm (63) space group (Fig. S2) deduced the
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Fig. 3. Structure models of La4Ni3O,¢ and La4NizOg with denoted layers and
structural blocks: P, perovskite; RS, rock salt; IL, infinite layer; F, fluorite.
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Fig. 4. Electron diffraction patterns of LayNi3OgF; (left column) and La4NizOgF5
(right column).

from electron diffraction experiments. A detailed structural study for the
oxyfluorides will be reported separately. Ni K-edge X-ray absorption
spectroscopy (XAS) measurements (Fig. S3) were used for estimation of
the fluorine content in the fluorine rich oxyfluoride. By comparing with
standards, nickel oxidation state close to 1.9 can be estimated, which
results in the oxyfluorides stoichiometry of LasNizOgF, (x ~ 1.7). The
oxyfluorides phases will be labelled LasNi3OgF; and LasNizOgF» further
in the text for convenience. The labels correspond to idealized stoichi-
ometry and they are not meant to reflect the real fluorine content in the
samples as some fluorine deficiency is definitely present in LasNizOgF;
and most probably exist in La4Ni3OgFs.

It was possible to optimize condition for solid-state synthesis of
LasNizOgF; phase at 250 °C. However, solid-state preparation of
LasNi3OgF5 required multiple intermediate grinding with the addition of
a large XeF; excess and resulted in broad peaks in the PXD patterns,
probably due to F  inhomogeneity. Therefore, the synthesis of
La4Ni3OgFy was undertaken by fluorination under solvothermal condi-
tions. The relative ratio of LasNi3Og, La4NizOgF;, and La4Ni3OgF5 phases
was monitored by comparing peak heights in the PXD patterns of the
washed products after each reaction (Fig. 5). Initial attempts to produce
La4Ni3OgF5 solvothermally at 50 °C and 75 °C proved unsuccessful after
10 days, resulting in pure starting material. As the reaction temperature
was increased, La4NizOgF; and LasNizOgFo began to appear after 24 h at
100 °C and 150 °C; however, pure phase LasNigOgF, was not isolated
until a reaction temperature of 175 °C was used (Fig. 5). To check the
method scalability, a large sample (~1 g) of La4Ni3OgF2 was successfully
produced.

The syntheses of new oxyfluorides can be summarized by the
following reaction schemes:

XeFy, 250°C
—

LayNisOp0 3 ¢ LayNis O La,Ni;OgF, e}

F>, 175°C (solvothermal
—

La,Niz0y 2% € La,Niy 05 " ) LayNi;OF, )

For LaygNi3OgFy, which is an intermediate phase in the fluorination
process, it was not possible to prepare single-phase sample without small
amounts of either LasNi3Og, LagNigOgF;, or both admixture phases. Be-
sides 2 admixture peaks denoted on Fig. 6, all other peaks can be indexed
in tetragonal symmetry with a = 3.9314 (1) and ¢ = 27.664 (1) A
(Fig. S1).
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Fig. 5. Phase composition versus reaction time of LasNizOg solvothermal fluo-
rination with XeF, in CH3CN at 175 °C (top), 150 °C (middle), and 100 °C
(bottom). La4Ni3Og, black squares; LasNizOgFy, red circles; LasNizOgFs, blue
rhombs. Relative phase content is normalized to 100% total. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

No peaks of impurity phases can be detected in the LasNi3OgFs
pattern. The peak indexing for data measured at 12 K (Fig. S2) was
successful in orthorhombic symmetry with a = 5.4390 (3), b= 5.5210(3)
and ¢ = 29.804 (2) A. Preliminary structural characterization indicate
that crystal structure of LasNi2* OgF, is similar to that of LasNi2%"* 0.
The unit cell parameters of LasNi3O1( were reported to be a = 5.415 (2),
b = 5.464 (2), c = 27.96 (1) A [23]. The c unit cell parameter of the
oxyfluoride phase is 1.84 A larger than that for the RP compounds. This
large difference cannot be explained by difference in Ni oxidation states
and it might indicate partial O/F ordering and the presence of highly
elongated NiO4F2 octahedra in the structure. Detailed structural and
density functional theory investigation of new oxyfluorides will be
published separately.

Comparing temperatures of solvothermal fluorination needed for
SrCo0ysFy 5 and LasNi3OgFy preparation, one can notice that higher
temperature was required in the latter case. Two factors contribute to the
difference. While SrCoO3 5 and SrCoO» sFy 5 both crystallize in perovskite
structures, substantial structural transformation is required during for-
mation of LasyNizOgFs from LasNi3Og (Fig. 3). The distance between Ni
atoms from different layers in LasNi3Og is only 3.26 10\, not sufficient for
the formation of two Ni-F bonds after the F~ insertion. Additionally, the
Ni'*/2+ Lewis acidity is much lower than that of Co>" [28]. Per the
discussion above, higher transition metal Lewis acidity facilitates XeF,
activation.

Unlike to the previously reported in the literature solvothermal
fluorination by XeF;, where a complete anion exchange was observed
with fluorides formation [16], the developed method utilizes a lower
temperature range, which led to filling of anion vacancies in staring
oxides with oxyfluorides formation. Thus, the method allows metastable



C.K. Blakely et al.

2@ (degrees)

20
100

75
50
25

100

N G N
o o O

100

~
(4]

Normalized Intensity (%)
3
I

N
0
T

1

100

20 25 30 35 40 45 50 55 60
20 (degrees)

Fig. 6. Powder X-ray diffraction patterns for LasNi3O1¢, LasNi3Og, LasNizOgF;
(solid-state synthesis) and LasNi3OgF» (solvothermal preparation). * and #
symbols denote peaks of La4NizOgF, and La4Ni3Og admixtures in the
La4Ni3OgF; pattern.

oxyfluorides formation at lower temperatures, which contributes to soft
chemistry reaction library of inorganic materials.

4. Conclusions

In conclusion, a facile low temperature solvothermal fluorination
method is presented, which utilizes inexpensive commercial autoclaves
and eliminate the need for intermediate grinding during fluorination.
High solubility of XeF; in CH3CN as well as the solvent polarity appar-
ently facilitate the fluorination reaction at lower temperature. Most
importantly, high fluorination activity at lower temperature provides
access to metastable oxyfluorides inaccessible by other techniques; oxy-
fluorides decomposition is averted even for long (10 days) reaction time
at optimized conditions. The improved control of fluorine diffusion al-
lows for the careful design of new compounds with desired O/F ordering
utilizing compounds with ordered oxygen vacancies as a structure
directing templates. It can be expected that the method will become a
standard fluorination technique in the solid-state chemistry synthetic
method library.
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