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ABSTRACT

The solid-state reductive fluorination of Dion-Jacobson phase layered perovskites
RbLaNb2O7 and KCa2Nb3O10 was studied by using poly(tetrafluoroethylene) (PTFE,
monomer unit CF2) as a reductive fluorinating agent. This method was previously
discussed in a preliminary report on the mixed-valence layered oxyfluorides
RbLaNb2O6F, KCa2Nb3O9-xFx, and NaYTiO4-xFx (Kobayashi, Y.; Tian, M.; Eguchi, M.;
Mallouk, T. E. J. Am. Chem. Soc. 2009, 131, 9849). X-ray diffraction patterns of the
fluorination product of perovskite oxide RbLaNb2O7 suggested that we successfully made
electrically conducting, ion-exchangeable and air-stable mixed-valence layered
perovskite oxyfluorides by the PTFE route. However, the electronic conductivity of this
product was several orders of magnitude lower than that previously reported, and the
material was unstable when ion-exchanged with acid and exfoliated with the bulky base
tetra(n-butylammonium) hydroxide. Thus, further study of reductive fluorination in the
RbLaNb2O7 system and with other layered perovskites is needed.
A new reductive fluorination method for binary oxides, especially semiconducting
binary oxides, was developed by using perfluorodecalin (C10F18) as a gas-phase
fluorinating agent. Semiconducting binary oxides were also reacted with PTFE under the
same conditions as with layered perovskites but in most of cases they showed little or no
reduction. As an alternative vapor-phase fluorinating agent, perfluorodecalin (C10F18)
were used to obtain oxyfluorides. The results of this method appear interesting because
the fluorinated SnO2 product had low resistivity and low carbon residue. Thus, we plan to
extend the new fluorination method developed with SnO2 to other semiconducting binary
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oxides such as GeO2, PbO, TiO2, ZrO2, V2O5, Nb2O5, Fe2O3, CuO, ZnO and In2O3. This
method could in principle be applicable to the vapor phase reductive fluorination of other
binary oxides, layered perovskite oxides and non-perovskite layered oxdes.
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Chapter 1
Introduction

Oxides represent one of the most widely studied classes of materials. Oxide
compounds are very common and can have many structural varieties as well as electronic
structures that exhibit metallic,1 semiconducting,2 or insulating3 behavior. The vast
majority of oxide materials are insulating or semiconducting, because oxygen is the
second most electronegative element and thus combines with metals to make ionic or
polar covalent compounds that have octet electronic structures. Metallic elements with
low electronegativity typically transfer all their valence electrons to oxygen in these
compounds. Because interesting electronic properties such as superconductivity and
magnetoresistance often occur near a compositional metal-insulator transition in oxides,
and because of practical applications of transparent conductors, much research has been
devoted to doping wide bandgap oxides to make them conductive. This work has
stimulated the search for mixed-anion compounds because incorporation of two
differently charged anions in one structure offers a further opportunity to realize chemical
and physical properties that simple oxides do not possess. Fluorination is a possible way
to change the electron count in oxides to realize conductive, mixed-valence compounds.
In this process, fluorine is substituted for some of the oxygen atom sites. The new
oxyfluoride compounds so obtained can have interesting physical properties such as
superconductivity in Sr2CuO2F2.3 or ferromagnetism in La1.2Sr1.8Mn2O7F2.4, 5
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Studies on the relationship between oxide materials and fluorinated oxide
materials in this field have been hindered because of the lack of suitable preparation
methods. The synthesis of new oxyfluoride materials is crucial for understanding both the
principles of fluorine substitution reactions in the solid state and the physical properties
of the compounds so obtained. In the examples given above, mixed valency was achieved
in complex ternary oxyfluorides by introducing non-stoichiometry on cation sites. This
strategy is typically not viable with binary oxides. Because the F- ion replaces the O2- ion
in the lattice, the metal ions in the lattice must be reduced in order to maintain the same
metal-to-anion stoichiometry. Thus, reductive fluorination is an interesting strategy for
exploring new mixed-valence compounds that have non-defective cation and anion
sublattices.
The primary goals of this study have been to make new oxyfluoride materials by
reductive fluorination and to study their physical properties. In this thesis, we explore the
scope of a solid-state reductive fluorination method that was discussed in a preliminary
report,6 and we describe a new fluorination procedure using a gas-phase reagent for
reductive fluorination. Two classes of oxides, layered perovskites and binary oxides were
chosen for study by both fluorination methods.
Layered perovskites are a class of oxide intergrowth structures that have been
studied extensively over the last few decades because of their interesting physical
properties. The parent perovskite structure (Figure 1a) has the chemical formula ABX3
and a variety number of combinations of large A cations and smaller B cations (where X
is typically oxygen) lead to structural and physical property differences. Layered
perovskites also have interesting physical properties including superconductivity7 and
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room-temperature magnetoresistance.8 Layered perovskites contain cations in intergrowth
layers (A’ sites) between ABO3 perovskite blocks, where again the A-sites are occupied
by larger cations such as alkali, alkaline earth, or rare earths and the B-sites are occupied
by smaller cations such as transition metals. When the A’-sites of layered perovskite
structures are occupied by alkali metals, it is often possible to ion exchange these cations,
opening the door to topochemical reactions in which the bonding in the perovskite blocks
remains unchanged. Two well-studied families of layered perovskites are shown as
Figure 1.9-11 The Dion-Jacobson phase layered perovskites have a A’[An-1BnO3n+1]
formula (Figure 1b)12, 13 and the Ruddlesden-Popper phase layered perovskites, which
have twice the density of interlayer cations, have a A’2[An-1BnO3n+1] formula (Figure
1c).14,

15

The number n corresponds to the number of BO6 octahedral sites that are

continuously linked along the layering axis in the structure.
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Figure 1. Idealized structures of (a) perovskite (BaTiO3), (b) a two-layer Dion-Jacobson
phase oxide (RbLaTa2O7) and (c) a single-layer Ruddlesden-Popper phase oxide
(NaLaTiO4). 9-11

Binary oxides are an interesting class of compounds because of their very diverse
electronic properties such as metallic conductivity,16 semiconductivity17 and insulating18
behavior. These interesting electrical properties derive from the crystal structures of the
oxides and depend crucially on the availability of multiple oxidation states, particularly in
oxides of transition metals such as titanium, niobium and vanadium. Simple binary
monoxides of composition MO generally possess the rock salt, zincblende, or (more
rarely) the nickel arsenide structure. Metal dioxides, MO2, often possess the fluorite,
rutile (tetragonal), distorted rutile, or even more complex structures. Many sesquioxides,
M2O3 possess the corundum (rhombohedral) structure.
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Chapter 2 describes a reductive fluorination method that is a useful technique for
converting some insulating layered oxide materials to conducting oxyfluorides. In a
recent study, we have used both poly(tetrafluoroethylene) (PTFE, monomer unit CF2) and
poly(vinylidene fluoride) (PVDF, monomer unit CH2CF2) as fluorinating agents to
prepare new oxyfluorides.6 PTFE was found to be a better choice of reagent than PVDF
because less carbon residue forms with PTFE. The utility of this method was
demonstrated using RbLaNb2O719 and KCa2Nb3O1020 which are Dion-Jacobson phase
layered perovskites. These layered niobates consists of slabs of NbO6 octahedra and
alkali metal ions (Rb+, K+) that occupy interlayer sites. These monovalent cations can be
exchanged with H+ and other alkali metals. The protonated phases can then be
intercalated and exfoliated by using low-charge density bases (alkylamines or tetra(nbutylammonium) hydroxide).21
In Chapter 3, reductive fluorination methods were explored for SnO2 and other
binary oxides. This study tested the reactivity of a variety of semiconducting binary
oxides (e.g. SnO2, TiO2, V2O5, Nb2O5, etc.). Commercially available, semiconducting
binary oxide powders were reacted with PTFE under the same conditions used for the
fluorination of layered perovskite oxides. However, in most cases little or no reduction
was observed. Most of the products of these reactions had high resistivity. It was
hypothesized that the solid-solid reaction of these oxides with PTFE was ineffective
because it required depolymerization of the polymer, in competition with polymer
decomposition to leave a carbon residue on the solid. As an alternative a vapor-phase
fluorinating agent, perfluorodecalin (C10F18) was used to obtain new oxyfluoride
materials. The perfluorodecalin is a commercially available liquid with a boiling point of
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142 °C. Perfluorodecalin was introduced into the tube furnace by bubbling nitrogen gas
through it. The vapor was thus reacted with a variety of semiconducting binary oxides
inside the tube furnace. This method appears interesting because some of the fluorination
products showed low resistivity and low carbon content, especially in the reaction with
SnO2. Chapter 3 first describes recent progress on the fluorination of SnO2, followed by
our results with vapor phase reductive fluorination of binary oxides, layered perovskite
oxides and non-perovskite layered oxdes. Conclusions and ideas for future studies are
described in the last chapter.
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Chapter 2
Fluorination of Dion-Jacobson Phase Layered Niobates

Introduction
Mixed-valence layered perovskites have attracted much attention because of their
superconductivity1 and colossal magnetoresistance2 properties. On the other hand, layered
perovskites and related layered oxides with mixed-valence B-site cations are generally
not ion-exchangeable for two reasons. First, if the charge is balanced by 2+ or 3+ ions on
the B-site transition metal sites, then multiply charged interlayer ions are needed to
compensate the charge of the anion lattice. The strong electrostatic interaction between
multiply charged cations and the anionic sheets inhibits ion exchange and intercalation.
Second, the use of multiply charged, basic A’-site cations leads to hydrolytic instability,
especially in acidic media. Oxidation-reduction reactions of the B-site cations can also
occur in the aqueous media that are used to carry out the ion-exchange reaction.3
The most common low-temperature solid-state reaction of layered perovskites is
ion-exchange, and it has been used extensively to design new layered compounds and
thin films. Thus, it is possible to synthesize a broad range of new layered perovskites
with interesting structures and properties simply by intercalation and subsequent
condensation or redox reactions.4 For the reasons described above, the ion exchange
reaction is problematic with mixed-valence perovskites that have interesting electronic
properties. To bridge this gap, it is important to develop routes to mixed-valence layer
perovskites (and non-perovskite layered oxides) that contain only monovalent interlayer
cations that can be easily ion-exchanged.
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Topochemical condensation reactions, which remove oxygen along the interlayer
gallery to form a three-dimensional perovskite, are among the most interesting reactions
of ion-exchangeable layered perovskites.5 Because of charge balancing considerations, d0
early transition metal B-site cations such as Ti4+, Nb5+, and Ta5+ typically occupy the Bsite of ion-exchangeable layered perovskites. However, most of these materials are wide
band gap (3-4 eV) semiconductors because of the large energy difference between the
valence and conduction bands that are comprised primarily of oxygen 2p and metal dorbitals, respectively.3 Cation non-stoichiometry has been investigated as a route to
mixed-valence B-site cations, in order to access electronically or magnetically interesting
layer perovskites that contain early transition metal cations. For example,
(LixVO)La2Ti3O10,6

Na2-x+yCax/2La2Ti3O10,7

Na1-x+yCax/2LaTiO4,8

(LixCl)LaNb2O7,9

Rb2LaNb2O7,10 and other layered tantalates11 have been obtained by reduction and
insertion of an alkali species into the interlayer. All of these oxides are at least
moderately air sensitive and are easily re-oxidized, losing their interesting electronic
properties during aqueous ion exchange reaction or exfoliation reactions.3
Recently, a former graduate student in our group, Yoji Kobayashi, reported a
reductive fluorination reaction of Dion-Jacobson phase and Ruddlesden-Popper phase
layered perovskites.3 In his study, Yoji made the air-stable mixed-valence layered
oxyfluorides

RbLaNb2O6F,

KCa2Nb3O9-xFx,

and

NaYTiO4-xFx.

He

used

both

poly(tetrafluoroethylene) (PTFE, monomer unit CF2) (reaction 1) and poly(vinylidene
fluoride) (PVDF, monomer unit CH2CF2) (reaction 2) as possible fluorinating agents.3
Earlier, Slater and coworkers had investigated the synthesis of oxyfluorides using
poly(vinylidene fluoride) (PVDF, monomer unit CH2CF2) as a fluorinating agent. PVDF
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can produce unwanted carbon residue in the products according to the stoichiometry of
reaction (2).12,

13

On the other hand, Yoji’s experiments showed that mixed-valence

layered oxyfluorides had significantly less carbon residue using PTFE as the reductive
fluorinating agent (see reaction 1).3

2RbLaNb2O7 + CF2 → 2 RbLaNb2O6F + CO2

(1)

2RbLaNb2O7 + CH2CF2 → 2 RbLaNb2O6F + C + H2O + CO

(2)

Figure 2-1 shows the structures of the layered perovskites used in his study.3
Yoji’s found that fluorinated RbLaNb2O7 could be proton exchanged in aqueous acid
without loss of lattice fluoride or electronic conductivity. So far, the fluorination products
KCa2Nb3O9-xFx and NaYTiO4-xFx have not been characterized electrically.
In this chapter, the summary of Yoji’s experiment results and further study of the
reductive fluorination reaction for Dion-Jacobson phase layered niobates are discussed.
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Figure 2-1. Structures of three layered perovskites. (a) NaYTiO4, (b) RbLaNb2O7, and
(c) KCa2Nb3O10.3 These materials have different numbers of octahedral (n=1-3) layers in
the perovskite blocks. The BO6 octahedron is typically slightly distorted, particularly in
the case of NbO6 with shorter Nb-O bond lengths towards the interlayer gallery (see (b)).
RbLaNb2O7 has three crystallographically different oxygen sites (see (d)).3
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Experimental
Synthesis
RbLaNb2O73 was obtained by the solid-state reaction of La2O3 (pre-heated at 900
°C for 24 h), Nb2O5 (pre-heated at 850 °C for 30 min), and Rb2CO3 (25% excess).
Pretreated powders of La2O3, Nb2O5 and Rb2CO3 were mixed and heated gradually (10
°C/h) to 1100 °C in a box furnace, where they were kept for 48 h. KCa2Nb3O103 was
prepared by solid-state reaction of K2CO3 (10% excess), CaCO3, and Nb2O5. The
powders of K2CO3 (10% excess), CaCO3, and Nb2O5 were ground and heated gradually
(10 °C/h) to 1200 °C for 10 h. All compounds were cooled slowly to room temperature at
a rate of 10 °C/h. To remove excess alkali species, the obtained samples were washed
with distilled water and were dried in air at a room temperature. The phase purity of the
obtained compounds was determined by powder X-ray diffraction (XRD).
Fluorination
Fluorination reactions were carried by combining the parent layered niobates with
0.6 eq of poly(tetrafluoroethylene) (PTFE). The reactants were loaded in a combustion
boat as pressed pellets. The pressed pellets in the combustion boat were placed inside a
quartz tube in a tube furnace and heated gradually (10 °C/h) to 400 °C for 12 h under
flowing nitrogen and cooled slowly to room temperature at a rate of 10 °C/h. A second
and third fluorination step were done with extra added PTFE under the same conditions.3

14
Proton exchange
After fluorination, 1 g of each fluorinated compound was proton exchanged by
stirring in 50 mL of aqueous 2 M HNO3. Daily centrifugation and exchange of the acid
solution were followed for 3 days to obtain fully proton exchanged compounds. The
obtained compounds were washed with water and ethanol several times and were dried
for 12 h in a vacuum oven.3
Analysis
The structures of RbLaNb2O7, KCa2Nb3O10, fluorinated niobates and protonated
niobates were determined by using powder X-ray diffraction (XRD). All powder XRD
data collections were performed on a Philips X’Pert MPD diffractometer using Cu-Kα
radiation (λ=1.5418 Å) in a Bragg-Brentano geometry. The crystallographic lattice
parameters were refined by Powder Cell 2.4 and XRD patterns were indexed by using
CelRef V3.
Quantitative analysis for fluorine and carbon of the layered niobate materials were
obtained from Atlantic Microlabs (Norcross, GA). Fluorine analysis was performed by
flask combustion followed by ion chromatography.

Results and discussion
Recently, we reported that the layered perovskites RbLaNb2O7, KCa2Nb3O10, and
NaYTiO4 were successfully fluorinated by reaction with PTFE.3 RbLaNb2O714 and
KCa2Nb3O1015 are well known Dion-Jacobson phase layered oxides. NaYTiO4 is a well
known Ruddlesden-Popper phase layered oxide. All the white parent compounds turned
dark gray-black in color after the fluorination reactions.3 The color change from white
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layered perovskites can be interpreted in terms of the formation of d0-d1 mixed-valence
materials with a slightly populated t2g conduction band as a result of the reductive
fluorination reaction. Most reduced transition metal oxides are black in color as a result
of intraband transitions of d-electrons.3
Powder X-ray diffraction (XRD) data of the parent material RbLaNb2O7 and its
fluorinated phase are shown in Figure 2-2. Based on the XRD patterns of the compounds,
significant structural changes result from the fluorination reaction of the layered niobate.
After the fluorination reaction, the most evident change in the diffraction pattern is the
splitting of overlapping reflections of RbLaNb2O7 near 2θ = 32.5° into three reflections
indexed as (110), (004), and (111). The powder XRD patterns of the layered niobate and
oxyfluorides were well matched with those in our previous report.3 We also compared
two different conditions for proton exchange, i.e., under air and nitrogen (See Figure 2-3)
to investigate whether oxygen was responsible for slow re-oxidation of Nb(IV) to Nb(V).
However, in both cases our observations were not the same as our recently published
results.3 We found that the XRD pattens of the proton exchanged compounds lost the
features of the fluorinated compound and had an XRD pattern resembling the parent
phase RbLaNb2O7. This finding indicates that the fluorination products were re-oxidized
during proton exchange. It was difficult to reproduce the perfectly reduced/fluorinated
layer niobate compounds that were successfully made in our previous report. We also
noted that the resistivity of the fluorinated compounds prepared in this study was much
higher than that in the previous report. One possible reason is that the synthesized
fluorination compounds were slightly over-reduced during the second and third
fluorination reactions. In addition, during fluorination, the fluorination products could be
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contaminated by air or moisture leaking into the tube furnace. We noticed the reoxidation of compounds from their color change from dark gray-black to dark gray or
gray. To solve this problem, we likely need to prevent contamination of the reactants
during the reductive fluorination reaction.

Figure 2-2. Powder X-ray diffraction (XRD) data of the parent material RbLaNb2O7 and
the corresponding fluorinated copmound. Indexing for the RbLaNb2O7 structure is shown
above the peaks in the bottom trace. There is significant structural change after the
fluorination reaction, where the overlapping two peaks of RbLaNb2O7 near 32.5° split
into three diffraction peaks.
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Figure 2-3. XRD patterns of the parent material RbLaNb2O7, its fluorinated product and
the proton-exhanged product made under air and nitrogen. Proton exchange induces a
loss in crystallinity, as evidenced by broadening of diffraction lines, and the peak
splitting observed upon fluorination reverts to its original form.
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Table 2-1 compares unit cell parameters of as-synthesized Dion-Jacobson phase
layered oxide and oxyfluoride with our recent results.3 Both results of the fluorinated
compounds show a longer c axis and shorter a axis relative to the parent oxide
compounds. The similar cell parameters, relative to our earlier report, suggest that the
fluorination reaction is nearly complete under the conditions reported here.

Table 2-1. Lattice parameters of the parent compounds (RbLaNb2O7) and its fluorinated
derivatives.
System
a (Å)
c (Å)
Compound
Space group
Tetragonal
P4/mmm
3.89170(9) 11.0072(4)
RbLaNb2O7*
P4/mmm
RbLaNb2O7
Tetragonal
3.8936(22) 11.0019(4)
P4/mmm
3.86575(16) 11.2135(7)
RbLaNb2O6F* Tetragonal
P4/mmm
3.871(7)
11.235(1)
RbLaNb2O6F
Tetragonal
The * in the compounds are references from our recent report. 3

V(Å3)
166.71
166.79
167.58
168.32

Table 2-2 shows a comparison of the ratio of fluorine and carbon of our present
study results and our previous study results.3 The value of C/F ratio of as-prepared
products in the present study is higher than that reported in our previous study. Based on
this comparison, we note that there are significant differences in both the carbon and
fluorine content relative to our earlier study.
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Table 2-2. Fluorine analysis results of fluorinated layered niobate compounds.
C wt %
F wt %
C/F ratio
Compound
0.44
RbLaNb2O7* + 0.6 eq PTFE, ×2
2.44
0.29
RbLaNb2O7 + 0.6 eq PTFE, ×2
0.75
3.36
0.35
0.93
RbLaNb2O7* + 0.6 eq PTFE, ×3
4.44
0.33
1.05
RbLaNb2O7 + 0.6 eq PTFE, ×3
5.38
0.46
3
The * in the compounds are references from our recent report.

Energy-dispersive X-ray spectrometry (EDX) was also used to determine the
elements present in the product of the reaction. However, EDX data do not give
quantitative information about the composition because of the overlapping peaks of
several elements. The EDX spectrum of the RbLaNb2O6F is shown in Firgure 2-4.

Figure 2-4. Energy-dispersive X-ray spectrometry (EDX) spectrum of the fluorinated
layered niobate compound.
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The temperature-dependent conductivity of the layered niobate compounds before
and after ion-exchange were reported in our previous paper.3 The data were fitted with
different models including an activated hopping (Arrhenius) mechanism, Mott variablerange hopping (VRH) in 2-D and 3-D disordered systems,16-18 and the Coulomb gap
model of Efros-Shklovskii (ES).19 In this study, we simply measured and plotted the
temperature-dependent resistivity of the layered niobate compounds before and after ionexchange. Figure 2-5 shows the temperature-dependent resistivity of the fluorinated
layered niobate and the protonated layered oxyfluoride. The observed conductivity values
are quite different from those in our previous report.3

Figure 2-5. Temperature-dependent resistivity data of the fluorinated layered niobate and
the protonated layered oxyfluoride.
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In the present study, KCa2Nb3O10 was also prepared but KCa2Nb3O9-xFx was not
characterized. After the RbLaNb2O7 system has been studied and the preparation has
been optimized, we will move to other layered perovskites such as niobates, titanates and
vanadates. We also have planned to measure the temperature-dependent conductivity of
the compounds before and after ion exchange/exfoliation reactions. We will experiment
with the exfoliation of conducting, proton-exchanged compounds HLaNb2O6F and, if it
can be made in the proton-exchanged form, KCa2Nb3O9-xFx. We will also experiment
with fluorination and ion exchange of non-perovskite layered niobates that our group has
studied, in particular K4Nb6O1720,
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and KTiNbO5.21 The resulting proton-exchanged

materials will be exfoliated with bulky bases, such as tetra(n-butylammonium)
hydroxide.5 In the case of the layered perovskite oxyfluorides, we will experiment with
layer-by-layer growth of thin films and will measure their conductivity and conductivity
anisotropy. In the case of oxyfluorides derived from K4Nb6O17,20, 21 which is known to
exfoliate to nanoscrolls, it may be possible to make conducting oxyfluoride nanoscrolls
and nanotubes. The ultimate goal of this study is to make and characterize novel phasepure, conducting layered transition metal oxyfluorides that can be exfoliated, restacked,
scrolled, and grown layer-by-layer.
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Chapter 3
Fluorination of Semiconducting Binary Oxides

Introduction
Semiconducting binary oxides have been received considerable attention because
of their interesting electrical properties, especially semiconducting behavior.1
Rutile structure type dioxides (such as TiO22 and SnO23) and metal dioxides (such
as ZrO24 and GeO25) are typically semiconductors. Semiconducting behavior has also
been established in V2O56 and Nb2O5.7 Semiconducting behavior is indicated for the
monoxides CuO,8 ZnO9 and PbO.10 Among the sesquioxides, Fe2O311 and In2O312 are also
known to be semiconductors. These semiconducting binary oxides have been extensively
studied to develop new materials for electronic devices and solar cells.1, 13, 14
In this chapter, we describe a new reductive fluorination method for
semiconducting binary oxides, particularly SnO2, using perfluorodecalin (C10F18) as the
fluorinating agent. Perfluorodecalin is a commercially available liquid with a boiling
point of 142 °C. Based on the promising results obtained with SnO2, other binary oxides
were studied to determine the effect on their conductivity of the fluorination reaction. The
semiconducting binary oxides SnO2, GeO2, PbO, TiO2, ZrO2, V2O5, Nb2O5, Fe2O3, CuO,
ZnO and In2O3 were chosen for this study.
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Experimental
Fluorination
We first attempted reductive fluorination of semiconducting binary oxides using
the same conditions as with layered niobates, with solid PTFE as the fluorinating agent.15
A new fluorination method was then explored by reacting the semiconducting
binary oxides with perfluorodecalin. SnO2, GeO2, PbO, TiO2, ZrO2, V2O5, Nb2O5, Fe2O3,
CuO, ZnO and In2O3 powders were loaded in a tube furnace. All binary oxides were
heated gradually (10 °C/h) to 400 °C for 5 h and cooled slowly to room temperature at a
rate of 10 °C/h. The perfluorodecalin was introduced into the tube furnace by bubbling
nitrogen gas through it. The perfluorodecalin was supplied by flow rate of about 0.1
ml/min and reacted with the binary oxides in hot zone of the tube furnace. Second and
third fluorinations were carried out with additional perfluorodecalin in order to increase
the fluorine content of the products. The fluorination experimental set up is shown as
Figure 3-1.
Analysis
The crystallinity and phase purity of the fluorinated binary oxides were
determined by using powder the X-ray diffraction (XRD) technique. All powder XRD
data collections were performed on a Philips X’Pert MPD diffractometer equipped with
Cu-Kα radiation (λ=1.5418 Å) in the Bragg-Brentano geometry. The unit cell parameters
of the fluorinated products were refined by Powder Cell 2.4 and were indexed by CelRef
V3. Quantitative determination of fluorine and carbon was done by Atlantic Microlabs
(Norcross, GA). They performed fluorine analysis by flask combustion followed by ion
chromatography.
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Figure 3-1. Experimental set up for fluorination using perfluorodecalin.
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Results and discussion
The colors of most of the binary oxides changed only slightly in their fluorination
reactions with perfluorodecalin. For an example, the pale-white color of the SnO2 sample
was transformed to light gray during the reaction. There were subtle color differences
when the reaction temperature was varied between 200 °C - 400 °C (Figure 3-2(a)). SnO2
samples after a second and third fluorination reaction were more strongly changed with
respect to their color (Figure 3-2(b)). These results should be interpreted cautiously,
however, since color changes can result from reduction of SnO2 or from deposition of
carbon.

Figure 3-2. (a) As-synthesized SnO2 compounds, on heating with perfluorodecalin
(C10F18) in the range 200 °C - 400 °C. (b) As-synthesized SnO2 compounds after the 1st,
2nd and 3rd fluorination reactions.
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Powder X-ray diffraction data for the products were assignable to the rutile SnO2
structure (Figure 3-3)3 after heating to 200 °C, 300 °C and 400 °C under flowing nitrogen
gas with solid PTFE. This fluorination reaction was performed under the same conditions
as described above for layered niobates. Based on the XRD patterns, there are no
significant structure changes induced by the different heating conditions.

Figure 3-3. Powder X-ray diffraction (XRD) data for SnO2 compounds fluorinated using
PTFE. Heating temperatures are indicated. Indexing for the rutile SnO2 structure is shown
above top pattern.3
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XRD patterns of SnO2 products of the perfluorodecalin reaction are shown in
Figure 3-4. XRD data showed that the SnO2 compounds, upon heating with
perfluorodecalin in the range 200 °C - 400 °C, did not change in crystallinity. Thus, we
can conclude that neither fluorination results in significant structural changes.

Figure 3-4. Powder X-ray diffraction (XRD) patterns of as-synthesized SnO2 products
obtained after fluorination with perfluorodecalin (C10F18). Annealing temperatures are
indicated. Indexing for the rutile SnO2 structure is shown above top pattern.3
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TiO2 powder was reacted with perfluorodecalin at 300 °C and 400 °C under the
same reaction conditions as SnO2. Figure 3-5 shows characteristic powder X-ray
diffraction (XRD) reflections of TiO2 compounds obtained after heating at 300 °C and
400 °C. All the diffraction peaks can be indexed to the anatase TiO2 structure.2 Several
other binary oxides were also reacted with perfluorodecalin and characterized by X-ray
diffraction, except Nb2O5. In no case were significant structural changes observed by
XRD.

Figure 3-5. XRD pattern of as-synthesized TiO2 materials obtained after fluorination
with perfluorodecalin. Heating temperatures are indicated. Indexing for the anatase TiO2
structure is shown above the top trace.2
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Table 3-1 lists lattice parameters of the binary oxides that were used in this
study.2-12 No significant structural changes of the binary oxides were observed after the
reaction with perfluorodecalin. However, the pattern of Nb2O5 was not successfully
indexed here.

Table 3-1. Unit cell parameters of the binary oxides.2-12
System

Space

a (Å)

b (Å)

c (Å)

V(Å3)

group
SnO2

Tetragonal

P42/mnm

4.73735(9)

4.73735(9)

3.18640(7)

71.51

GeO2

Trigonal

P3221

4.987

4.987

5.652

121.73

PbO

Orthorhombic

Pbcm

5.8931(1)

5.4904(4)

4.7528(1)

153.78

TiO2

Tetragonal

I41/amdS

3.78479(3)

3.78479(3)

9.51237(12)

136.26

ZrO2

Monoclinic

P121/c1

5.1462(20)

5.2082(23)

5.3155(24)

140.61

V2O5

Orthorhombic

PmmnS

11.498(3)

3.545(3)

4.345(3)

177.1

Nb2O5

Monoclinic

C121

5.2193(2)

4.6995(2)

5.9285(2)

137.85

Fe2O3

Trigonal

R3-cH

5.03594(5)

5.03594(5)

13.74439(15) 301.86

CuO

Tetragonal

I41/amdZ 5.817(1)

5.817(1)

9.893(2)

334.75

ZnO

Hexagonal

P63mc

3.25254

3.25254

5.21108

47.74

In2O3

Cubic

Ia3-

10.1192(2)

10.1192(2)

10.1192(2)

1036.2
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The wt % of fluorine and carbon for SnO2 reacted with poly(tetrafluoroethylene)
(PTFE) are shown in Table 3-2. Three different heating temperatures were used in this
study. Heating at 400 °C produced less carbon impurity than heating at 300 °C. However,
most samples had significant amounts of carbon residue.

Table 3-2. Fluorine and carbon quantitative analysis results of SnO2 samples reacted with
poly(tetrafluoroethylene) (PTFE) at 200 °C - 400 °C.
Compound
SnO2, heating at 200 °C
SnO2, heating at 300 °C
SnO2, heating at 400 °C

C wt %

F wt %

0.12

0.36
1.09
0.88

1.34
0.37

Table 3-3 shows the wt % of fluorine and carbon for SnO2 samples reacted with
perfluorodecalin at 200 °C - 400 °C. The amount of fluorine increased with increasing
reaction temperature but reached only about half the value obtained with PTFE.
Importantly, there is no detectable carbon residue with the vapor phase fluorination
method. This is an interesting result because the carbon impurity is one of the possible
problems with reductive fluorination.

Table 3-3. Fluorine and carbon quantitative analysis for SnO2 samples reacted with
perfluorodecalin at 200 °C - 400 °C.
Compound
SnO2, heating at 200 °C
SnO2, heating at 300 °C
SnO2, heating at 400 °C

C wt %

F wt %

0.00

0.00
0.25
0.43

0.00
0.00
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As shown in Table 3-4, the fluorine content of SnO2 reacted with PTFE increased
with a second and third fluorination reaction. However, we also observed much higher
carbon content after the second and third fluorination reactions.

Table 3-4. Fluorine and carbon elemental analysis of SnO2 compounds reacted with
PTFE at 400 °C in second and third fluorination reactions.
C wt %

F wt %

SnO2 + poly(tetrafluoroethylene)

0.37

0.88

SnO
2 + poly(tetrafluoroethylene), ×2
(PTFE)
SnO2 + poly(tetrafluoroethylene),
×3
(PTFE)),
×2

1.05
1.38

3.36
5.87

Compound

The composition of SnO2 compounds reacted with perfluorodecalin (C10F18) at
400 °C was also determined after second and third fluorination reactions. The results are
summarized in Table 3-5. Interestingly, additional fluorine can be introduced without
depositing a significant amount of carbon in the product. The fluorine content is
increased in the second treatment but appears not to increase further with a third
treatment.

Table 3-5. Fluorine and carbon elemental analysis of SnO2 samples reacted with
perfluorodecalin at 400 °C in second and third fluorination reactions.
Compound
SnO2 + perfluorodecalin (C10F18)
SnO2 + perfluorodecalin (C10F18), ×2
SnO2 + perfluorodecalin (C10F18), ×3

C wt %
0.00

F wt %

0.00
0.00

0.65
0.68

0.43
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We measured the ambient temperature resistivities of the fluorinated SnO2
compounds made under different reaction conditions using perflorodecalin (Table 3-6).
As expected, the lowest resistivities correspond to the highest fluorine content, which is
obtained in a second fluorination reaction at 400 oC. The most significant change is
between 200 °C and 300 °C suggesting that 200 °C is too low a temperature to achieve
effective doping of SnO2. However, it is important to note that the resistivity observed
after heating to 200 °C is still 20,000 times lower than the resistivity of the original SnO2
sample, which was determined to be 260 M Ω·cm.

Table 3-6. Room-temperature resistivities of fluorinated SnO2 compounds made by
reaction with perfluorodecalin (C10F18).
Compound
SnO2, heating at 200 °C
SnO2, heating at 300 °C
SnO2, heating at 400 °C
SnO2, heating at 400 °C, ×2
SnO2, heating at 400 °C, ×3

Room-temperature resistivity
~ 13 K Ω·cm
~ 20 Ω·cm
~ 13 Ω·cm
~ 2.0 Ω·cm
~ 0.8 Ω·cm

In this chapter, we discussed the reductive fluorination of SnO2 and other binary
oxides by a new method using the gas-phase reagent perfluorodecalin. The
semiconducting binary oxides SnO2, GeO2, PbO, TiO2, ZrO2, V2O5, Nb2O5, Fe2O3, CuO,
ZnO and In2O3 were chosen for this study. Reductive fluorination of SnO2 was well
established, but preliminary data with the other oxides showed minimal reactivity. As a
first attempt, the binary oxides were reacted with poly(tetrafluoroethylene) (PTFE) under
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the same fluorination condition as the layered oxides previously studied.15 Most of the
fluorination products showed high resistivity with carbon impurities.
Perfluorodecalin appears to be an interesting alternative to PTFE for reductive
fluorination reaction. This commercially available compound is a liquid with a boiling
point of 142 °C and a significant vapor pressure at room temperature. Gaseous
perfluorodecalin could thus be introduced into the tube furnace by bubbling nitrogen gas
through the liquid. This reaction leads to conductive SnO2-xFx with good conductivity and
no carbon residue. Based on the results of SnO2, we concluded that the use of
perfluorodecalin (C10F18) for fluorination reactions of binary oxides is useful due to
increased conductivity of fluorinated SnO2. After the SnO2 system has been optimized,
we will focus on other binary oxides such as GeO2, PbO, TiO2, ZrO2, V2O5, Nb2O5,
Fe2O3, CuO, ZnO and In2O3. We will study the fluorination of semiconducting binary
oxides with perfluorodecalin to explore their electronic properties before and after
fluorination. We also plan to experiment with SnO2 thin films and will study their
physical properties for applications in electronic devices. Furthermore, we will
experiment with fluorination of non-perovskite layered niobates that our group has
studied, in particular K4Nb6O1716, 17 and KTiNbO5.17
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Chapter 4
Conclusions and Future Studies

Oxide compounds are of special interest because of their structural and electronic
properties, and because they have a variety of structures containing layers and channels
that are amenable to ion exchange and intercalation.1, 2 Two families of oxide compounds
are of special relevance, one based on layered ternary oxides and the other based on
binary oxides.
In this study, the fluorination of Dion-Jacobson phase layered niobates and
semiconducting binary oxides were investigated by new fluorination methods. The DionJacobson phase layered niobates RbLaNb2O73 and KCa2Nb3O104 were synthesized by the
solid state reaction method. In our previous study, mixed-valence layered perovskite
oxyfluorides RbLaNb2O6F, KCa2Nb3O9-xFx, and NaYTiO4-xFx were obtained by using
poly(tetrafluoroethylene) (PTFE, monomer unit CF2) as a reductive fluorination agent.5
The results of color and structural changes for the layered perovskite oxide RbLaNb2O7
suggest that we successfully made air stable mixed-valence layered perovskite
oxyfluorides by the fluorination reaction.5 The fluorination converts RbLaNb2O7 to
RbLaNb2O6F with a concomitant change from insulating to semiconducting behavior.
However, the fluorination products KCa2Nb3O9-xFx and NaYTiO4-xFx have not been
characterized electrically.5 Thus, we attempted to study and modify the Dion-Jacobson
phase layered niobates RbLaNb2O7 and KCa2Nb3O10 in this work. After characterizing
this previously studied system, we planned to move to other layered perovskite oxides
such as niobates, titanates and vanadates but we were only reproduced the parent
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compounds and fluorinated products of the Dion-Jacobson phase layered niobates.
Unfortunately, we were not successful in achieving the high conductivity of the
fluorinated product or the stability upon ion exchange that was observed in our previous
report. This suggests that we should continue to optimize the reaction conditions in the
RbLaNb2O7 system before studying other layered perovskites. In addition, we will
attempt to measure the temperature-dependent conductivity of the compounds before and
after ion exchange/exfoliation reactions. We will experiment with the exfoliation of
proton-exchanged compounds HLaNb2O6F. It might be possible to make the protonexchanged form of KCa2Nb3O9-xFx as well. The resulting proton-exchanged materials will
be exfoliated with bulky bases, such as tetra(n-butylammonium) hydroxide.6 We will also
study the fluorination and ion exchange of non-perovskite layered niobates that our group
has synthesized, in particular K4Nb6O177,

8

and KTiNbO5.8 In the case of the layered

perovskite oxyfluorides, we will experiment with layer-by-layer growth of thin films and
will measure their conductivity and conductivity anisotropy. In the case of oxyfluorides
derived from K4Nb6O17,7, 8 which is known to exfoliate to nanoscrolls, it may be possible
to make conducting oxyfluoride nanoscrolls and nanotubes.
Recently, we investigated a new way to fluorinate the oxide compounds,
particularly the binary oxide SnO2, with perfluorodecalin (C10F18) as the reductive
fluorination agent. Semiconducting SnO2 can be fluorinated using perfluorodecalin at a
400 °C. After fluorination with perfluorodecalin, there is no detectable carbon residue in
the product. The resistivity of SnO2 was decreased by a factor of more than 108 in the
fluorination reaction with perfluorodecalin. Thin films of commercially available
fluorine-doped tin oxide (Hartford Tec Glass Co, Inc), which are made by vapor phase
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deposition, have a resistivity of 8 Ω·cm. The resistivity of SnO2 fluorinated by
perfluorodecalin is thus comparable to or slightly lower than that of the commercial
transparent conductor. It is possible that this method will work with other semiconducting
binary oxides, and we plan to investigate a range including GeO2, PbO, TiO2, ZrO2, V2O5,
Nb2O5, Fe2O3, CuO, ZnO and In2O3.9-19 Preliminary results with PTFE were however not
promising with these oxides. Thus, our immediate efforts will be focused on modifying
the new fluorination method, possibly using other volatile compounds that have weaker
C-F bonds, and the exploration of other binary oxides, layered perovskite oxides and nonperovskite layered K4Nb6O177, 8 and KTiNbO5.8
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