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Abstract

Interaction of single y-Al,O, and y-Ga,O,, and mixed y-Al,0,/y-Ga,O, xerogels with CHF, at intermediate temperatu-
res results in partial fluorination. Fluorinated oxides remain amorphous and retain a considerable part of the initial sur-
face area; for the fluorinated Al-based materials surface areas in all cases exceed 100 m? g!. Lewis acidity of mixed oxi-
des, either before or after fluorination, is strongly influenced by the presence of surface Ga* ions, mainly due to their
strong preference to replace highly acidic AI** ions in tetrahedral positions. Ion replacement leads to the formation of
acidic sites with lower strengths what is confirmed by the model catalytic reaction, isomerisation of CCL,FCCIF,. XPS
investigations indicate that fluorination of mixed oxides is accompanied by substantial surface reconstructions and pre-

ferential formation of Al-F based phases with Ga remaining mainly in O environments. Further segregation processes,

such as slow crystallisation of Al(F,OH),-nH,O phases, are probably promoted by water adsorption.
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1. Introduction

In contrast to alumina (Al,O,), which is one of the
most intensively studied oxides, research of gallia
(Ga,0,) received much less attention. Due to some di-
stinctive structural and other similarities between the two
families of oxides, Ga,O, polymorphs are frequently stu-
died in comparison with the respective Al,O, analogues.'?
Although Ga,O,-based or Ga-containing materials are
known catalysts for some applications, see for example
related references in,” it appears that current interest is
oriented mainly towards mixed Al,0,/Ga,O, catalysts.
Good catalytic performance of these materials was obser-
ved in selective catalytic reduction (SCR) of nitrogen oxi-
des by hydrocarbons,*® in dehydration of alkanes,” and in
cracking reactions.® As noted in several reports, improved

catalytic behaviour of mixed oxides was, besides other
factors, associated with higher Lewis acidity that origina-
tes from unique arrangements of Ga** ions found only on
surfaces of mixed Al,0,/Ga,0,.*"*

Fluorination of AL, O, is a well known procedure to
modify, i.e. mainly increase, its Lewis acidity and to ac-
hieve catalytic activity in reactions that require acid sites
of relatively high strength.” For these purposes, high sur-
face area y-Al,O, precursors are usually treated with vari-
ous fluorinating agents. Among the latter, HF,'*!?
SF,"*!* NH,F,"® and different hydrofluorocarbons, like
CHCIF,'®"” or CHF,'*">'7"" were most frequently used.
Besides surface modification, fluorination also induces
some structural and morphological changes.!®!'" Extent of
these changes strongly depends on the level of fluorina-

Vakulka et al.: Fluorination of Mixed y-alumina/y-gallia Xerogels

521



522

Acta Chim. Slov. 2013, 60, 521-536

tion. For highly fluorinated y-Al,O,, bulk conversion to
fluoride is observed with the formation of crystalline AlF,
phases. Commercial y-Al,O, fluorinated with CHF; at 623
K was for example used as a partially fluorinated bench-
mark to compare catalytic activity of diverse AIF,-based
materials.!®!® On the other side, systematic studies of the
fluorination of Ga,O,-based materials were apparently not
undertaken to a greater extent. In an earlier study, fluoride
doped Al,0,/Ga,0, catalysts were prepared and the pro-
moting effect of the added fluoride was demonstrated in
some cracking and hydrocracking reactions.”® Mixed
Al0,/Ga,0, catalysts were also found to be highly active
in hydrolytic decomposition of the very stable CF,. Ca-
talytic activity was correlated with the amount of Lewis
acid sites that was increasing with the increasing Ga,O,
content up to the optimal value of 20 mol.%. It was also
found that addition of Ga,O, stabilised the surface area
during the hydrolytic reactions.?"*

In the present study a series of mixed y-ALO,/
v-Ga,0, xerogels was fluorinated at intermediate tempe-
ratures. Some work on both single components, y-Al,O,
and y-Ga,0,, is also included for comparison. All fluori-
nations were performed with trifluoromethane, CHF;, that
proved to be a safe alternative fluorinating agent with the
fluorinating capability comparable to HFE.'®'!8 Main in-
tention of the work is to identify and determine the key
changes in surface and bulk characteristics that originate
from the partial conversion of oxide precursors to fluori-
des. These aspects are important in further development
of related materials with tailored characteristics for pos-
sible catalytic applications.

2. Experimental

Preparation of oxide xerogels: Single y-Al,O, and
v-Ga,0,, and mixed y-ALO,/y-Ga,0, xerogels were prepa-
red from inorganic precursors following the procedures
from previous reports.?*** Commercial aluminium nitrate,
AI(NO,),-9H,0, (Merck, p. a., min. 98.5%) was used; aqu-
eous solution of gallium nitrate, Ga(NO,),, was prepared by
dissolving metallic gallium (Alfa Aesar, 99.9%) in nitric
acid (AppliChem, p. a., 65%). For the preparation of mixed
xerogels, aqueous solutions of both nitrates were premixed
in proportions corresponding to the Al/Ga ratios given in
Table 1. Gelatinous hydroxide hydrogels were prepared
from 0.5 molar solutions of single or mixed nitrate(s) by the
addition of aqueous ammonia solution (AppliChem, p. a.,
25%) under vigorous stirring. Final pH was adjusted to 6-7.
Due to the reported difficulties in the preparation of
¥-Ga,0, from systems containing excessive water'*, all
hydrogels were filtered and thoroughly washed with distil-
led water, and immediately transferred into a preheated
muffle furnace where they were dried at 723 K for 24 h.

Throughout the text, single Al,O, and Ga,O, xero-
gels are denoted as Al#0 and Ga#0, respectively. Mixed

Al0,/Ga,0, xerogels are denoted as Al/Ga-x where x re-
presents the nominal Al/Ga atomic ratio, e.g. sample with
the nominal molar ratio of Al,0,:Ga,0, = 100:1 is deno-
ted as Al/Ga-100. Compositions of mixed xerogels prepa-
red within this study are given in Table 1.

Fluorination: Oxide xerogels were fluorinated
with trifluoromethane, CHF,, (Matheson Europe, min.
98%) under dynamic conditions in a plug flow reactor
made of nickel tube with 5 mm ID. Layer of the solid
reactant was supported by a plug made of pressed silver
wool. Same flow reactor set-up was used also for cataly-
tic tests and pyridine adsorption (see below). Two sets of
fluorination runs were performed: (i) for the preparation
of larger batches of fluorinated materials for further inve-
stigations and (ii) temperature programmed fluorination
(TPF) aimed to compare reactivities of different oxides
towards CHF;. In a typical preparative fluorination, oxide
xerogel, 1-1.2 g, was fluorinated under a steady flow of
CHF;, 20 vol.% in N,, for 2 h at constant temperatures
specified in Table 1. Fluorinated products are marked
with the extension -F. TPF experiments were performed
with approximately 100 mg of oxide that were pre-trea-
ted in situ at 673 K in flow of N,. After cooling to room
temperature, a constant flow of CHF;, 33 vol.% in N,,
was applied and the temperature of the reactor was raised
linearly to 673 K with a heating rate of 1.8 K min'. In
both sets of fluorination runs, progress of fluorination
was monitored by on-line FTIR spectroscopy, as descri-
bed below.

Chemical analysis: Total fluoride content in fluori-
nated solid products was determined by direct potentio-
metry using fluoride ion selective electrode after decom-
position of solid samples in NaKCO, melts.*

FTIR spectroscopy: Infrared spectra were recorded
on Spectrum GX FTIR spectrometer (PerkinElmer).
Spectra of the solid samples, usually recorded with 2 cm™
resolution, were obtained with a MTEC Model 300 pho-
toacoustic detector. Spectra obtained in this way are deno-
ted as PA-FTIR spectra. During the transfer to the photoa-
coustic cell, samples were for a short time in contact with
ambient air. On-line IR-monitoring of gaseous effluents
from various tests in the flow reactor was performed with
a 10 cm gas flow cell equipped with NaCl windows. Du-
ring the runs, spectra of the gaseous effluents were recor-
ded continuously with predetermined scanning rates; usu-
al rate was 5 scans min~'. Afterwards, component-specific
evolution profiles were constructed from the batch data
using the capabilities of the Spectrum TimeBase (Perkin-
Elmer) software. As demonstrated recently, carbon mono-
xide, CO, is a suitable marker for following reactions bet-
ween CHF; and various oxygen-containing solids since it
allows a clear and unhindered distinction from other com-
ponents in the IR-spectra of bulk gaseous effluents.”’” Sa-
me approach was used also in the present study; CO evo-
lution profiles were constructed from the line at 2120
cm™'. In some temperature programmed experiments, pro-
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files for H,O were constructed from the line at 3845 cm™
and those for HF from the line at 4075 cm™.

Powder X-ray diffraction (XRD): Powder diffracto-
grams of oxide precursors and fluorinated products were
recorded on AXS D4 Endeavor diffractometer (Bruker)
using Cu K| radiation. Before analysis, each sample was
slightly grinded to obtain a sufficiently uniform and com-
pact layer on the sample holder.

Catalytic tests: Catalytic behaviour of some repre-
sentative fluorinated oxide xerogels in isomerisation of
1,1,2-trichlorotrifluoroethane, CCL,FCCIF,, and subse-
quent dismutations was investigated under steady flow
conditions. Catalytic line and basic test conditions were
similar to those used in previous comparative investi-
gations using various AlF,-based materials as ca-
talysts.!*!3!? Each catalytic test consisted of two consecu-
tive stages: firstly the temperature was steeply increased
to 623 K (activation stage), active materials were after-
wards tested at steeply reduced temperatures, down to 523
K. Analyses of the gaseous effluents were performed by
on-line gas chromatography after 1 h stabilisation period
at each temperature ramp.

X-ray photoelectron spectroscopy (XPS): XPS
analyses were carried out on the PHI-TFA XPS spectro-
meter exciting a sample surface by X-ray radiation from
Al monochromatic source. The samples were in the form
of 1 mm thick pressed pellets. The analysed area was 0.4
mm in diameter and the analysed depth was 2—5 nm. The
XPS survey and narrow scan spectra of emitted photoelec-
trons were taken with pass energies of 187 eV and 29 eV,

respectively. With pass energy of 29 eV energy resolution
of 0.6 eV was obtained on the Ag 3d;, peak. During
analysis, XPS spectra were shifted due to sample char-
ging; neutraliser gun for low energy electrons was used to
reduce this effect. The binding energy 284.8 eV for C 1s
peak was used as reference energy for spectra alignment.
The spectra of Al 2p, Ga 2p, Ga 3d, O 1s, C 1s and F 1s
were acquired during XPS analyses. Relative sensitivity
factors provided by instrument producer were used to cal-
culate surface concentrations.”® The composition was cal-
culated in the model of homogenous matrix. We estimate
that the relative error for calculated concentrations is
about 20 % of reported values. Error in binding energy
was 0.3 eV.

Pyridine adsorption: Pyridine adsorption followed
by photoacoustic spectroscopy of chemisorbed pyridine
(PAS-py) were performed according to the procedure re-
ported earlier.'®?° Before pyridine adsorption, samples
were conditioned in a flow of N, at 523 K for 1 h. After-
wards, reactor was cooled to 423 K and 3 pl of liquid pyri-
dine were injected directly into the reactor inlet where
they were immediately evaporated. After pyridine injec-
tion, reactor was flushed with N, for additional 15 min to
remove excessive and physically adsorbed pyridine from
the system.

In another set of experiments, thermal stability of
pyridine adsorbed on oxides and fluorinated products was
investigated by preadsorbing pyridine at room temperatu-
re followed by linear heating of the pyridine-loaded mate-
rials under flow of N, to 673 K (oxides) or 623 K (fluori-

Table 1. Denomination and properties of single and mixed oxide precursors, and corresponding fluorinated products after treatment with CHF,

Oxide precursors

Fluorinated products

Sample Al/Ga ratio BE’l; affa, Sample Fluorination BE’l; aflea, Fluorine corltent,
m-g temperature, K m-g wt.% F
Al#0 / 235 Al#01-F 473 190 1.9
Al#02-F 523 192 34
Al#03-F 573 170 7.4
Al#04-F 623 130 18.8
Al#05-F 673 58 34.1
Al#06-F 723 21 46.0
Ga#0 / 87 Ga#01-F 473 89 0.52
Ga#02-F 523 86 1.1
Ga#03-F 573 82 2.1
Ga#04-F 623 79 3.6
Ga#05-F 673 74 4.7
Ga#06-F 723 55 10.9
Al/Ga-100 100 200 Al/Ga-100-F 623 120 16.3
Al/Ga-50 50 207 Al/Ga-50-F 623 108 15.3
Al/Ga-25 25 220 Al/Ga-25-F 623 119 15.1
Al/Ga-15 15 250 Al/Ga-15-F 623 147 218
Al/Ga-5 5 210 Al/Ga-5-F 623 171 19.8
Al/Ga-2 2 296 Al/Ga-2-F 623 155 16.9
Al/Ga-1 1 164 Al/Ga-1-F 623 139 9.8
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des) with a heating rate of 2 K min'. Evolution of pyridi-
ne was monitored by on-line FTIR spectroscopy; ther-
mally treated solid materials were examined by PA-FTIR
spectroscopy.

Surface area determination: Specific surface areas
were determined with a FlowSorb II 2300 instrument (Mi-
cromeritics) using a single-point BET method and N, ad-
sorption at 77 K. Before each analysis, solid samples we-
re evacuated at 523 K for several hours and additionally
conditioned at the same temperature under flow of N, for
1 h in the test tube of the FlowSorb instrument.

3 Results and Discussion

3. 1. General Characteristics of Oxide
Precursors and Fluorinated Products

3. 1. 1. Oxide Precursors

Surface areas and denomination of single and mixed
oxide xerogels used as precursors in the present study are
presented in Table 1. Surface areas of single oxides differ
considerably, 235 m* g' for AL,O, (Al#0) vs. 87 m* g' for
Ga,0, (Ga#0). In general, this divergence is consistent
with previous comparative studies where it was found that
surface areas of y-Ga,O, are always considerably lower,
usually up to two times, as those of similarly prepared
v-Al,O, analogues, e.g. respective ranges reported for
¥-Ga,0, and y-Al,0, are 100160 m* g™ and 170-300 m*
g ' 2*7 Surface area of Al#0 is within the typical values
for y-Al,O,, while that of Ga#0 is somehow lower as re-
ported for y-Ga,O,. In previous studies, Ga,O, materials
with surface areas below 100 m? g were found to be at
least partially crystallised;***° e.g. inorganic preparation
route, similar to that used in the present study, yielded
crystalline 0-Ga,O, with surface area of 77 m? g 2% Ac-
cording to these precedents, relatively low surface area of
Ga#0 could be associated with the formation of crystalline
Ga,0, phases. XRD measurements do however not give
any evidence for that and show that both single oxides,
Al#0 and Ga#0, are of very low crystallinity and consist
only of metastable y-Al,O, and y-Ga,O, phases.

Mixed oxides investigated within this study compri-
se a series of Al,0,/Ga,0, xerogels with Al,0,:Ga,O, ra-
tios ranging from 100:1 (Al/Ga-100) to 1:1 (Al/Ga-1).
Nominal compositions, denomination and surface areas of
mixed xerogels are given in Table 1. Surface areas of the
mixed xerogels with lower Ga,O, contents, up to the sam-
ple Al/Ga-2, are within the range typically observed for
v-AL O, (Al#0). Only the xerogel with the highest Ga,O,
content, Al/Ga-1, exhibits a lower surface area of 164 m”
g, As reported, surface area of mixed ¥-Al,0,/y-Ga,0; is
decreasing steadily with increasing y-Ga,O, content;*®’!
there is however also a number of reports where no di-
stinctive trends were observed.>3**** XRD patterns of re-
presentative mixed Al,0,/Ga,O, xerogels are shown in

Fig. 1 (traces a, c and e). Corresponding patterns are very
similar to those of single oxides, y-Al,O, and y-Ga,O,
(not shown). Broadness and low intensity of diffraction li-
nes indicate that crystallinity is low what is in line with
the observed high surface area of all mixed xerogels. Mi-
xed y-AlO,/y-Ga,0, are commonly described as solid so-
lutions with spinel-type structure.*”*! Most indicative
feature of these solutions is the enlargement of the unit
cell parameter of y-AlL,O, when AI** ions are isomorphi-
cally substituted by larger Ga>* ions. This is manifested by
the shift of characteristic diffraction lines to lower diffrac-
tion angles. Such shifts with increasing Ga,O, contents
are clearly observed also for current mixed oxides, as seen
in Fig. 1 for the two typical lines of y-Al,O, at 45.6 and
66.6°, indicating the formation of y-Al,0,/y-Ga,O, solid
solutions.

3. 1. 2. Fluorinated Products

Fluorination of single oxides with CHF; under flow
conditions was studied in the temperature range of
473-723 K (Table 1). For both single oxides, extent of
fluorination deduced from the fluorine content of fluori-
nated products strongly depends on the temperature and is
considerably higher for the y-Al,0,-based AI#0 than for
the y-Ga,0O,-based Ga#0.

Fluorination of a series of mixed oxides was carried
out at intermediate temperature of 623 K. Extent of fluori-
nation for the mixed xerogels is close to the value found
for the y-Al,O,-based AI#0 treated at the same temperatu-
re (Table 1, sample Al#04-F). Within mixed xerogels, dis-
tinctively lower fluorine content is observed only for the
Ga,O,-rich sample, Al/Ga-1. This implies that fluorina-
tion processes are not affected by intermediate levels of
Ga. Another noticeable effect of fluorination is the decrea-
se of surface area observed for all fluorinated oxide pre-
cursors. Corresponding reductions in surface areas are
proportional to the extent of fluorination, as evidenced by
the AlI#0 and Ga#0 fluorination experiments performed at
different temperatures (Table 1). Similar effects of fluori-
nation were observed for a number of y-Al,O, and related
materials and were usually associated with the expansion
and crystallisation processes that take place during the
conversion of the oxide matrix to bulk fluoride pha-
se(s). 121819

Chemical analysis indicates that all oxide xerogels
underwent fluorination, although to different extents, e.g.
Al#0 and Ga#0 fluorinated at 623 K contain, respectively,
an equivalent of 27.7 wt.% of AlF, (Al#04-F) and 8.0
wt.% of GaF, (Ga#04-F). XRD investigations of fluorina-
ted materials, performed shortly (within few days) after
fluorination, do not reveal any crystalline phase(s), as
exemplified on Fig. 1 (trace f) for the Al/Ga-1-F sample.
Recorded XRD patterns remain practically identical to
those of the y-Al,O, and/or y-Ga,O, precursors. In an ear-
lier study, no crystalline phases were detected in fluorina-
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ted y-Al,O, containing up to 68 wt.% of A1F3.'l It was
concluded that even at such high AlF, contents fluoride
remains strongly dispersed and of very low crystallinity
that can not be detected by XRD. It is very likely that si-
milar fluoride phases, amorphous to X-rays, were formed
also here, especially in Ga-rich materials where the extent
of fluorination is lower. Further XRD investigations, per-
formed within several months after preparation, showed
however that the initial amorphous fluoride phases are not
stable. Although the materials were stored and manipula-
ted under dry conditions, noticeable crystallisation occur-
red, as shown in Fig. 1 (traces b, d and g) for the three re-
presentative fluorinated mixed xerogels. Besides the un-
converted oxide phase, XRD indicates the formation of a
crystalline hydrated aluminium hydroxyfluoride with ge-
neral formula, AI(F,OH),-nH,O, having a pyrochlore
structure and not well-specified composition.*> Compari-
son with the XRD data from a previous study of
Al-hydroxyfluorides®® indicates that the crystallised pro-
duct closely matches the compound with the reported
composition of AlF, ,(OH), ;-H,0. Crystallisation of
hydrated AlF, or hydroxyfluoride phases after exposure to
ambient air was also noticed in some previous reports dea-
ling with amorphous AIF, with unusually high surface ar-
eas.” % These findings gave clear evidence that H,O up-
take in these materials can be substantial, as anticipated
from their strong Lewis acidity and high surface area.
Recent ab initio and XPS investigations of AlF, with high
surface areas,’® substantiated by computed phase dia-
grams for AlF, surfaces,”’ strongly suggest that at room
temperature H,O adsorption followed by surface hydro-
xylation, hydration and hydrolysis can be very significant,
and, more importantly, that these processes take place al-
ready at H,O levels that are orders of magnitude lower
than those practically achievable in the laboratory, even if
all operations are carried out at thoroughly controlled dry
conditions. It is therefore very likely that formation of
crystalline hydrated phases observed for the current par-
tially fluorinated oxides is the result of H,O adsorption
during manipulation and storage that can practically not
be avoided, as mentioned above. For the fluorinated mi-
xed oxides, shown in Fig. 1, it is clear that the extent of
crystallisation of the Al(F,OH),-nH,O phase is inversely
proportional to the Ga content. It should be noted that for
the fluorinated single Ga,O, (sample Ga#06-F, not
shown) post-crystallisation was also observed. In fluori-
nated mixed oxides, behaviour of Ga is therefore diffe-
rent; preferential crystallisation of Al-hydroxyfluoride in-
dicates that Ga-phases are not involved in the bulk crystal-
lisation processes. Contrarily, they apparently retard the
crystallisation of Al-rich phases, probably by lowering the
concentration of available Al-species. On the other side,
preferential formation of crystalline AI(F,OH),-nH,O pha-
ses may lead to the formation of segregated Al- and Ga-
rich regions that may considerably increase the heteroge-
neity of these materials on a macro scale.

10 20 30 40 50 60 70 80 90 100
2 Theta (degrees)

Figure 1. Representative powder diffractograms (offset) for mixed
oxide precursors and products of fluorination with CHF; at 623 K;
Oxide precursors: (a) Al/Ga-100, (c) Al/Ga-2, and (e) Al/Ga-1;
Fluorinated products: (b) Al/Ga-100-F (aged), (d) Al/Ga-2-F
(aged), (f) Al/Ga-1-F (fresh), and (g) Al/Ga-1-F (aged). Correspon-
ding compositions are given in Table 1. * — Al(F,OH),nH,0*

Thermal behaviour of fluorinated products was veri-
fied with temperature programmed (TP) experiments, per-
formed up to 773 K in flow of N,. Effluent gases were
monitored by on-line FTIR spectroscopy; representative
evolution profiles for HF and H,O for the Al/Ga-100-F
sample are shown in Fig. 2. Similar HF evolution profiles
were recorded for the MF, (OH),-nH,O (M=Al or Ga)
type of compounds® and for fluorinated Ga-doped
ALO,*". Current TP experiments show that H,0 desorp-
tion from the fluorinated products is substantial. Inverse
course of H,O and HF evolution profiles is a clear indica-
tion that hydrolysis of the fluoride phase is taking place.
According to TP experiments, current fluorinated oxides
are relatively stable towards hydrolysis at temperatures
below 500 K, above this temperature, and especially abo-
ve 650 K, all treatments performed under non-fluorinating
conditions will led to some defluorination. As found for
very active AlF,-based materials, their surface and bulk
properties may be strongly altered by hydration and hy-
drolysis.**** Such effects are expected to be less pronoun-
ced for current partially fluorinated oxides that already
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Figure 2. H,0- and HF-evolution profiles obtained with a tempera-
ture programmed heating of Al/Ga-100-F in flow of N,.

consist of mixed bulk oxide/hydroxyfluoride phases, i.e.
phases that are formed during the hydrolysis of stoichio-
metric fluorides.

3. 2. XPS Investigations

XPS was applied in order to get insights into surface
chemistry of samples Ga#0, Al/Ga-1 and Al/Ga-2 before
and after treatment with CHF,. The sample Al/Ga-15
was measured by XPS only after treatment with CHF,
(Al/Ga-15-F). Surface concentrations were calculated
from the XPS spectra and are given in Table 2. As it can be
seen, carbon is present on the surface of all samples pro-
bably due to adventitious carbon species related with the
exposure of samples to air atmosphere. Surface composi-
tion of the oxide precursors is roughly consistent with
their nominal composition, i.e. concentration of Al on
Al/Ga-2 is approximately two times higher than on sam-
ple Al/Ga-1. After treatment with CHF, all samples
contain F. The highest concentration of F, ~35 at.%,
was found on the Ga#4-F sample. Treatment of mixed
Al/Ga-oxides with CHF, resulted in lower F concentra-
tions which were about 13 at.%. Incorporation of F is ac-

companied by a clear decrease of surface O concentra-
tions. This reflects the reaction of substitution of oxygen
atoms by fluorine atoms.

Interesting parameter which was changing during
CHF, treatment is the ratio between surface Al and Ga
atoms (Table 2). As expected, the Al/Ga ratio for the mi-
xed oxide Al/Ga-2 is about two times higher than for
Al/Ga-1. However, comparison of nominal and measured
Al/Ga ratios shows that surfaces of mixed oxides are
enriched with Al. Similar results were also obtained in so-
me related studies.”** This suggests that in mixed Al/Ga-
oxides surface relaxation and reconstruction processes are
very likely cation-specific. Inverse process was observed
after treatment with CHF;; the Al/Ga ratio decreased near-
ly by factor of two with respect to the un-treated mixed
oxides. This means that surfaces of CHF,-treated oxides
are enriched by Ga with respect to Al. At the same time
the F/Al ratios (Table 2) remain very similar for all three
samples analysed. These observations can be interpreted
as formation of the Al-F based phases in the subsurface
region what lefts Ga—O phases enriched on the surface.

In order to understand chemical bonding at sample
surfaces before and after CHF, treatment, high resolution
XPS spectra were acquired which are presented in Fig. 3
for Ga#0 and Ga#04-F, and in Fig. 4 for Al/Ga-1 and
Al/Ga-1-F. XPS results show that fluorination of pure
Ga,0,, Ga#0 sample, leads to two types of Ga chemical
environments, Ga,O, and Ga-F (Figs. 3a and 3b). This was
recognised from the Ga 2p and Ga 3d spectra. On pure
Ga,0,sample Ga 2pisat 1118.0 eV and Ga 3d is at 20.0 e-
V. Energy of 20.0 eV for the Ga 3d peak is characteristic of
Ga’* oxidation state, what can be expected for Ga,0,.”**
After fluorination new peaks appear in addition to previous
ones: in Ga 3d spectrum at 22.0 ¢V and in Ga 2p,,, spec-
trum at 1119.5 eV. These new peaks can be related with the
formation of Ga-F bonds, as suggested in literature.***!
This shows that partial fluorination of Ga,O, occurred,
what follows also from appearance of F at the surface
(Table 2). On fluorinated Ga#04-F, F 1s spectrum (Fig. 3d)
is asymmetric towards low binding energy side. This can
be interpreted as a presence of two peaks at 686.5 eV and
684.0 eV indicating two types of F-sites. In literature the

Table 2. Surface concentration (in at.%) determined by XPS for the analysed oxide precursors and fluorinated

products
Sample Surface concentration, at. % Al/Ga F/Al
C (0] Ga Al F (nominal /
measured)
Ga#0 374 45.5 17.2 - - - -
Ga#04-F 27.6 20.6 17.1 - 349 - -
Al/Ga-1 31.2 48.3 7.8 12.7 - 1/1.6 -
Al/Ga-1-F 15.1 40.0 16.7 15.7 12.7 1/09 0.81
Al/Ga-2 19.2 55.9 7.0 20.3 - 2/29 -
Al/Ga-2-F 20.6 41.5 9.1 16.2 12.7 2/1.8 0.78
Al/Ga-15-F 18.9 43.5 2.1 17.6 13.4 15/8.6 0.76
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main peak is attributed to fluoride species and the second
peak to different F/O environments, where the presence of
O causes redistribution of electron density.”” Oxygen O 1s
spectra show broad structure with a maximum at around
531.8 eV. This is related with oxygen atoms bound in oxi-
de matrix. The O 1s spectra are also asymmetric towards
higher binding energy (532-533 eV), what is characteristic
for hydroxides and adsorbed water.
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spectra is that peaks at 22.0 eV and at 1119.5 eV, observed
in Ga 2p and Ga 3d spectra of the CHF;-treated Ga,O,
(Ga#04-F in Figure 3), are not present. This indicates that
Ga-atoms in mixed oxides are not involved to a greater ex-
tent in direct interactions with F. Ga 3d peak at 20.0 eV is
characteristic for the Ga™ oxidation state in oxides. In ad-
dition, XPS does not reveal any reduction to Ga™** states,
presence of the latter should be recognised as a shift in
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Figure 3. XPS spectra of Ga 2p (a), Ga 3d (b), O 1s (c) and F 1s (d) for y-Ga,O, (Ga#0) and its fluorinated product (Ga#04-F). Y-axes present pho-

toemission intensities.

Similar XPS characterisation was performed on re-
presentative mixed oxides. XPS spectra of Al/Ga-1 and
Al/Ga-2 were quite similar. Only XPS spectra of Al/Ga-1
before and after fluorination with CHF; are therefore
shown in Fig. 4. The most noticeable feature of these

XPS spectra towards lower binding energies.”**" XPS
spectrum of Al 2p is shown in Fig. 4e. The main peak Al
2p is at 74.0 eV what is characteristic for AI** in oxides.?®
Small shift towards higher binding energy of Al 2p peak
of 0.5 eV was only observed after fluorination which may
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be related with an AIF,-like environment as observed in li-
terature.'”” XPS spectrum of F Is for fluorinated mixed
Al/Ga-oxides is broader than on fluorinated Ga,O, (Figs.
3d and 4d). This may be due to presence of two peaks at
686.5 eV and 684.0 eV that can be related to fluoride spe-
cies and mixed F/O environments, respectively. Additio-
nal reason for peak broadening could be a larger degree of
disorder in the structure of fluorinated mixed oxides. Our
XPS results discussed above show that during the treat-
ment of mixed Al/Ga-oxides with CHF; mainly Al-atoms

form bonds with F-atoms while Ga-atoms remain preva-

lently in O environments. XPS results also suggest that
fluorinated mixed oxides are more disordered as fluorina-
ted single oxides what is in line with IR results discussed
below. Similar features of O 1s spectra as desribed above
are present also in O 1s spectra for mixed oxides.
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Figure 4. XPS spectra of Ga 2p (a), Ga 3d (b), O 1s (c), F 1s (d) and Al 2p (e) for mixed oxide (Al/Ga-1) and its fluorinated product (Al/Ga-1-F).
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3. 3. Surface Properties Investigated by

Pyridine Adsorption

Pyridine, a relatively hard Lewis base with rather
high chemical stability, is a classical IR probe to determi-
ne the acidity of Al,0,-based materials** as well as that of
their fluorinated analogues with largely different AlF,
contents'®*. In the present study, spectroscopic investiga-
tions of adsorbed pyridine were used to follow the chan-
ges in acidity within the series of mixed oxides, and after
fluorination. Indicative PAS-py spectra of oxide precur-
sors and related fluorinated products are presented in
Figs. 5a and 5b, respectively.

3. 3. 1. PAS-py of Oxide Precursors

PAS-py spectra of the two single oxides, AI#O and
Ga#0 in Fig. 5a, are characterised by the bands at about
1450, 1491, 1579 and 1615 cm™, that are typically assig-
ned to pyridine coordinatively bonded to Lewis acid si-
tes.'® Absence of any significant bands at around 1545 and

52
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Figure 5a. PAS-py absorbance spectra (offset) of oxide precursors
after pyridine adsorption at 423 K.

1640 cm™" indicates that strong Brgnsted acid sites, capab-
le to protonate pyridine to pyridinium species, are not pre-
sent. In general, these results are consistent with previous
reports on the acidity of amorphous y-Al,O, and y-Ga,O,
where pyridine adsorption revealed only the presence of
relatively strong Lewis acid sites.>"63°

PAS-py spectra of some representative mixed oxides
are shown in Fig. 5a. Main bands of adsorbed pyridine re-
main at approximately the same positions as in single oxi-
des, at 1493, 1579 and 1615 cm™; only the band at 1447
cm™' in AI#0 is blueshifted to 1450 cm™'. However, inten-
sity of all bands associated with Lewis acid sites is increa-
sing with increasing Ga content. In addition, appearance
of two new bands, observed as shoulders at 1458 and 1621
cm™, is evident for mixed oxides with higher Ga contents,
starting from Al/Ga-5 upwards (Fig. 5a). All these fin-
dings suggest that acidity of current y-Al,0,/y-Ga,O, xe-
rogels is higher than that exhibited by individual oxides,
as noted in a number of previous studies.*”*#** Current
results suggest that although the strength of the Lewis
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Figure 5b. PAS-py absorbance spectra (offset) of oxides fluorina-
ted with CHF; at 623 K after pyridine adsorption at 423 K. Bands
of pyridine adsorbed on Lewis and Brgnsted acid sites are marked
with L and B, respectively.
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Figure 6a. PAS-py absorbance spectra (offset) of representative
mixed oxide precursors; pyridine adsorbed at room temperature
and desorbed in flow of N, at 673 K.

acid sites remains apparently the same, their number is in-
creasing with increasing Ga content and at the highest Ga
contents studied (Al/Ga ratios from 5 to 1) additional Le-
wis acid sites, presumably with higher strength, are for-
med. The latter presumption is supported by PAS-py spec-
tra recorded after heating the mixed oxides with pre-ad-
sorbed pyridine to 673 K. As shown in Fig. 6a, at 673 K
pyridine is retained only on samples with higher Ga con-
tents, i.e. samples Al/Ga-(1-5). Corresponding spectra are
characterised by a doublet at 1451/1456 cm™ and a single
band at 1622 cm™ suggesting the presence of Lewis acid
sites with higher strength, such sites are evidently not pre-
sent in mixed oxides with lower Ga contents, e.g. sample
Al/Ga-100 in Fig. 6a, which, after heating to 673 K, do
not show any pyridine retention.

Lewis acidity of AL,O, and Ga,O, is in general asso-
ciated with the presence of coordinatively unsaturated
(cus) AI** or Ga** cations on the surface; the strongest
acid sites being those originating from tetrahedral cus ca-
tions, cus-Al"Y and cus-Ga'V.>3%3142 ewis acidity of sur-
face cus-Ga'¥ sites in v-Ga,O, was found to be weaker
than that of the corresponding cus-Al" in y—Ale3.2 In the
same study, density of acid sites on y-Ga,O, was higher
than that on y-Al,O;, presumably due to a higher tetrahe-
dral preference of Ga®* vs. AI’** resulting in a higher con-
centration of strongly acidic cus-Ga'¥ on v-Ga,0,. In ana-
logy with single oxides, Lewis acidity of mixed y-ALO,/y-
Ga,0,; is related to the presence of both types of acidic si-
tes, cus-Al'"Y and cus-Ga'v.”?'** However, due to the al-
ready mentioned preference of Ga®* ions to occupy tetra-
hedral positions, there are no direct correlations between
actual Al1'Y/Ga" ratios and nominal Al/Ga ratios derived
from the composition of y-ALO,/y-Ga,O; solid solutions.
NMR"?!" and EXAFS/XANES** investigations gave a
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Figure 6b. PAS-py absorbance spectra (offset) of representative
mixed oxides fluorinated with CHF; at 623 K; pyridine adsorbed at
room temperature and desorbed in flow of N, at 623 K.

strong evidence that in these solid solutions majority of
available tetrahedral positions is occupied by Ga** ions
while AI** ions prevalently reside in octahedral positions.
According to NMR investigations, in a solid solution with
the nominal Al/Ga ratio of 1/1 (a direct equivalent to the
current Al/Ga-1 sample) the AI'Y/Ga'V ratio in the bulk is
1/2.88 vs. A1YY/Ga"" of 1/0.73.3! On the other side, IR
spectroscopy of adsorbed probe molecules, like CO or
pyridine, that can give a reliable information on the type
and number of surface acid sites, cannot make a clear di-
stinction between surface sites specific for cus-Al'"Y or
cus-Ga'v 314’ Similar low selectivity can be expected also
for current y-Al,O,/y-Ga,0O,, e.g. spectra of pyridine ad-
sorbed on individual y-Al,O, and y-Ga,O, are very similar
with the relevant bands of adsorbed pyridine being shifted
only for few cm™.? In amorphous or poorly crystalline mi-
xed oxides bands of adsorbed species are additionally
broadened what can lead to a considerable overlap of indi-
vidual components. This may result in partially resolved
or completely non-resolved composite bands.

For y-Al,O,, the band at ca. 1625 cm™' is assigned to
pyridine being adsorbed on cus-Al"" sites that are conside-
red to be the strongest Lewis acid sites found on the surfa-
ce of transition aluminas.***® By analogy, band at ca. 1622
cm™' observed in current mixed oxides with higher Ga
contents could tentatively be attributed to the appearance
of cus-Ga'" sites.*® The reasons for the formation of such
strongly acid sites only in Ga-rich samples are however
not entirely clear. As reported before, strongly acidic cus-
Al" sites are formed after y-Al,O, dehydration at relati-
vely high temperatures, e.g. 773 K.** Absence of these si-
tes in current oxides, clearly seen in Al-rich samples, can
therefore be ascribed to the lower dehydration temperatu-
re, 723 K, used within this study. The fact that at the same
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treatment temperature strongly acidic cus-Ga'¥ sites are
readily formed in Ga-rich samples can be, in part, attribu-
ted to the high preference of Ga for tetrahedral vs. octahe-
dral coordination.** Probably more important, it appears
that the preferentially formed cus-Ga'" sites are efficiently
stabilised within the mixed Al/Ga environments when Ga
content is increasing. This assumption is somehow in line
with a previous study of Ga,O, supported on y-Al,O,
where it was found that presence of the AL,O, phase fa-
vours the formation of cus-Ga’* sites.** In addition, in-
creased Lewis acidity observed in Ga/Al-oxides was attri-
buted to the formation of mixed Ga-O-Al linkages.*' On
the other side, it is known that observed concentration of
the strongest cus-Al" sites on v-AL O, is much lower than
expected from its structural features, very likely due to
surface reconstruction and ion-shielding effects;* in addi-
tion, DFT calculations suggest a spontaneous conversion
of surface cus-Al" sites to quasi-bulk Al"" sites with con-
comitant reduction in Lewis acidity.*’ It can be speculated
that such reconstruction processes are apparently less ef-
fective for cus-Ga'" sites in mixed Al/Ga environments
what results in their higher retention on the surface. In
contrast to the present results, spectra of adsorbed pyridi-
ne on a series of single and mixed Al,0,/Ga,0;, catalysts
prepared by precipitation from alcoholic solutions do not
exhibit any explicit double bands.” This indicates that
composition and especially the structure of mixed 7-
AlO,/v-Ga,0, surfaces may strongly depend on specific
preparation and post-treatment conditions employed in
different preparative approaches.

Observed increase of overall acidity in mixed oxides
strongly suggests that the structure of mixed y-AL,O,/
v-Ga, 0, surfaces is much more heterogeneous than that of
the single oxides, y-Al,O, and y-Ga,O,. This is also sup-
ported by TPF experiments (see Section 3.4). Mixed -
AlLO,/v-Ga,0, are not typical homogeneous solid solu-
tions. Namely, due to the preferential occupation of tetra-
hedral positions by Ga, they already include some structu-
ral heterogeneity. In addition, bulk structure is rather com-
plex and includes different possible environments,
M-0O-M (M=Al,Ga), and coordinations, AI"Y*V*¥I and
Ga™*V' 3! that all depend on the specific Al/Ga ratio. Diver-
sity of these bulk structural features is reflected on the sur-
face increasing its complexity and heterogeneity in compa-
rison with single oxides. Real structures of mixed surfaces
are however not known, especially with respect to possible
surface reconstruction processes. Reliable modelling of
surface relaxation and reconstruction processes was appa-
rently accomplished only for y—A1203,47 similar calculations
for mixed y-Al,O,/y-Ga,O, surfaces are still missing.

3. 3. 2. PAS-py of Fluorinated Products

PAS-py spectra of single and mixed oxides fluorina-
ted with CHF; at 623 K are shown in Fig. 5b. In addition
to bands associated with Lewis acid sites, located at

1453-1456, 1492, 1579 and 1620-1623 cm™!, spectra also
reveal bands at 1492, 1540-1550 and 1642 cm™ that are
characteristic for pyridine interacting with strong
Brgnsted acid sites. Close similarity of current spectra
with those reported earlier for CHCIF,-fluorinated
\(—A12031(7 indicates that both fluorinating agents, CHF,
and CHCIF,, yield fluorinated products with very similar
surface characteristics. This is somehow consistent with
previous XPS investigations, where comparable fluorina-
ting capabilities of both fluorocarbons towards y-Al,O,
were observed; CHF, was however found to be more effi-
cient than CHCIF, in fluorinating a model y-Al,O, ca-
talyst.!” For the current fluorinated products, comparison
of PAS-py spectra with those of corresponding oxide
precursors (Fig. 5a) demonstrates that after fluorination
all relevant bands associated with Lewis acidity, e.g.
bands at around 1450 and 1615 cm™, are blueshifted. This
is commonly explained by strengthening of Lewis acid si-
tes through inductive effects due to the replacement of
O- and OH-species with strongly electronegative F.'® As is
the case for mixed oxide precursors, bands of adsorbed
pyridine in fluorinated mixed oxides are more intense and
blueshifted, for approximately 3 cm™', with respect to
fluorinated single oxides. This suggests that both, the
number and the strength of Lewis acid sites, of fluorinated
mixed oxides are higher. In addition, double bands obser-
ved in Ga-rich mixed oxides disappear after fluorination,
suggesting a partial reduction in heterogeneity of the Le-
wis acid sites. Increased acidity after fluorination is con-
firmed also by PAS-py spectra after pyridine desorption at
623 K. Related spectra are shown on Fig. 6b. As expected,
such treatment considerably reduces the Brgnsted acidity
and reveals the presence of strong Lewis acid sites with
corresponding bands positioned at 1456—1458 and 1623—
1626 cm™'. In comparison with the similarly treated mixed
oxides (Fig. 6a), fluorinated Ga-rich mixed oxides exhibit
only a slight blueshift of 1-2 cm™, indicating a relatively
low effect of fluorination on acidity. On the other side, Al-
rich samples, which as oxides do not show any conside-
rable Lewis acidity, in their fluorinated form exhibit the
presence of strong Lewis acid sites; most notable is the
occurrence of the band at 1626 cm™. Position of this
band is close to the band at 1628 cm™ found in
AlF, (OH),,nH,0 (n=0.1-0.2)* and band at 1627 cm’
for AIF, (OH), -type of compounds®. For these com-
pounds with hexagonal tungsten bronze (HTB) structure
the indicated bands were associated with the presence of
very strong Lewis acid sites related to cus-Al** ions. It is
therefore reasonable to conclude that in the current fluo-
rinated Al-rich samples strong Lewis acid sites originate
prevalently from cus-Al** ions in various O/F environ-
ments. In Ga-rich samples, concentration of strong cus-
AI’* sites is lower due to the preferential formation of
cus-Ga®* ions which in turn exhibit lower Lewis acidity.’
In addition, pyridine adsorption on HTB hydroxyfluori-
des of the type, MF,  (OH),-nH,0 (M=Al or Ga), revea-
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led a higher Lewis acid strength of the Al-containing
compound.®®

It should also be mentioned that besides the obser-
ved increase of Lewis acid strength, fluorination appa-
rently lowers the heterogeneity of these surface sites, as
suggested by the disappearance of double bands and by
band narrowing. PAS-py spectra of mixed oxides (Fig. 5a)
show that the width of the bands related to Lewis acid si-
tes is increasing with increasing Ga-content, i.e. full width
at half maximum (FWHM) of the band at ca. 1452 cm™' is
increasing from 10 cm™ for Al/Ga-100 to 15 cm™' for
Al/Ga-1. This can be correlated with the formation of va-
rious new acid sites in Ga-rich oxides, as mentioned abo-
ve. Observed FWHM of the corresponding bands in fluo-
rinated oxides (Fig. 5b) is lower, i.e. 7 cm™! for Al/Ga-
100-F and 10 cm™ for Al/Ga-1-F. Relative narrowing of
these bands after fluorination indicates that some structure
reconstruction and ordering is probably taking place, alt-
hough at levels that are, at least in the initial stages, not
detectable by XRD (Fig. 1, trace f). Namely, a recent
TEM study clearly demonstrated that AlF,-based mate-
rials, despite being completely amorphous to X-rays, may
contain well-ordered regions consisting of nanocrystalline
fluoride phases.*

3. 4. Temperature Programmed Fluorination
(TPF) with CHF,

A series of TPF experiments up to 673 K were per-
formed to compare reactivities of single and mixed oxi-
de towards CHF, in the initial stages of fluorination, i.e.
when the reaction is limited mainly to the surface. Pro-
gress of fluorination was monitored by FTIR spectros-
copy; corresponding CO evolution profiles are presen-
ted in Fig. 7. The two single oxides, samples AlI#0 and
Ga#0, start to react with CHF, at approximately 450 and
500 K, respectively. For the mixed oxides, onset of fluo-
rination is similar to Al#0, reaction starts at approxima-
tely 450 K; sample with highest Ga-content (Al/Ga-1)
being a clear exemption reacting already at 400 K. Most
notable difference between single and mixed oxides is
exhibited in the intermediate temperature region,
400-600 K, where mixed oxides show a higher and gra-
duated CO evolution that roughly increases with increa-
sing Ga-content. Intense CO evolution, observed for all
investigated materials above 580-620 K, can be asso-
ciated with the beginning of bulk fluorination processes.
There are however no clear correlations between these
temperatures and fluorine contents obtained in prepara-
tive fluorination runs at 623 K (Table 1). This suggests
that bulk fluorination of the oxide matrix above
580-620 K is very likely controlled by diffusion. As
shown before, fluorination of oxides is usually accom-
panied by a considerable decrease of internal porosity
what may strongly affect diffusion processes within the
particles of reacting solids.'"'*!®
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Al/Ga-15

Al{Ga-25
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Al20'
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Figure 7. Temperature programmed reaction of single and mixed
oxides with CHF; under flow conditions; corresponding CO-evolu-
tion profiles (offset) are shown.

TPF experiments clearly demonstrate that mixed
oxides exhibit higher surface reactivity towards CHF,
than the single oxides and that the reactivity is increasing
with increasing Ga content. Very reactive surface sites in
mixed oxides, capable to react with CHF; at 400-600 K,
seem to be more abundant and differ from those present
on single oxides. This is in good correlation with current
PAS-py and XPS results (see above) that suggest a higher
surface heterogeneity in mixed oxides, especially those
with higher Ga contents. Surfaces with higher degree of
heterogeneity are expected to exhibit higher concentration
and broader variety of reactive surface sites. Within this
study, the exact nature of these reactive sites could not be
unequivocally determined. However, we recently found
that the relatively stable CHF; molecule starts to react
with solid alkali hydroxides at moderate temperatures, i.e.
with KOH at 370 K and with NaOH at 420 K. Reactivity
of these solids towards CHF; was, in the initial stages, as-
cribed to acid-base type of interactions between CHF; ac-
ting as a weak C—H acid and strongly basic oxygen spe-
cies on the solid hydroxides.?’ In addition, in a previous
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study of y-ALO, fluorination it was clearly demonstrated
that fluorination starts on basic OH groups.'® Initial reac-
tivity of current oxides towards CHF, can be therefore
tentatively ascribed to similar interactions, probably in-
volving different types of strongly basic surface sites, e.g.
basic OH groups and possibly surface O anions. In addi-
tion, observed higher reactivity of mixed oxide is consi-
stent with earlier studies that demonstrated a higher basic
character of y-Ga,0O, w.r.t. \(—A1203,2 and an increase of
basicity for Ga,O, supported on AL, O, in comparison with
individual oxide components.**** We can therefore specu-
late that graded CO evolution is an indication of CHF,
reactions with different types of strongly basic sites that
are characteristic only for mixed y-Al,O,/y-Ga,O, surfa-
ces. Strong basic sites on such materials could possibly be
probed by means of TPF with CHF,. Further investiga-
tions are however required to verify these possibilities.

3. 5. Catalytic Behaviour in Isomerisation
of CCLFCCIF,

Isomerisation of CCLFCCIF, with subsequent di-
smutation reactions is frequently used as a model catalytic
reaction to complement spectroscopic and other methodo-
logies to evaluate the acidity of metal fluoride ca-
talysts.'%133152 A number of such studies was carried
out on AlF;-based catalysts what allowed rather consistent
comparisons between these solids, although their origin
and characteristics varied significantly.'™' Accumulated
data strongly suggest that on these solids isomerisation of
CCLFCCIF, to the thermodynamically preferred isomer,
CCl,CF,, is facile and occurs via an intramolecular mec-
hanism on medium strong or strong Lewis acid sites (Eq.
1).10395152 Tgomerisation is accompanied by consecutive
dismutation processes involving CCL,CF, (Eq. 2) and
CCLFCF,; (Eq. 3) with the latter being less facile than the
former. Formation of CCIF,CF, is therefore observed on-
ly with very active catalysts and at higher temperatu-

res,'>!° as observed also in this study (Table 3).
CCLFCCIF, — CCLCF, (1)
2CCLCF, - CCLECF,+CCLCCIF,  (2)
2CCLFCF, — CCIF,CF, + CCIL,CF, 3)

Results of CCL,FCCIF, isomerisation tests perfor-
med on fluorinated single oxides and two representative
mixed oxides are summarised in Table 3. For both fluori-
nated Al-rich oxides, single Al#04-F and mixed
Al/Ga-100-F, catalytic behaviour is very similar indica-
ting that catalytic functionality is not altered to a greater
extent at low Ga levels. However, a slight reduction in ca-
talytic activity, characterised by a slightly lower CCL,CF,
yields and considerably lower CCIF,CF, yields, is obser-
ved already with small Ga additions, i.e. in Al/Ga-100-F

with Al/Ga ratio of 100/1. It should be noted that general
catalytic behaviour of the two Al-rich materials is very si-
milar to that exhibited by fluorinated commercial y-Al,O,
with considerably higher fluorine content used as a refe-
rence in a previous comparative study.'® On the other side,
further increase of Ga content strongly reduces catalytic
activity w.r.t. CCL,FCCIF, isomerisation, as observed for
the mixed Al/Ga-2-F. In line with this trend, fluorinated
v-Ga,0,, Ga#04-F, was catalytically completely inactive
over the whole temperature range tested. In analogy with
similar y-Al,O, systems, this could be ascribed to the low
extent of fluorination, i.e. 3.6 wt.% of F (Table 1), that
may be below the levels required to form sufficiently acti-
ve surface sites. Namely, as found for fluorinated y-ALO,,
approximately 10 atom% of anions must be replaced by F
to achieve catalytic activity in dismutation of CHCIF,."”
However, this reason can be ruled out since a low catalytic
activity was observed also for the fluorinated mixed oxide
with considerably higher F content, i.e. Al/Ga-2-F with
16.9 wt.% of F. This strongly suggests that, in contrast to
the Al-sites, the Ga-related Lewis acid sites are not strong
enough to catalyse the isomerisation of CCLFCCIF,.
Furthermore, these findings also indicate that with increa-
sing Ga levels the catalytic functionality of strong Al-rela-
ted sites drops considerably. Higher levels of Ga do not
simply lower the concentration of strong Al-related sites,
but also obstruct their formation by preferential formation
of Ga-sites, as suggested on the basis of PAS-py measure-
ments mentioned above (see Section 3.3).

Catalytic tests also show that all active materials
examined, Al#04-F, Al/Ga-100-F and Al/Ga-2-F, need a
clear activation period in a stream of CCL,FCCIF, before
they reach full catalytic activity. For the AlF;-based ca-
talysts, activation is associated with the removal of surfa-
ce species that block Lewis acid sites. These species most-
ly originate from H,O adsorption that besides blocking
the Lewis acid sites leads to some hydrolysis and genera-
tes Brgnsted acidity.%’39 Activation of AlF;-based ca-
talysts, most frequently performed in situ by diverse fluo-
rocarbons, can therefore be regarded as a re-fluorination
process in which surface OH species are replaced by F.
For the current fluorinated y-Al,O,, sample Al#04-F, on-
set of catalytic activity is observed already at 573 K, whi-
le for the activation of both fluorinated mixed oxides,
Al/Ga-100-F and Al/Ga-2-F, temperature of 623 K is re-
quired. Observed behaviour during activation correlates
very well with much higher Brgnsted acidity of the fluori-
nated mixed oxides in comparison with the single ones, as
evidenced by PAS-py investigations (Fig. 5b).

Observed differences in catalytic performance of
fluorinated Al- and Ga-rich mixed oxides do however not
correlate with PAS-py observations. As noted above, PAS-
py spectra of fluorinated single and mixed oxides, Figs.
5b and 6b, indicate the presence of Lewis acid sites that
appear to be stronger in fluorinated mixed oxides. For the
Al-rich mixed oxides these sites were associated with cus-
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Table 3. Reaction of CCL,FCCIF, in contact with fluorinated single and representative mixed oxides under steady flow conditions; contact time 1

s, GC analyses done after 1 h equilibration at the temperature specified.

Sample Temp.*,K Product distribution, relat. yield, %
CCIF,CF, CCLFCF, + CCIF,CCIF, CCLFCCIF, CCI,CF, CCL,CCIF,
Ga#04-F 573* 0 0 100 0 0
593* 0 0 100 0 0
6237 0 0 100 0 0
Al/Ga-2-F 573%* 0 0.5 99.5 0 0
593 0 1.5 98.2 0 0.4
623%* 0 72 84.0 33 5.5
593 0 5.4 88.7 2.3 35
573 0 35 94.8 0.4 1.4
523 0 0.4 99.4 0 0.3
Al/Ga-100-F 573% 0 0 99.7 0 0.3
593 0 0.1 99.0 0 0.9
623%* 0.2 19.9 12.5 54.8 12.7
593 0.3 19.5 3.4 70.6 6.2
573 0.1 184 3.3 71.7 6.4
523 0 184 18.6 55.5 7.5
Al#04-F 523 0 0 100 0 0
573* 0.3 224 2.9 71.3 3.1
593* 0.3 19.7 32 71.4 5.3
623* 0.6 24.0 39 67.1 43
593 0.3 17.6 32 70.8 8.2
573 0.2 16.5 2.8 73.6 6.8
523 0 13.2 19.1 57.0 10.7

 Steps in the initial (activation) stage are marked with *.

® The two isomers were not separated by GC. Previous studies showed that the asymmetric isomer, CCLFCF,, largely prevails.'?

AT** ions, which are replaced by cus-Ga®* ions in Ga-rich
materials. Lower catalytic activity of the latter would the-
refore suggest that catalytic isomerisation of CCL,FCCIF,
is taking place only on cus-Al** sites and not on cus-Ga**
sites. The corresponding redshifts in PAS-py spectra are
however very low, 1-2 cm™! for the band at 1626 cm™
(Fig. 6b), that does not allow an unequivocal assignment
of these bands to specific cationic sites. In addition, recent
XPS and ab initio investigations of AlF, materials stressed
that Lewis acidity and catalytic activity can depend decisi-
vely on local geometric structure and stoichiometry, and
not just on local coordination.*® Furthermore, accessibility
of active sites for both probe molecules, pyridine and
CCLFCCIF,, may be different.

4. Conclusions

Single y-AlL,O, and y-Ga,O,, and mixed y-AL,O,/
v-Ga,0,, used as precursors within this study, exhibit very
low crystallinity and have high surface areas. Bulk struc-
ture of the mixed oxides is consistent with the formation
of v-Al,0,/v-Ga,0, solid solutions. Comparative spec-
troscopic investigations of acidity, performed by means of
pyridine adsorption, show that Lewis acidity of mixed
v-Al,0,/v-Ga, 0, is higher than that of both single oxides.

Such synergetic effects on acidity of mixed y-Al,O,/
v-Ga,0, are well-documented. Our findings do however
give new evidence for the formation of additional strong
Lewis acid sites in mixed oxides with higher Ga contents.
Lewis acidity of mixed y-Al,0,/y-Ga, 0, is therefore asso-
ciated with the presence of surface cus-Ga®* ions, mainly
due to their strong preference to occupy tetrahedral posi-
tions. Namely, coordinatively unsaturated (cus) cations in
tetrahedral positions are commonly related with the stron-
gest Lewis acid sites found on these types of oxides.* In-
crease in the number of acid sites and formation of addi-
tional strong Lewis acid sites are both an indication that
heterogeneity of mixed y-Al,O,/y-Ga,O, surfaces is consi-
derably higher than that of single oxides and is increasing
with increasing Ga content. On the other side, XPS shows
that surfaces of mixed oxides are enriched with Al, very
likely through some reconstruction processes. All these
observations clearly indicate that both composition and
structure of surfaces in real mixed oxides may deviate
considerably from those expected for an ideal solid solu-
tion.

Treatment of single and mixed oxides with CHF; at
623 K results in partial fluorination with concomitant re-
duction of surface areas. XPS confirms that under reducti-
ve conditions encountered during fluorination with CHF,
Ga®* is not reduced to lower oxidation states. Bulk struc-
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ture of the oxide precursors is not affected by fluorination
what indicates that fluoride phases initially formed are
highly dispersed and amorphous. Appearance of distincti-
ve Al(F,OH),-nH,0 phases is correlated with slow post-
crystallisation processes promoted by water adsorption.
Preferential formation of AI-F based phases is additio-
nally substantiated by XPS results which clearly showed
that in fluorinated y-Al,O,/y-Ga,O, F binds mainly to Al-
atoms while Ga-atoms remain prevalently in O environ-
ments. XPS in addition showed that surfaces of fluorina-
ted mixed oxides were enriched with Ga what is interpre-
ted as formation of AI-F phases in the subsurface region
what leads to the enrichment of Ga—O phases on the surfa-
ce. These findings give strong evidence that fluorination
of y-Al,0,/y-Ga, 0O, surfaces is proceeding rather selecti-
vely what may lead to the formation of segregated (Al-F)-
rich and (Ga—O)-rich regions.

As expected, partial fluorination of mixed Y-
AlLO,/y-Ga,O, with CHF, increased the strength of Lewis
acid sites due to the partial replacement of O/OH with F.
Fluorination also reduced the heterogeneity of these acid
sites probably due to some structural ordering. Similarly
to the situation encountered with mixed oxides, number of
acidic sites in fluorinated mixed oxides was higher than in
fluorinated single oxides. Overall increase of Lewis aci-
dity in fluorinated y-AlO,/y-Ga,0O, observed by adsorp-
tion of pyridine was however not substantiated by cataly-
tic activity w.r.t. isomerisation of CCL,FCCIF,. Isomerisa-
tion activity was observed only for fluorinated oxides with
lowest Ga contents. It was concluded that isomerisation is
taking place only on cus-Al** sites that are stronger Lewis
acids than cus-Ga®" sites. Isomerisation of CCLFCCIF,
can therefore be used as a sensitive test to differentiate
between these sites and can in this respect complement
pyridine adsorption that appears to be not selective
enough to discriminate between various cationic acid sites
present on the surfaces of fluorinated y-Al,O,/y-Ga,0,.

Fluorination of y-Al,0,/y-Ga,O, with CHF, at inter-
mediate temperatures is demonstrated to be a versatile ap-
proach for the preparation of solid materials with some
specific characteristics. On one side, partial fluorination
of oxide precursors yields materials with surface areas
above 100 m? g”'. On the other side, acidity is affected by
both fluorination and preferential replacement of the most
acidic cus-Al** ions with the less acidic cus-Ga** ions. All
these aspect are important in the preparation of acidic ma-
terials with tailored characteristics for possible catalytic
applications.
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Interakcije CHF, z y-AlLO,, y-Ga,O, ter meSanimi y-Al,0,/y-Ga, O, kserogeli pri prehodnih temperaturah vodijo do del-
nega fluoriranja. Fluorirani oksidi ostajajo amorfni in ohranijo znaten del zacetne specifi¢ne povrSine; povrsine fluori-
ranih materialov na osnovi Al tako v vseh primerih presegajo 100 m? g!. Na Lewisovo kislost meSanih oksidov, tako
pred kot tudi po fluoriranju, mo&no vpliva prisotnost povrsinskih Ga** ionov, predvsem zaradi preferenéne zamenjave
moéno kislih AI** ionov na tetraedrskih mestih. Zamenjava ionov vodi k nastanku manj kislih centrov, kar je bilo po-
trjeno z modelno Katalitsko reakcijo, izomerizacijo CCL,FCCIF,. XPS preiskave kaZejo, da fluoriranje meSanih oksidov
vodi do znatne rekonstrukcije povrsin ter do preferencne tvorbe Al-F faz, medtem ko Ga ostaja predvsem v O okoljih.
Nadaljnji segregacijski procesi, kot je npr. poCasna kristalizacija Al(F,OH),-nH,O faz, najverjetneje potekajo zaradi ad-

sorpcije vode.
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