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The catalytic activity of the air-calcined catalyst of CrF3 · 4H2O
for the fluorination reaction of CF3CH2Cl was found to be 20 times
higher than that of CrF3 · 4H2O. Photoacoustic spectroscopy mea-
surements and XPS revealed the existence of various chromium
phases and an increased density-of-states near the Fermi energy
level in this catalyst. The increased catalytic activity of the air-
calcined sample is attributed to the relatively easier formation of
labile fluorine on the catalyst surface due to the stronger interaction
between the valence band of CrOxFy and the antibonding orbitals
of HF. c© 1998 Academic Press
I. INTRODUCTION

CF3CH2F (HFC-134a) has been considered as one of the
most promising candidates for the substitution of CFC-12
(CF2Cl2) (1–8). One of the synthetic routes to HFC-134a is
the vapor-phase fluorination of CF3CH2Cl (HCFC-133a)
with HF over Cr- or Al-based catalysts (9–14). Among
various fluorination catalysts, CrF3 · 4H2O was expected to
be the first candidate catalyst on the assumption that the
high fluorine-containing catalyst might have a better cata-
lytic activity and a longer lifetime (15, 16). Contrary to our
expectation, the fluorination of HFC-133a with HF over
CrF3 · 4H2O gave only a small amount of the desired prod-
uct, HFC-134a, and an appreciable amount of unwanted
product, CF2==CHCl (HCFC-112), under a typical reac-
tion condition. Another candidate catalyst was prepared
through air-calcination of CrF3 · 4H2O. The catalytic activ-
ity of this air-calcined catalyst for the above fluorination
reaction was 20 times higher than that of the CrF3 · 4H2O
catalyst. A similar result was obtained for the fluorina-
tion of CF3CHCl2 to CF3CHF2 (HFC-125), a substitute for
CF2HCl+CF3CF2Cl (R-502). The air-calcination gives rise
to the loss of water and a hydrolysis reaction in which the
water molecules hydrolyze the Cr–F bonds, thus creating
Cr–O bonds. The chemical composition of the air-calcined
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product is therefore assumed to be CrOxFy. In order to
elucidate the enhanced catalytic activity of the air-calcined
catalyst, we have in this work investigated the changes of the
structural and electronic properties of the chromium fluo-
ride catalyst due to air-calcination, using X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), photo-
acoustic spectroscopy (PAS).

II. EXPERIMENTAL

CrF3 · 4H2O was commercially purchased from Aldrich
company. The CrOxFy catalyst examined in this study was
prepared by air-calcination of CrF3 · 4H2O at 673 K for
5 h. The fluorination reactions were performed in a fixed-
bed reactor made of Inconel 600 tubing, with 1 in. diam-
eter and 30 cm long, equipped with an electrical heater.
Thirty grams of pelleted catalyst was loaded into the re-
actor and dried in situ at 673 K for 1 h in He at a flow
of 200 ml/min. The activation process was followed with
400 ml/min HF at 473 K for 2 h and subsequently at 673 K.
Flow rates of CF3CH2Cl, HF and CF3CHCl2 preheated in a
chamber at 318 K were carefully controlled using Matheson
mass flow controllers. The effluent reaction mixture was an-
alyzed by on-line Gaw-Mac 580P TCD GC equipped with a
6-f porapak N column after being scrubbed with H2O and
dried over molecular sieve 4A.

The crystalline structures of the two catalyst samples
were investigated by XRD using Cu-Kα radiation (30 kV,
40 mA) with a Ni filter. The crystalline phases were identi-
fied by the comparison of measured XRD patterns of the
catalysts with JCPDS powder diffraction file data.

The XPS measurements were conducted with a VG
Scientific ESCALAB 220 spectrometer, equipped with a
hemispherical energy analyzer. The nonmonochromatized
Al-Kα X-ray source (hν= 1486.6 eV) was operated at
12.5 kV and 16 mA. Before data-acquisition, the pellet type
samples were outgassed for about 3 h at 373 K under a
pressure of ∼1.0× 10−2 Torr to minimize the surface con-
tamination. The obtained XPS spectra were fitted using a
nonlinear least square method.
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The PAS spectra were obtained with a homemade pho-
toacoustic spectrometer. A 1-kW high-pressure Xe lamp
(Oriel model 6269) was used as a light source, modulated
by a mechanical chopper. The PA signal, detected by an
electric microphone, was amplified by a preamplifier (SRS
model 550) and a lock-in amplifier (SRS model 530).

The conductivity measurements were performed by mea-
suring the current under constant voltage with a surface
conductivity type cell on an area of 12× 10 mm2 with a
picoammeter (Keithley 485).

III. RESULTS AND DISCUSSION

The fluorination reactions of CF3CH2Cl, and CF3CHCl2
were studied in a fixed bed reactor:

CF3CH2Cl+HF→ CF3CH2F [1]

CF3CHCl2 +HF→ CF3CHClF+ CF3CHF2 [2]

Figure 1 shows that the air-calcined CrOxFy catalyst ex-
hibits a much higher catalytic activity than CrF3 · 4H2O. The
XRD pattern of the newly formed species is quite different
from that of CrF3 · 4H2O, as shown in Fig. 2, which indicates
the presence of new crystalline phases after air-calcination.
The XRD pattern of this CrOxFy material does not match
with any of the chromium species listed in the JCPDS hand-
book. The crystalline phase in the CrOxFy sample is not
identified yet. However, the much weaker diffraction peak
intensity of the CrOxFy relative to CrF3 · 4H2O indicates
FIG. 1. Catalytic activities of CrF3 · 4H2O and CrOxFy as a function
of reaction temperature in the fluorination of CF3CH2Cl and CF3CHCl2.
LYTIC ACTIVITY 221

FIG. 2. XRD patterns of CrF3 · 4H2O and CrOxFy.

that the CrOxFy catalyst contains predominantly noncrys-
talline phases.

X-ray photoelectron spectroscopy (XPS) was applied
to identify the chemical states of the CrF3 · 4H2O and
CrOxFy samples. The high resolution Cr 2p core level spec-
tra of these samples are shown in Fig. 3a. The Cr 2p3/2

core level spectrum of CrF3 · 4H2O shows a single peak at
579.7 eV which is consistent with previous measurements
for CrF3 · 4H2O (17–19). On the other hand, the spectrum
of CrOxFy shows three curve-fitted peaks at 576.7, 579.7,
and 581.7 eV, indicating the existence of various chromium
species. The peak at 579.7 eV is ascribed to the CrF3 phase.
In addition, the peak at 576.7 eV is tentatively assigned to
the amorphous Cr2O3 phase (19), although its crystalline
phase is not observed in the XRD measurement. Finally,
the weak peak at 581.7 eV is likely due to chromium species
with higher oxidation states than Cr+3. Blanchard et al.
showed that in a set of temperature-programmed oxida-
tion and reduction experiments, the fluorination activity of
chromia is greatly influenced by the presence of chromium
in higher oxidation state (20). Kemnitz et al. also reported
the existence of chromium in higher oxidation states (21). In
fact, the measurement of the high valent (>+3) chromium
by the titration technique (4, 22) showed that CrOxFy has
an appreciable oxidizing capacity, ca 5.3× 10−3 F/g cata-
lyst, unlike CrF3 · 4H2O, whose oxidizing capacity is neg-
ligible. We also note the broad feature of the chromium
peak after air-calcination. This implies the existence of non-
stoichiometric, disordered chromium species through air-
calcination.

The high-resolution F 1s core level spectra in Fig. 3b show
two peaks at 685.3 and 687.7 eV for the CrOxFy sample and
a single peak at 685.6 eV for CrF3 · 4H2O. The relatively
weaker peak at 685.3 eV in CrOxFy indicates the presence
of CrF3. The peak at 687.7 eV is ascribed to a new chromium
fluoride phase CrOxFy.

The high-resolution O 1s core level spectra of the cata-

lysts are shown in Fig. 3c. The O 1s spectrum of CrF3 · 4H2O
shows a prominent peak at 532.5 eV due to the oxygen
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FIG. 3. XPS core level spectra of (a) Cr 2p3/2

atoms of intrinsic water molecules and a peak at 534.3 eV
assigned to surface hydroxyl groups. The O 1s spectrum
of the CrOxFy sample shows three peaks of 530.2, 532.5,
and 534.8 eV. The peak at 532.5 eV is ascribed in part to
the remaining water molecule and in part to CrOxFy, while
the peak at 534.8 eV is assigned to the oxygen atoms of
surface hydroxyl groups. In addition, the peak at 530.2 eV
is assigned to the oxygen atom of Cr2O3.

The PAS spectra for CrF3 · 4H2O and CrOxFy are shown
in Fig. 4. The CrF3 · 4H2O sample shows two bands at ca 400
and ca 600 nm, which are assigned to the 4T1g ← 4A2g and
4 4
A2g d-d transitions, respectively, in a transition

plex of octahedral geometry (23). The energy of
(b) F 1s, (c) O 1s for CrF3 · 4H2O and CrOxFy.

the first spin-allowed transition 4T1g ← 4A2g directly gives
the value of the ligand field splitting, 10 Dq. The value of
10 Dq for CrF3 · 4H2O is estimated to be ca 16700 cm−1,
which is higher than that of [CrF6]3− (15200 cm−1), but lower
than that of [Cr(H2O)6]3+ (17400 cm−1) (24). This indicates
that both F−and H2O ligands are directly coordinated to the
chromium ions in CrF3 · 4H2O sustaining the octahedral ge-
ometry. In the CrOxFy sample, however, no noticeable peak
is observed in the range of 300 to 700 nm. A flat PAS signal
can mean that the sample contains a mixture of several Cr+3

species. This observation is also in good agreement with the

XPS result that the CrOxFy contains disordered chromium
species.
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FIG. 4. PAS spectra for CrF3 · 4H2O (4) and CrOxFy (s).

A conductivity measurement has been done to investi-
gate the electrical conductivity of CrOxFy. CrOxFy shows a
significant conductivity, which is consistent with the fact that
this sample does not show a charging effect in XPS mea-
surements. The activation energy Ea, obtained from the plot
of ln(conductivity) versus 103/T, (K−1) (not shown here), is
ca 0.19 eV. Here, Ea is equal to Eg/2 (half the band gap
energy) for an intrinsic semiconductor. On the other hand,
in highly disordered solids such as amorphous semiconduc-
tors, Ea corresponds to the energy necessary to overcome
the potential well of localized states and to hop to a neigh-
boring site (25). For the CrOxFy case, the latter assignment
of Ea seems to be more suited since CrOxFy contains phases
with a high degree of lattice disorder.

We have measured the XPS valence band spectra (Fig. 5)
for the two samples to monitor directly the changes of
the density-of-states (DOS) in the valence band region
affected by the lattice disorder. The peak at ∼9 eV in
CrF3 · 4H2O is ascribed to F 2p, while the peak at ∼4.7 eV
is assigned to the Cr d-band. The energy gap (∼2.6 eV)
FIG. 5. XPS valence band spectra of CrF3 · 4H2O and CrOxFy.
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between the Fermi level and the valence band edge indi-
cates that the CrF3 · 4H2O sample is an insulating material.
Air-calcination of CrF3 · 4H2O (dotted line) gives rise to a
dramatic change of the valence band structure. The valence
band spectrum becomes broader and featureless compared
to that of CrF3 · 4H2O. In addition, the spectrum shows an
increased DOS near the Fermi energy level. This valence
band feature of the CrOxFy sample can be explained by the
Anderson localization model (26). According to this model,
the disordered arrays of atoms are presumed to have a disor-
dered potential field, so that the energies of atomic orbitals
vary randomly from site to site. Atoms with near-average
energies are very likely to have some neighbors at similar
energy and can form delocalized orbitals by their overlap.
Atoms at exceptionally high or low energies, however, are
unlikely to have similar neighbors, and so their orbitals may
remain as isolated or localized states. This Anderson model
suggests that the band of energy levels created from disor-
dered solids may have two types of orbitals : those in the
middle of the band extend through the solid as in a peri-
odic lattice, and those close to the top and bottom of the
band are localized in the vicinity of a particular atom. As a
result, the region of localized states in the band will depend
on the degree of disorder. Likewise, the lattice disorder
of CrOxFy is believed to build up a nonperiodic potential,
which results in the broadness of the Cr d-bands and an
increase in the DOS near the Fermi level. In other words,
DOS features between 3.2 and 0 eV in CrOxFy can be in-
terpreted as localized states caused by the lattice disorder
of CrOxFy. A similar example, in which the ion beam was
shown to create localized, defect states in the silica bands
and to increase the DOS near EF has been reported (27).
Then, the electrical conduction in the CrOxFy may be gen-
erated via a carrier hopping between these localized states
as observed in amorphous semiconductors (25).

To elucidate the relationship between the increased lo-
calized states and the catalytic activity in our chromium
catalysts, first of all, we need to understand how the
chromium species catalyze a fluorination reaction. Kijowski
et al. (28) proposed a fluorination mechanism at the fluori-
nated chromia surface. According to their mechanism, the
key to the catalytic reaction is the existence of labile fluorine
which is weakly coordinated to the Lewis acidic chromium.
This labile fluorine is produced as follows:

HF (weakly adsorbed)↔ catalytically active F→ CrIII–F.

Vacant sites for the coordination of labile fluorine exist
in the coordinatively unsaturated chromium species on the
surface. This argument can be applied to our system because
of a similarity of the catalyst surface.

We suppose that the labile fluorine is formed initially
by the chemisorption of a HF molecule and subsequent

breaking of the H–F bond on the surface. The bond break-
ing can be initiated by electron transfer from the catalyst
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FIG. 6. The orbital–band interaction diagram. A (B) represent the at-
tractive interaction between the valence (conduction) band of CrOxFy and
the unoccupied (occupied) orbitals of HF. C (D) represent the repulsive
interaction between the valence (conduction) band and the occupied (un-
occupied) orbitals. Ev and EF denote the vacuum level and Fermi energy
level, respectively.

surface to the HF molecule or vice versa, which results in
a reduction of the bond order in the HF molecule. The
CrOxFy catalyst, which has more localized states, is more
likely to interact more effectively with HF than CrF3 · 4H2O,
because of its higher DOS at the Fermi level as observed
in Fig. 5. This situation can be explained by the orbital–
band interaction diagram in Fig. 6. Direct interactions be-
tween CF3CH2Cl molecules and the catalyst surface are
not considered because adsorption strength of CF3CH2Cl
molecules was known to be about 150 times smaller than
that of HF molecules (29). Here, the orbital energies of the
HF molecule are calculated by the HF/6-311++g∗∗ method
with a Gaussian 94 package (30). A chemical interaction can
be analyzed from the starting point of energy levels of the
interacting partners. According to second-order perturba-
tion theory (31), the interactions between the two systems
are pairwise additive over molecular orbitals and each pair
interaction is governed by

1E = H2
ij

Ei − Ej
,

where1E indicates the strength of the interaction between
orbital i and j of the interacting partners. Ei and Ej repre-
sent the orbital energies of ith and jth levels, respectively.
Hij corresponds to the matrix element of the perturbation
Hamiltonian between state i and j. This concept is usefully
adopted for the interaction of a molecule with the solid
surface (32). Here, as shown in Figs. 6, A and B represent
the attractive interactions, and C and D, the repulsive in-
teractions. The A-type interaction denotes the interaction

between the valence band of the catalyst surface and the
antibonding orbitals of the HF molecule, and the B-type
ET AL.

interaction between the conduction band of the catalyst
surface and the bonding orbitals of the HF molecule. Ac-
cording to this diagram, the CrOxFy catalysts which have a
higher DOS around the EF level than CrF3 · 4H2O will show
a stronger attractive interaction of A- and B-types with HF
molecules than CrF3 · 4H2O. As a result, the HF molecules
are likely to adsorb more strongly on the CrOxFy surface
than on CrF3 · 4H2O. We can explain the enhanced catalytic
activity as follows. The adsorbed HF molecules decompose
on the CrOxFy surface and then generate labile fluorine
on the surface. The fluorinated surface is now catalytically
active for the fluorination reactions.

To our best knowledge, this is the first report to use PAS,
conductivity measurements, and valence band results in the
characterization of the fluorination catalyst, suggesting the
importance of the electronic property in the fluorination
catalytic activity. This argument is expected to be applied
to the other fluorination catalysts, e.g. Cr2O3 (33), which
show a valence band feature similar to that of our CrOxFy

catalyst.

IV. CONCLUSION

The XRD pattern of air-calcined product of CrF3 · 4H2O
indicates that the resulting material contains a predomi-
nantly noncrystalline phase. The XPS and PAS measure-
ments also show that the air-calcined product consists of var-
ious chromium compound phases. The valence band spectra
of the air-calcined product show an increased DOS near the
Fermi energy level relative to the CrF3 · 4H2O phase. The
increased DOS can be explained by the Anderson localiza-
tion model. The higher catalytic activity of the air-calcined
product CrOxFy relative to CrF3 · 4H2O is likely due to the
stronger attraction between the catalyst surface with more
localized states and the HF molecules.
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