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Abstract A series of mixed HfyZr;_xO, oxide catalysts
was prepared according to a recipe that yields the mono-
clinic structure. The samples were examined by EXAFS
spectroscopy at the Zr K and Hf Ly edges. A fitting model
was used that simultaneously fits data from both edges, and
makes use of an interdependent mixing parameter X,,;x to
take into account substitution of the complementary atom
in the nearest metal-metal shell. For XPS analysis, Scofield
factors were applied to estimate the relative atomic surface
concentrations of Zr and Hf. EXAFS results suggested that
a solid bulk solution was formed over a wide range of X for
HfyZr,_xO, binary oxides, and that the relative ratio was
retained in the surface shell (i.e., including some subsur-
face layers by XPS) and the surface (e.g., by ISS). The
increase in selectivity for the 1-alkene from dehydration of
alcohols at high Zr content does not correlate smoothly
with the tuned relative atomic concentration of Hf to Zr.
The step change at high Zr content appears to be due to

other indirect factors (e.g., surface defects, oxygen
vacancies).
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1 Introduction

Binary oxides have been reported to offer many distinct
advantages in heterogeneous catalysis over single oxide
materials. One important system that has been well studied
is that of ceria and zirconia. Some benefits that have been
reported include (a) enhanced oxygen mobility and transfer
rates [1-3], (b) enhanced oxygen storage capacity [4, 5], (c)
enhanced decomposition rates for certain species, such as
carbonates during water gas shift [6, 7], and (d) improved
structural integrity resulting in stabilization of the oxide
surface area [8], resulting in a potentially lower deactiva-
tion rate for a host of reactions.

In moving to mixed oxides, additional parameters come
into play to describe the increased complexity of the sys-
tem. The most obvious is that of oxide homogeneity [1, 9].
Others include the strain on the crystallite structure intro-
duced by the dopant [10], the static disorder arising from
defects in the structure, changes in the acid-base charac-
teristics (e.g., number and strength of acid/basic sites) on
the catalyst surface [10], and changes in the electronic
properties [11]. These properties can, in turn, influence the
mobility of atoms (e.g., oxygen) within the bulk of the
solid as well as at the surface. As such, the reduction
property of the bulk and the surface (e.g., temperature and
extent) can also be improved [1, 7, 12, 13].

The aim of this contribution was to explore the potential
of employing EXAFS to obtain meaningful information on
binary oxide catalysts, with a focus on bulk properties such
as degree of mixing at the local atomic level and therefore,
solid oxide solution homogeneity. In order to assess its
potential usage, we sought a system that had already been
well-characterized and moreover, should exhibit almost
perfect mixing—hafnia and zirconia. The heats of forma-
tion of hafnia and zirconia are nearly the same, so that there
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should not be a strong driving force for surface enrichment
by one particular metal [14]. To determine whether or not
the bulk composition determined by EXAFS could be
extrapolated to the surface, XPS was employed to assess
the surface shell ratio of Hf to Zr. Since at the required
energies, XPS also yields photoelectrons from subsurface
layers in addition to the surface, the results from XPS were
compared with our previous results of ISS [15]. Indeed, in
past studies employing X-ray diffraction and Raman
spectroscopy, the catalysts characterized in this work were
strongly suggested to exhibit surface compositions that
were virtually identical to the bulk [16].

Another driving force for the determination of bulk and
surface composition relates to catalytic selectivity during
alcohol conversion. Freeman et al. [17] noted, for example,
that the 1-alkene selectivity for 2-octanol dehydration by
zirconia was markedly higher than that of hafnia.

However, in attempts to tune catalytic selectivity based
on adjusting the composition, it has been observed that, in
lieu of a smooth change in selectivity, a step change
occurred at a concentration of ~75 mol% zirconia over a
series of solid monoclinic solutions. For catalysts prepared
in a different manner, in which hafnia was doped into the
surface layer of zirconia, a step change was also observed,
albeit at ~90 mol% zirconia. Likewise, a similar finding
was obtained with the analog 2-butanol for the hafnia
doped zirconia sample. At ~90 mol% zirconia, the
selectivity to dehydration increased by a step-change.

The use of EXAFS and XPS was therefore important to
provide a check on earlier results as to whether or not
surface-enrichment occurred.

2 Experimental
2.1 Catalyst Preparation

Zirconia was prepared by rapidly adding excess concen-
trated ammonium hydroxide into a vigorously stirred
0.3 M aqueous solution of zirconyl nitrate. The precipitate
was subsequently filtered, washed, dried, and calcined in a
muffle furnace at 600 °C [16].

Hafnium metal was first dissolved in aqueous hydro-
fluoric acid and then ammonium hydroxide was added to
effect precipitation of the hydrous oxide. The gel was
washed five times by repeated dispersion and filtration
steps. The washed gel was then dissolved in concentrated
nitric acid. An appropriate amount of this Hf solution was
added to a zirconyl nitrate solution to provide the desired
Hf-Zr concentration. A mixed metal gel was prepared by
precipitation by adding concentrated ammonia. The gel
was dried and calcined in a manner similar to that for the
undoped zirconia sample.

For comparative purposes, hafnium doped zirconia cat-
alysts were also prepared. Monoclinic zirconia was
impregnated with an appropriate amount of hafnium nitrate
solution (described above). The amount of hafnium
required to give the desired surface coverage was calcu-
lated assuming that hafnia occupied an area corresponding
to the area projected onto a base plane of the hafnia unit
cell. The impregnated material was dried at 120 °C and
calcined at 600 °C in air.

2.2 X-ray Photoelectron Spectroscopy

XPS experiments were carried out using a Thermo VG
Scientific Minilab. Mg Ka X-rays (Kinetic energy
1273 eV) were used with a dual cathode X-ray gun. The
pressure in the analysis chamber was between 9 and
5 E—10 Torr. Data were collected using a hemispherical
electron analyzer.

Spectra were first baseline corrected. Then, areas of
peaks for the Zr 3d, Hf 4f, and O 1s ionizations were
determined, and Scofield factors [18] were applied to
convert the intensities to atomic surface concentrations. In
this manner, the Zr/(Zr + Hf) ratio could be ascertained for
each binary oxide sample. The spectra were normalized by
the combined adjusted areas of the Zr, Hf, and O signals, so
that the spectra could be compared graphically. Binding
energy shifts were corrected by analyzing the shift in the C
1s signal for each catalyst sample.

2.3 Extended X-ray Absorption Fine Structure
Spectroscopy

EXAFS spectra were recorded at the Hf Lyj; and Zr K edges
at Beamline X-18b at the National Synchrotron Light
Source (NSLS) at Brookhaven National Laboratory (BNL)
in Upton, New York. The beamline parameters and crystal
detuning procedure have been previously reported [19].

It was imperative for these binary oxide catalysts to first
calculate sample thicknesses prior to visiting the synchro-
tron. We calculated sample thicknesses by determining the
amount of sample wp, in grams per square centimeter,
using the thickness equation:

wp = 1n(I()/It)/Z (:u/p)JWJv

where [/p is the total absorption cross section of element j
in the sample at the absorption edge of the EXAFS element
under study in cm’/g, wj is the weight fraction of element j
in the sample, and In(Io/I;) was taken over a typical range
of 1-2.5. Using the calculation for wp, along with the
cross-sectional area of the wafer, the mass of the sample
was obtained. To produce a pinhole-free, self-supporting
wafer, BN was used to dilute the catalyst sample. Samples
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were scanned in flowing helium (500 cm>/min) at the
boiling temperature of liquid nitrogen to minimize the
dynamic component in the Debye-Waller factors. The use
of helium was a precautionary measure to prevent ice
formation within the cell. Scans were carried out in
transmission mode. WinXAS [20] was employed to carry
out standard data reduction, including edge calibration,
background subtraction and normalization (two-polyno-
mial method with degree 1 for the pre-edge region and
degree 2 for the post-edge region), conversion to k-space,
truncation after AXAFS minimization, and background
subtraction in k-space using a weighted (factor of 3) cubic-
spline fit. The (k) function was weighted with k> prior to
carrying out the Fourier transform. For both edges, the
R-range used for fitting was between 1.0 and 4.5 A. The
range in k-space was 3-15 AL

Structural model development and fitting was carried
out with the aid of several programs, including Atoms [21],
FEFF [22], and FEFFIT [23]. Initially, a simple cubic
model was attempted to fit the spectra with a mixing
parameter, X ,;x. This method led to very poor fits, even for
the single oxide HfO, and ZrO, samples, and was therefore
abandoned.

Previously reported XRD results [24] indicated that the
samples exhibit a monoclinic structure. Therefore, the
monoclinic structure of HfO, [25] was used as one set of
input for the Atoms program [21], in order to position the
atomic potentials in space: a = 5.117, b = 5.175,
¢ = 5.291 with space group p2l/c and angles « = 90,
f = 99.22, and y = 90, the output file of which essentially
became the input file for FEFF [22], which was used to
account for the main contributors to back-scattering by the
nearest neighbor interactions. Only single scattering paths
were considered in our model, as double scattering paths
which are most important when the forward scattering angle
is close to 180°, for our case, are deemed to contribute very
little, although they are not negligible, as demonstrated by
Li et al. [26]. Considering the Hf absorber in the binary
oxide, the FEFF program [22] was executed twice, once
with Hf as the absorber and Hf in the nearest metal coor-
dination sphere, and a second time (implementing a
separate subdirectory) with Hf as the absorber and Zr
located in the nearest metal coordination sphere. In the
same manner, FEFF [22] was carried out twice considering
Zr as the absorber, to account for Hf—Zr in addition to Zr-Zr
coordination. For ZrQO,, the monoclinic structure of ZrO,
[25-27] was used as the input for the Atoms program [21],
with parameters: a = 5.150, b = 5.211, ¢ = 5.317, space
group p21/c, and angles o = 90, = 99.23, and y = 90.
The FEFFIT program [23] was utilized to develop a struc-
tural model that could simultaneously fit both Hf Lyj; and Zr
K edge data for the binary oxide catalysts with theoretical
parameters to the experimental data, using a k> weighting
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during the fitting procedure to emphasize the first metal-
metal coordination shell. In the model, with Hf as the
absorber, a mixing parameter, X,,ix, was applied to Zr in the
nearest metal shell, while the balance 1 — X,,;x was applied
to Hf in the same shell. At the same time, with Zr as the
absorber, the mixing parameter 1 — X,,,;x was applied to Hf
in the nearest metal shell, while the balance, X,,x, was
applied to Zr in the same shell. In this way, X ,,;x served as a
global fitting parameter between the two data sets.

In fact, the monoclinic crystal structure is quite complex
due to a lower degree of symmetry relative to the simple
cubic structure, with 7 O atoms in the nearest oxygen shell,
each residing at slightly different coordination distances,
giving rise to a broad peak in the Fourier transform mag-
nitude at low R, and 12 M atoms (where M = Hf or Zr)
positioned at slightly different distances, with varying
degree of degeneracy. Reasonable fits have been previously
obtained for monoclinic structures by lumping certain path
and fitting parameters together (e.g., zirconia [27, 28]).
Although we attempted numerous fitting possibilities,
based on previous literature studies, we opted for a well-
reasoned approach in selecting certain parameters to be
fixed or lumped together.

The model employed considers the seven oxygen atoms
in the nearest coordination shell to be lumped into three
separate coordinating subshells, resulting in 2 degeneracies
at ~2.04 A, 3 degeneracies at ~2.14 10\, and 2 degenera-
cies at ~224 A. Likewise, as suggested in Table I,
similar coordination distances for Hf-M and Zr-M
(M = Hf or Zr) in the nearest metal coordination sphere
could be lumped together, resulting in 7 degeneracies at
~3.43 A, 4at ~3.94 A, and 1 at ~4.53 A, making use of
an approach not unlike that undertaken by Li et al. [26] and
Chadwick et al. [28] to successfully model monoclinic
zirconia. The decision to use these ranges becomes obvious
considering the theoretical values generated by FEFF as
shown in Table 1. It is important to note that the actual
values for the coordination numbers, Ny, were fixed. S%
was also fixed to 1.0 [26, 29], since as a variable, it is
highly correlated with Aey, and also ¢”. The decision to use
a value of 1.0 during fitting of the experimental data rather
than 0.90 [26, 29] was that the resulting fits were slightly
better with that choice. We chose to float Ae, for the single
oxides, HfO, and ZrO,, and then use the resulting values as
set parameters for the mixed oxide catalysts. Otherwise,
Aey tended to float to nonsensical values. A similar
approach for handling Aey was used by Li et al. [26], who
studied a variety of ZrO, materials with different crystal
structures. On a per edge basis, the Debye-Waller factors
for each M-O interaction (M = Zr or Hf) were lumped
into one parameter to describe the first O shell and either 2
or 3 parameters to describe the M—M shell (M = Zr or Hf).
The first covers the first 7 degeneracies and either 2 or 3 are
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Table 1 Theoretical distances calculated by FEFF [22] and chosen
lumped parameters for coordination distance, R

Zr-0 Zr—7r
m-ZrO, 2.0352 = 1st O subshell 3.3052 = Ist Zr subshell
2.0462 34185
2.1351 = 2nd O subshell 34185
2.1386 3.4375
2.1585 34375
2.2234 = 3rd O subshell 3.4456
2.2479 3.5535
3.8972 = 2nd Zr subshell
3.8972
3.9886
3.9886
4.5076 = 3rd Zr subshell
Hf-O Hf-Hf
m-HfO,  2.0338 = 1st O subshell 3.3169 = 1st Hf subshell
2.0697 3.4239
2.1267 = 2nd O subshell ~ 3.4239
2.1392 3.4382
2.1658 3.4382
2.2270 = 3rd O subshell 3.4479
2.2480 3.5643
3.9081 = 2nd Hf subshell
3.9081
4.0010
4.0010

4.5271 = 3rd Hf subshell

used to describe the remaining 5 degeneracies. The reason
is that the coordinating distances, while not the same, are
very close. One would not anticipate that the degree of
disorder to be so different solely due to the slight differ-
ences in atomic positions, R, for the different subshells
within the entire broad shell. Furthermore, in this particular
case, due to similarity in ionic radii, it was assumed that the
Debye-Waller factor does not vary significantly due to
substitution of Zr for Hf, and vice versa, either, resulting in
an effective Debye-Waller factor that accounts for the
presence of both Zr and Hf within each subshell. Although
from a purely theoretical standpoint, it is important to
consider the reduced mass for an interaction in determining
Debye-Waller factors, we did not assign separate Debye-
Waller factors for Zr—Zr, Zr—Hf, and Hf-Hf interactions
within each subshell, we found empirically that this added
too many parameters to the model, resulting in loss of
physical meaning. Very reasonable values for the lumped
o’ parameters for subshells were obtained using the above
outlined model, which are reported as a weighted average
for the entire shell (e.g., 12 total interactions for the broad

shell for Hf-M, with 7 interactions for the 1st subshell, 4
for the 2nd subshell, and 1 for the 3rd subshell).

2.4 Reaction Testing

Catalytic testing was carried out using a tubular fixed bed
reactor. The catalyst was activated at 500 °C in hydrogen
for 4 h prior to testing. Alcohol was pumped at a rate to
give a space velocity of 0.4 LHSV. Liquid products were
collected at hourly intervals and analyzed for conversion
and alkene distribution using gas chromatography. A nor-
mal catalytic run lasted for 5-8 h. Conversion levels varied
from 2 to 20% conversion of the alcohol. The maximum
activity was obtained with the Hfy 5¢Zr( 39O, solid solution.

3 Results and Discussion
3.1 XPS

The normalized XPS spectra for the Hf 4f and Zr 3d ion-
izations are presented in Fig. 1. As shown in Table 2, the
surface shell atomic ratios of Zr/(Zr 4+ Hf) were found to
be close to their bulk ratios. The only exception was the
Hf( g5Zrg 9505 solid solution, which was somewhat lower,
at 0.80. Because the X-ray energy is 1273 eV and binding
energies are ~20 and ~ 185 eV, respectively, the kinetic
energies of photoelectrons will be in the range of 1080-
1253 eV. The mean free path of electrons in elemental
solids depends on kinetic energy. When kinetic energy is
less than 1000 eV, penetration depth is ~ 1-2 nm. Thus, at
these conditions, layers beneath the surface will also con-
tribute to the signal, and this is why we use the term
“surface shell” to describe the XPS results. It is important
to note that previous results of other surface techniques
(e.g., Raman spectroscopy [16] and ISS [15]) are consistent
with the XPS concentrations obtained in this work.

3.2 Extended X-ray Absorption Fine Structure
Spectroscopy

The decision to carry out fitting of EXAFS data was made
after, on a theoretical basis, considering the impact of atomic
substitution of Hf in the first metal coordination shell of
hafnia by Zr. These theoretical models are displayed in
Fig. 2. The k’-weighted y(k) vs. k and Fourier transform
magnitudes are presented for theoretical perfect solid solu-
tions of monoclinic HfO,, Hf 50Zry 5005, and Hfy gsZrg o5
0,, respectively. R values for O, Hf, and Zr were fixed to
their nominal values, Debye-Waller factors a2 were set to
Z€ero, S% was set to 0.90 [26, 29], and Ae, was fixed at 8 eV.
Theoretical spectra were generated using the FEFF [22] and
FEFFIT [23] programs. For HfO,, the peaks for Hf-Hf
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Fig. 1 (Left) Zr 3d XPS spectra
for the binary oxides including,
moving upward, Hfy 50Zrg 500,,
Hfy 30Zro.700,, and
Hf()»()st()_gst, and (nght) Hf
4f XPS spectra for the binary
oxides including, moving
upward, Hfy 05Zro 9502,
Hf.30Zr0.7002, and

Hify 50Zro.5002

Normalized Counts

— 95%Zr

186 184

Binding Energy (eV)

Table 2 Zr/(Hf + Zr) surface atomic concentration ratios obtained
from XPS by application of Scofield factors [18]

Catalyst description Binding energy Zr/(Zr + Hf)

shift (eV)
Hf.05Zr0.0502 8.875 0.80
Hf 302107002 8.275 0.67
Hf.50Zr0.5002 8.875 0.47

coordination are readily apparent. However, there is an
important destructive interference of waveforms for the Hf-
Zr and Hf-Hf contributions from the first metal shell in the
case of the Hfj 50Zrg 500, catalyst. For the case where the
concentration of Zr is high enough such that it accounts for
95% of the atoms in the first metal coordination shell, sharp
peaks again arise in the Fourier transform magnitude spectra,
as Hf-Zr coordination is favored. From this preliminary
evaluation, it would appear then that important information
on the extent of mixing between Hf and Zr may be obtained
from EXAFS fitting procedures.

It is therefore interesting in the case of Hf and Zr to
determine if the surface ratios extend into the bulk of the
sample, and whether or not EXAFS can provide some
verification of the degree of mixing between the two metal
oxide components in the binary mixed solid solution. The
k*-weighted y(k) functions, their Fourier Transform mag-
nitudes, and the theoretical results of the model from the
simultaneous nonlinear least squares fitting routine, are
presented in Table 3 and Fig. 3. The experimental k°
weighting was used to emphasize the contribution of the
higher Z elements. For the HfO, single oxide, the back-
scattering amplitude envelope in the weighted y(k)
function arising from Hf-Hf coordination is very evident.
However, replacing close to half of the atoms of Hf by Zr
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in the Hf-M (again, M = Zr or Hf) coordination shell
results in considerable annihilation of the waveform, since
the oscillations arising from Hf-Hf and Hf-Zr coordination
are slightly offset from one another. Interference phe-
nomena due to atom substitution were previously reported
during EXAFS investigations of Pt—Sn alloys [30], where
the presence of both metallic Pt and Pt—Sn bimetallic
clusters led to the appearance of a new peak in the FT
magnitude spectrum due to interference of the Pt—Pt from
Pt° clusters and Pt-Sn from the clusters exhibiting the
alloy. More recently, another poignant reminder regarding
interference phenomena was reported in the case of mixed-
phase zirconia materials containing both the tetragonal and
monoclinic phases [31]. In that instance, the Zr—Zr peak
was found to decrease due to cancellation effects in y(k)
due to variations between the monoclinic and tetragonal
zirconia waveforms [31], reminding people to pay attention
to mixed phase cancellation effects. Regarding Hf Ly edge
data, in our case, as Zr content is increased, there appears
to be considerable destructive interference between the
waveforms in y(k) arising from the Hf-Hf and Hf-Zr
contributions at 50% Zr content, as the envelope is mark-
edly attenuated. Yet, at higher levels of Zr addition (0.70
Zr and 0.95 Zr), the signal for Hf—Zr becomes apparent and
predominant in the high k region of y(k). The result in the
Fourier transform magnitude is a slight decrease in the
peak position in R-space for Hf-M from one extreme,
purely Hf-Hf coordination for the HfO, sample, to the
other, predominantly Hf-Zr coordination for the Hfj s
719950, catalyst sample, in line with the theoretical pre-
dictions depicted in Fig. 2.

The sensitivity of the backscattering functions and
therefore, the k* = (k) signal, to atom type, especially in
the amplitude component of the EXAFS equation, A;(k), is
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(a)

theoretical HfO,

K+ x(K)

theoretical Hf, . Zr, . O,

K*+x(k)

theoretical Hf, ,.Zr, ,.O,

K*+x(K)

3 4 5 6 7 8 9 10 11 12 13 14
k (1/Angstroms)

Fig.2 a k3—weighted x(k) vs. k (left)y and Fourier transform
magnitudes (right) for theoretical perfect solid solutions for, moving
downward, monoclinic (a) HfO,, (b) Hfys0Zrp500,, and (c)
Hf 05Z19.050,. R values for O, Hf, and Zr were fixed to nominal
values, ¢ set to zero, S% set to 0.90, and Ae, was fixed at 8 eV.
Theoretical spectra (Hf Ly edge) were generated using Feff [22] and
Feffit [23]. Note the destructive interference of waveforms in y(k) for
Zr and Hf in the first metal shell for the Hfj 50Zrq 500, case, and the
resulting diminishing of the Fourier transform magnitude for Hf-M

exhibited by comparison of the spectra of HfO, (essentially
all Hf-Hf coordination in the nearest metal shell) with
Hf( ¢5Z19 950, (high degree of Hf-Zr coordination in the
closest metal shell). The envelope displays a larger
amplitude for hafnia in the high k region, as expected from
the theoretical predictive models shown in Fig. 2.

The results taken at the Zr K edge (Fig. 4) complemented
Hf Ly edge results, allowing for a more accurate determi-
nation of X,,;, during simultaneous fitting of data acquired
at the two edges with the global theoretical structural
model. The uncertainty in X,,,;x was approximately £0.05.

15

theoretical
HfO,

FT Magnitude

theoretical
Hf;.50Z70.5002

FT Magnitude

theoretical
Hf; 05270950,

FT Magnitude

1 2 3 4 5 6
R (Angstroms)

(M = Hf, Zr) coordination. b K’ -weighted y(k) vs. k (left) and Fourier
transform magnitudes (right) for theoretical perfect solid solutions
for, moving downward, monoclinic (a) ZrO,, (b) Zry70Hf( 300, and
(¢) Zry 50Hf 500,. R values for O, Hf, and Zr were fixed to nominal
values, o> set to zero, S% set to 0.90, and Ae, was fixed at 5.5 eV. The
theoretical spectra (Zr K edge) were generated using Feff [22] and
Feffit [23]. Although some changes are observed, in comparison with
the Hf Ly theoretical spectra (a), the theoretical spectra for the Zr K
edge appear to be less sensitive to the mixing effect

Including the additional data set essentially removed one
degree of freedom from the fitting relative to a model in
which the two edges would be fitted independently. That is,
Xmix Was constrained by both data sets as a global fitting
parameter, resulting in an interdependent model. Relying on
data from both two edges, fit at the same time, it appears
that EXAFS could continue to gain in importance as a
useful tool in verifying whether, and determining the extent
to which, solid solutions are formed during catalyst prepa-
ration, especially considering recent trends toward more
complex, multi-component oxides (e.g., see [32]).
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(b)

theoretical ZrO,

K*+x(k)

theoretical Zr, , Hf, , 0,

K*+x(k)

theoretical Zr, . Hf, ., O,

k>+x(K)

3 4 5 6 7 8 9 10 11
k (1/Angstroms)

Fig. 2 continued

Comparing the X,;x values among the binary oxide
catalysts, the results are quite consistent with their nom-
inal bulk values if the solids formed near-perfect solid
solutions on a localized (i.e., atomic) level. Again, as with
the XPS results, the Hfj osZrg950, sample resulted in a
lower than nominal value for Hf-Zr coordination, with
about 76.4% of the M atoms on average coordinated to Zr
instead of 95%. However, the result was consistent with
the surface shell concentration value obtained from XPS
of 80%. Nevertheless, the results of both XPS and EX-
AFS suggest that Hf and Zr form a nearly perfect solid
solution HfyZr;_xO, over a wide range of X. Moreover,
this system appears to be one case in which the surface
shell (i.e., including some subsurface layers by XPS) and
surface (i.e., by Raman [16] and ISS [15]) concentrations
are virtually identical with the bulk compositions, indi-
cating that the surface layer is not enriched with one
particular element over another. That is, the surface shell
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theoretical
ZrO,

FT Magnitude

theoretical
Zr, 70Hf5.300;

FT Magnitude

theoretical
Zr, 5oHf) 6,0,

FT Magnitude

R (Angstroms)

and surface compositions of Hf relative to Zr can be
considered to be directly extrapolated from the bulk
monoclinic crystal structure.

Another interesting extrapolation from the data is a
comparison between the binding energy shift from XPS,
and the edge energy e, shift calculated during EXAFS
fitting [33], which are related. Comparing the shifts in e
resulting from EXAFS modeling (Table 3) with the bind-
ing energy shifts from XPS (Table 2), there appears to be
good agreement between the values, which are both on the
order of +8 to 9 eV for hafnia. The uncertainty in Ae,
calculated from fitting the EXAFS region with FEFFIT for
HfO, and ZrO, was ~1-2 eV. The positive value is not
surprising considering both the chemical shift due to oxi-
dation state as well as the shift due to charging of the
insulator. Interestingly, the energy shifts appear to be
generally consistent between the two characterization
techniques.
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Table 3 Simultaneous fitting model using data reported at both Hf Ly and Zr K edges, and lumped fitting parameters for R and ¢, which is

reported as a weighted average for the entire broad shell

Catalyst Aeo (V) R(A) Nen 62 (A) R (A) Nen o (A?) Xoni p (%)
Hf-O Hf-M, where M is equal to Hf or Zr, and X, is the fraction of M that is Zr
HfO, 8.6 2.11 2.0 0.0082  3.44 7.0 0.0060 - 5
2.11 3.0 3.99 4.0
2.25 2.0 4.54 1.0
Hfy 50Zro500,  Set 2.04 2.0 0.0029  3.44 7.0 0.0058 52.3 23
2.14 3.0 4.00 4.0
2.25 2.0 4.53 1.0
Hfy30Zr9700,  Set 2.04 2.0 0.0028  3.45 7.0 0.0090 70.5 13
2.14 3.0 3.93 4.0
2.25 2.0 4.55 1.0
Hfp 05Z19950,  Set 2.04 2.0 0.0030 3.44 7.0 0.0069 76.4 10
2.14 3.0 3.93 4.0
2.25 2.0 4.55 1.0
7Zr-O Zr-M, where M is equal to Zr or Hf, and X, is the fraction of M that is Hf
710, 54 2.09 2.0 0.0073  3.46 7.0 0.0087 - 7
2.12 3.0 3.98 4.0
2.25 2.0 4.54 1.0
ZroosHfp 05O  Set 2.04 2.0 0.0030  3.49 7.0 0.0069 23.6 10
2.14 3.0 3.97 4.0
2.25 2.0 4.58 1.0
Zry70Hfp 300,  Set 2.03 2.0 0.0028  3.51 7.0 0.0090 29.5 13
2.14 3.0 3.97 4.0
2.25 2.0 4.58 1.0
Zry50Hfy500,  Set 2.04 2.0 0.0029 345 7.0 0.0058 47.7 23
2.14 3.0 3.79 4.0
2.25 2.0 4.12 1.0

The edge energy shift, Aey, was floated for the single oxides, and for the mixed binary oxide catalysts, fixed to the single oxide values. The
mixing parameter, X,,ix, was also floated. The amplitude reduction factor, S3 was fixed to a value of 1.0. Coordination numbers for subshells of

oxygen and metal were also fixed

3.3 Reaction Testing

The dramatic change in dehydration selectivity is reported
in Fig. 5. On the left, a comparison is shown between solid
solution catalysts, and those prepared by doping the surface
of zirconia with hafnia. In either case, a step change in
product selectivity occurs at a molar percentage of 75% Zr
for the solid solutions (characterized in this work), and
90% Zr for the hafnia doped zirconia series. In a similar
manner, in Fig. 5 (right), for the hafnia-doped zirconia
series, there is a virtually identical step change increase at
90% Zr for dehydration selectivity of butanol. The
remarkable change in product selectivity therefore appears
to be only indirectly influenced by the changing composi-
tion of Hf and Zr on the catalyst surface. Otherwise, one
would expect a gradual change in selectivity, allowing one

to tune the products of interest by adjusting the atomic ratio
Hf/Zr, at the surface.

In considering the history of alcohol conversion, the
reviews of Mars et al. are essential [34, 35]. Eucken [36]
proposed a correlation between the selectivity and the
quantity: 5 = (cation radius)® /[(molar volume percation)
(valency)] Empirically, dehydration was found to be favored
if the cation radius was larger, and the valency smaller,
resulting in a large value for 7 (e.g., TiO,, SiO,, and Al,O3).
On the other hand, dehydrogenation was found to be pro-
moted by a small cation and a high valency (e.g., MgO, ZnO).
Wicke [37] indicated that a small cation surrounds itself
almost completely by oxygen ions, and suggested that this
never happens to the same extent when the cation is large.

To link the selectivity with the structure based on this
simple model, the following mechanisms were envisioned:

@ Springer



256 G. Jacobs et al.
Fig. 3 k’-weighted y(k) vs. k
(left) and Fourier transform Hf02 Py
magnitudes (right) for ®
experimental data (solid lines) . 'g
and theoretical model best fits = T
(filled circles) for, moving o %
downward, monoclinic (a) = ¢
HIO,, (b) Hfy.50Zr0.5002, (¢) E
Hify.30Zr0.7002, (d)
Hf 05Zr¢.950,. Data recorded at d
the Hf L]H edge
Hfy 502705002
[
o
e 2
& S 3
x [0
=
o Hf; 302707002
g 3
Py = Y
e 2
=
o Hf; 052709502
°
£ 2
¥ 5
e ]
=
Y. ¥
3 4 5 6 7 8 8 10 11 12 13 14 15 0 1 2 3 4 5 6
k (1/Angstroms) R (Angstroms)
H H H H Bronsted acidity) and (2) if an oxide tended to lose water at
. . the surface, the number of acid sites would be reduced,
HC C HC C-
H H ©OH H H(_)g . such that the oxide should favor the dehydrogenation route.
| t | *) The latter was supported by the fact that MgO tended to
O_ _OH < M \l lose water at relatively low temperatures.
PN o o With these concepts regarding selectivity for dehydro-
. i genation and dehydration in mind, and returning to the Hf-
Delydration Dehydrogenation Zr mixed oxides, can an adequate explanation be provided
(TIO,, ALOj, SIO,) (MgO, ZnO) ’ duaie b P

Following this line of reasoning, Mars [34] indicated
that the picture suggested two important points: (1) there
should exist a correlation between activation energy of
dehydration and the bonding energy of the proton (i.e.,

@ Springer

to explain (1) the difference in selectivity between HfO,
and ZrO,, and (2) the step change in selectivity for the
series of mixed oxides, which favors dehydration for the
high Zr-content materials?

Application of the initial relationship of Eucken to fully
oxidized hafnia and zirconia results cannot adequately
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Fig. 4 k’-weighted y(k) vs. k
(left) and Fourier transform
magnitudes (right) for
experimental data (solid lines)
and theoretical model best fits
(filled circles) for, moving
downward, monoclinic (a)
ZrO, (b) Zrp.o5Hf 0502, (¢)
Z10.90Z10.3002, (d)

Hf 50Zr¢.500,. Data recorded at

K> (K)

the Zr K-edge
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explain the selectivity difference. The ionic radii (72 pm
for zirconia and 71 pm for hafnia), the crystal structures
(see previous crystallographic data), and the valences (both
+4) are virtually identical, and these are the input param-
eters for 7.

Therefore, it would appear, especially as the oxides were
activated at high temperature (>450), that the catalytic
phenomena be a result of the number of defects (i.e., O
deficiencies or bridging OH groups) at the surface.
According to Mars, the oxides which more easily lost water
at low temperature favored dehydrogenation. Said another
way, dehydration selectivity appears to be favored over
oxides which retain stoichiometric O at the surface, while
dehydrogenation appears to be favored over oxides which

10 11
k (1/Angstroms)

12 13 14 15 R (Angstroms)

more easily produce defects (O vacancies or their related
Type II bridging OH groups). According to this model, it is
suggested that the HfO,-rich mixtures may offer a more
facile ability to generate these surface defects over ZrO,. It
is important to consider that such defect-laden materials
would tend to favor the activation of molecules such as
steam, formic acid, and alcohols by dissociative adsorption.

However, the situation with zirconia and hafnia appear
to be different than expected from the above discussion.
For zirconia, activation in air or oxygen produces a mate-
rial that has about equal selectivity for dehydration and
dehydrogenation of 2-octanol [38]. Furthermore, the oxy-
gen pretreated sample was unselective for 1-octene
formation and about equal amounts of the 1-, cis-2- and
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Fig. 5 (Left) The fraction of 1-
octene present in 2-octanol
conversion products, indicating

80 [ _;l,

!
|

dehydration selectivity for 100 50
(closed circles) the solid ) -
solution catalysts and (open ®
triangles) the hafnia-doped sol ® Bulk Catalyst /: / % 40 +
zirconia catalysts. (Right) The - A Surface Hf Catalyst ' ol = r
fraction of 1-butene present in % | : o :
2-butanol conversion products, S 60k i = g 30
indicating dehydration p= = b 5‘
selectivity for the hafnia-doped o i ) i
zirconia catalysts. Note the step § 40 I' “ 20k o [o ¥,
change in product selectivity 8 — @ ” ! o (o) i
[16] i Lt °

20F 10

1 - 'l 1 1 1 L
Y 0.2 0.4 0.6 0.8 1.0 0 0.2 04 0.6 0.8 1.0

Zr, Mole Fraction

trans-2-octenes were produced while the hydrogen pre-
treated sample produced about 90% of the 1-octene isomer.
Thus, it appears that with zirconia, the catalytic activity
that is selective for alcohol dehydration and the production
of 1-alkene from a 2-alcohol resides in the oxygen vacant
sites generated by the hydrogen pretreatment.

Hafnia differs from zirconia in that both the air and the
hydrogen pretreated samples have similar catalytic prop-
erties. Hafnia following either a hydrogen or oxygen
pretreatment was a selective dehydration catalyst, usually
with 95% or more of the conversion being dehydration. In
spite of the very selective dehydration properties, about
equal amounts of the 1-, cis-2- and trans-2-octene isomers
were obtained. If the inference from the zirconia case that
the 1-octene selectivity resides in the oxygen vacancy sites,
then it is very much more difficult to generate these oxygen
deficient sites on hafnia than on zirconia.

In the case of the mixed oxides, whether the bulk oxide
or the surface-only mixed oxide catalyst, the alkene
selectivity of the samples resemble hafnia until at least
80% of the mixed bulk or the mixed surface phase is
zirconia. The alcohol conversion, surface area, crystal
phase, and crystallite size determined by XRD line
broadening and TEM measurements are given in refer-
ence 15. When the dominant fraction of the mixed oxide
is zirconium, the catalytic properties then resemble that of
zirconia. It therefore appears that when the Zr fraction is
below 80%, the surface properties resemble that of pure
hafnia but when the Zr fraction exceeds about 80% the
surface properties resemble that of pure zirconia. This
step change in catalytic properties does not appear to
follow any of the properties associated with surface or
bulk compositions that have been examined in this and
our earlier studies [15, 16].

@ Springer

Zr, Mole Fraction

4 Conclusions

Binary oxides of the type HfyZr,_xO, were prepared
according to a recipe that yields the monoclinic structure,
and characterized by EXAFS spectroscopy. A simulta-
neous fitting model was tested that fits data from both
edges at the same time, making use of an interdependent
mixing parameter X, to take into account substitution of
the complementary atom in the nearest metal-metal shell.
EXAFS results suggested that a solid bulk solution was
formed over a wide range of X for HfyZr,_xO, the binary
oxides, and XPS confirmed that the relative ratio was
retained in the surface shell. The concentrations obtained
by XPS were consistent with our earlier surface charac-
terization results of Raman and ISS spectroscopies.
Interestingly, although the cation radius, crystal properties,
and valencies were similar for pure oxides, hafnia favored
dehydrogenation and zirconia favored dehydration, thereby
breaking classical correlations of selectivity and cation
size, valency. Also, for the mixed oxides, the increase in
selectivity for dehydration of alcohols at high Zr content
did not correlate smoothly with the tuned relative atomic
concentration of Hf to Zr. The step change in selectivity at
high Zr content appears to be due to other indirect factors
(e.g., surface defects, oxygen vacancies).
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