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XAFS CHARACTERIZATION ON THE
ACTIVE SITES OF Ni/v-Al,O3 CATALYSTS
FOR NO-SCR BY PROPENE

Ming Meng, Peiyan Lin, and Yilu Fu

Department of Chemical Physics, University of Science
and Technology of China, Hefei, Anhui 230026,
People’s Republic of China

ABSTRACT

Ni/y-Al, O3 catalysts show high catalytic activity for the se-
lective catalytic reduction of NO by C3Hg. The microstructures
of nickel species were characterized by the spectroscopy of X-ray
Absorption Near Edge Structures (XANES) and Extended X-ray
Absorption Fine Structures (EXAFS). The results of XANES and
EXAFS indicate that the nickel species in the sample calcined at
500°C mainly exist as highly dispersed NiO phase, whereas in the
samples calcined at 750 and 950°C, the nickel species mainly ex-
ist as NiAl,Oq-like spinel. The surface NiAl,Oy4-like spinel is the
main active site for the selective reduction of NO, and the highly
dispersed NiO phase is the main active site for C3;Hg oxidation.
The formation of subsurface or bulk NiAl,O4 spinel results in the
reduction of surface spinel and causes the decrease of activity for
the selective catalytic reduction of NO by propene.
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INTRODUCTION

The catalytic removal of nitrogen oxides (NO,) in the presence of excess
oxygen is one of the major and urgent projects in environmental catalysis. Although
some ion-exchanged zeolite catalysts have been reported to be effective for lean
NO, removal, they normally show very low thermal stability (1-3). So, in the past
several years, much attention has been attracted to oxides or the supported catalysts
(4-11). Alumina supported oxides of Group VIII elements (Fe, Co, Ni) are active
for NO-SCR by ethene (11). In these catalysts, Co/y -Al,O3 catalysts have been in-
vestigated extensively (6—11), whereas few studies have been performed on Fe and
Ni systems. Up to now, only the study by Okazaki and coworker indicates that the
active sites for NO-SCR by ethene over Ni/y -Al,O; catalysts are aluminate phases
(11), however, the microstructures of the active sites, such as the coordination
symmetry, the surface dispersion, the length of Ni—O bond, and the interaction be-
tween nickel species and the support, are never investigated. X-ray Absorption Near
Edge Structure (XANES) and Extended X-ray Absorption Fine Structure (EXAFS)
are sensitive methods to explore the micro-structures of the absorbing atoms. In
the present work, XANES and EXAFS techniques are employed to characterize
the micro-structures of the active sites of Ni/y-Al,O3 catalysts for NO-SCR by
propene, the correlation between the structures and properties is elucidated.

EXPERIMENTAL
Sample Preparation

Ni/y-Al, O3 catalysts (atomic ratio — Ni:Al = 5%) were prepared by adding
y-alumina to a given aqueous solution of nickel acetate. After drying at 120°C,
the precursor was calcined in air at 350°C for 0.5 h to decompose the acetate, and
then calcined at 500, 750, or 950°C for 4 h, respectively. The samples are denoted
as Ni-Al-X, X stands for the calcination temperature (°C).

Evaluation of Catalytic Activity
The catalytic reaction was carried out in a gas-flow system with a microre-

actor. The reaction gas contained 1400 ppm NO, 1100 ppm C;Hg, and 1.2% O,
balanced by pure helium. The gas hourly space velocity (GHSV) is 12000 h™!.
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NO, was analyzed by a chemiluminescence NO, analyzer (Model 8840), and
C3Hg was detected by a GC (Model SC-6) equipped with a FID detector.

X-Ray Diffraction (XRD)

X-ray diffraction measurement was carried out on a D/MAX-RA rotatory
diffractometer, using Cu K, as radiation source (A = 0.15418 nm). The data were
collected under the same conditions (40 kV and 100 mA).

X-Ray Absorption Fine Structure (XAFS)

The XAFS experiment was performed on the XAFS station, 4W 1B beamline
of Beijing Synchrotron Radiation Facility of National Laboratory (BSRF NL).
The back-subtracted EXAFS functions were weighted by k* to compensate the
diminishing amplitude, which resulted from the decay of the photoelectron wave.
The structural parameters of the samples were obtained by curve-fitting method,
using NiO and NiAl,O, as model compounds.

RESULTS AND DISCUSSION
The Catalytic Activities

The activities of Ni/y-Al,O3 catalysts for the selective catalytic reduction
of NO by C3;Hg are shown in Figure 1. From Figure 1A, it can be seen that the
sample Ni-Al-750 possesses highest activity for NO selective reduction at the same
reaction temperature. The maximum NO conversion over Ni-Al-750 is about 14%
higher than that over Ni-Al-500. While for C3Hg oxidation, as shown in Figure 1B,
sample Ni-Al-500 possesses highest activity, and the oxidation activity decreases
continuously with the increase of the calcination temperature. The temperature
for 100% conversion of C3Hg over Ni-Al-950 is about 60°C higher than that over
Ni-AI-500. The surface areas of the samples calcined at 500, 750, and 950°C are
113, 92, and 59 m?/g, respectively. The decrease of the oxidation activity of the
samples is consistent with the reduction of the surface area, which implies that
the sintering of active phases or support may be an important reason for the decrease
of the oxidation activity. But for NO reduction, activity is not directly proportional
to the surface area. For the samples calcined at 500 and 750°C, with the elevation
of calcination temperature the reduction activity increases, which suggests that the
nickel phases in Ni-Al-750 and Ni-Al-500 are different.
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Figure 1. A) NO conversion versus reaction temperature over Ni/y-Al,O; catalysts cal-
cined at different temperatures: (o) 500°C, (A) 950°C, (B) 750°C. B) C3Hg conversion
versus reaction temperature over Ni/y-Al,O; catalysts calcined at different temperatures:
(8) 500°C, (A) 950°C, (m) 750°C.

X-Ray Diffraction (XRD)

To characterize the active sites, the XRD spectra of the samples were recorded
and are shown in Figure 2A. In each profile, there are a group of diffracted
peaks appearing at 26 = 19.6°, 32.1°, 37.6°, 45.9°, 61.0°, and 67.1°, which are
in good agreement with those of the support y-Al,O3 (ASTM 10-425). The XRD
spectra of the model compounds NiO and NiAl,O, are also recorded and pre-
sented in Figure 2B. The diffracted peaks of NiO and NiAl,O4 appear at 20 =
37.3°,43.3°,63.0°,75.5°,79.5° and 26 = 19.0°, 31.4°, 37.0°, 45.0°, 56.0°, 59.7°,
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Figure 2. A) XRD spectra of Ni/y-Al,O; catalysts calcined at different temperatures: a)
950°C, b) 750°C, c) 500°C. B) XRD spectra of the model compounds: a) NiO, b) NiAl,Oy.
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65.6°, 77.8°, respectively. Compared with Figure 2A, it is found that only the
peak at 260 = 37.3° of NiO is close to that at 260 = 37.6° of y-Al,Os. The
positions of all the other diffracted peaks of NiO and NiAl,O, are different
from those of y-Al,03, the 26 difference is more than 0.5°. This means that
the diffracted peaks in Figure 2A mainly correspond to y-Al,Os. The possible
phases regarding nickel in this case cannot be comfirmed by XRD method. Com-
paring the profiles of the samples calcined at different temperatures, it is easily
found that the intensity of all the peaks increases remarkably with the eleva-
tion of the calcination temperature, which implies the gradual sintering of the
support.

X-Ray Absorption Near Edge Structure (XANES)

Since XRD cannot give more useful information, XAFS method was em-
ployed to characterize the active sites. The XANES spectra of the samples and
model compounds of Ni K-edge are presented in Figure 3A.

It is clear that all the XANES spectra of the samples and model compounds
seem to be analogous to each other. At absorption edge, an obvious white line
(1s—4p) is formed. However, comparing the spectra with each other in detail,
some small difference can be found. Firstly, the white lines of the samples are
disturbed by a very small asymmetric signal at the left side, which is normally
resulted from the (1s—4s) migration (12). For the samples calcined at 750 and
950°C, it is more obvious. Secondly, at the postedge the signal intensities of the
samples are different from each other. The higher calcination temperature, the
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Figure 3. A) XANES spectra of Ni K-edge of the model compounds and Ni/y-Al,03
catalysts calcined at different temperatures: a) 950°C, b) 750°C, c) 500°C, d) NiAl,Oy,
e) NiO. B) The corresponding amplified XANES spectra of (A).
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stronger oscillating signal. Thirdly, at the preedge, there is a very weak absorp-
tion peak corresponding to (1s— 3d) migration (13). When the preedge part of the
XANES spectra is amplified, this peak can be seen as in Figure 3B. It is clear that
with the elevation of calcination temperature, the intensity of the corresponding
peak of the samples is increasing. Comparing the spectra of the samples and model
compounds, it is found that the spectrum of Ni-Al-500 is similar to that of NiO,
whereas the spectra of Ni-Al-750 and Ni-Al-950 are close to that of NiAl,Oy.

Extended X-Ray Absorption Fine Structure (EXAFS)

The k*-weighted EXAFS oscillation functions of Ni K-edge of the model
compounds and samples are presented in Figure 4A.

From Figure 4A, it can be seen that the EXAFS functions of model com-
pounds NiO and NiAl,O,4 are completely different. The EXAFS functions of Ni-
Al-750 and Ni-Al-950 are very similar to that of NiAl,O4, however, the oscillating
amplitudes of the samples are much lower. For Ni-Al-500, the EXAFS function
seems to be more analogous to that of NiO. With the increase of the calcination
temperature, the EXAFS functions of the samples become close to that of NiAl, Oy,
at the positions of k = ~40 and ~80 nm~!, the oscillating peaks gradually split
into two peaks, and the oscillating amplitudes increase and tend toward that of
NiAl,Oy4. These features show that the coordination environment of Ni atoms in
the samples calcined at different temperatures are different. In Ni-Al-500, the
nickel may exist mainly as NiO, whereas in Ni-Al-750 and Ni-Al-950, it may exist
mainly in the form of NiAl,O4 or NiAl,O4-like phase.
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Figure 4. A) Ni K-edge EXAFS functions of the model compounds and Ni/y-Al,0;
catalysts calcined at different temperatures: a) NiO, b) 500°C, c¢) 750°C, d) 950°C,
e) NiAl,O,. B) The corresponding radial structure functions of the model compounds and
catalysts in (A).
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The corresponding radial structure functions (RSFs) of Ni K-edge of the
samples and model compounds are shown in Figure 4B. For NiO, there are two
coordination peaks appearing at 0.166 and 0.254 nm (uncorrected), considering
the phase scattering shift, these two peaks could be assigned to Ni—O (0.209
nm) and Ni—Ni (0.296 nm) shells in NiO. For NiAl,Oy, there are also two peaks,
but the corresponding distances 0.159 and 0.245 nm (uncorrected) are smaller
than those of NiO. Additionally, the FT magnitudes of the two peaks for NiO
and NiAl,O, are different. For NiO the second peak is much stronger than the
first one, whereas for NiAl,O4 the intensity sequence is inverse because in the
second shell in NiAL,O4 the Ni%* ions mainly coordinate to AP jons, which
are light backscattering atoms. From both the peak positions and FT magnitudes,
the RSFs of Ni-Al-750 and Ni-AlI-950 are very close to that of NiAl,Oy4, which
implies the similar coordination environment of Ni species in these two sam-
ples and the model compound NiAl,O4 even though the RSF of Ni-Al-500 is
similar to that of NiO. All these results are in good agreement with those of
XANES.

To quantitatively analyze the nickle phase in the samples, curve-fitting was
performed on the first shell of the samples, the standard functions of amplitude
and phase shift were taken from the corresponding shell of the model NiO and
NiAl,Oj4. For Ni-Al-750 and Ni-Al-950, the first shell could be well fitted using
NiAl,O4 as a model compound. According to the study by Arean and Vinuela (14),
in NiAl, Oy spinel (AB,Oy structure), ~84% of Ni2* ions occupy the B sites, and
the rest Ni”* ions occupy the A sites. The structural parameters of model NiAl,O,
are calculated on their result. For Ni-Al-500, the first shell could not be fitted by
mono-shell fitting, no matter NiO or NiAl,Oy is used as a model compound. So,
two-shell fitting was performed on the first shell of Ni-Al-500, which is described
elsewhere (15). All the fitting results are listed in Table 1.

Table 1. The Structural Parameters of the First Shell (Ni—O) in the Samples”

Ni—O Shell in NiO Ni—O Shell in NiAL O, NiO—
NiALO,

Sample R (nm) Ny Ao2 (nm?) Rg(mm) Ng Aci (nm?) (molar ratio)
Ni-Al-500 0208 4.1  0.000057  0.184 4.0  0.000049 ~3:1
Ni-AL-750 0.183 5.1  0.000042
Ni-A1-950 0.183 54  0.000033
NiALO,” 0.183 57
NiO? 0209 6.0

4R: coordination distance; N: Coordination number; Ac?: Debye—Waller factor.
bThe structural parameters of NiAl,O, and NiO are calculated on Refs. (14 and 16), re-
spectively.
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From Table 1, it can be seen that in Ni-Al-750 and Ni-Al-950 the coor-
dination distance of Ni—O shell is almost the same as that of NiAl,O4. This
means that the nickel in these two samples exists as NiAl,O4- or NiAl,Oy4-
like spinel. While in Ni-Al-500, most of the nickel exists as NiO phase, only
a small part of nickel (~1/4) exists as NiAl,O4- or NiAl,O4-like spinel. Compar-
ing the coordination number of the samples and model compounds, it is found
that the nickel species in Ni-Al-500 are in highly dispersed state. With the el-
evation of calcination temperature, the highly dispersed NiO phase gradually
converts into NiAl,Oy4 spinel, the corresponding coordination number is also in-
creasing, which suggests the growth of the particle size of NiAl,O4 or NiAl,Oy4-
like phase. Although EXAFS results indicate that some nickel in Ni-AI-500 ex-
ist as spinel phase, the lower coordination number of Ni-O shell shows that
this phase is mainly the highly dispersed surface spinel. According to the stud-
ies (13), the Ni?>* cations have a preference to occupy the surface octahedral
sites of y-Al,O3, at 500°C or lower temperature, the interaction between nickel
species and the support is not very strong, most of Ni species still exist as NiO.
However, with the increase of calcination temperature, the interaction becomes
much stronger. Some Ni** cations diffuse into the subsurface or the bulk lat-
tice of y-Al,O3, occupying the octahedral sites and finally forming subsurface
or bulk NiAl,Oy4 spinel. Apparently, the surface spinel phase in Ni-Al-950 must
be less than that in Ni-Al-750. This may be related to the decrease of NO
conversion.

Combined with the results of catalytic activities, it is clear that the activity
for C3Hg oxidation of the samples depends on the amount of the highly dispersed
NiO phase, whereas the activity for the selective catalytic reduction of NO is
mainly related to the surface NiAl,O4-like phase. So, it is believed that the highly
dispersed NiO are the main active sites for C3Hg oxidation, and that the surface
NiAl,O4-like spinel are the main active sites for the selective catalytic reduction
of NO. The increase of the reduction activity and the decrease of the oxidation
activity are resulted from the change of dispersed NiO into NiAl,Oy-like spinel.
As to the lower NO conversion over Ni-Al-950 than that over Ni-Al-750, the
sintering of the support, the growth of particle size of NiAl,O4-like spinel, and
the diffusion of Ni** cations into subsurface or bulk of the sample are plausible
explanations.
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