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ZrO-supported Fe oxide catalysts (Fe/ZrQO,) exhibit a much
higher activity in the NO-CO reaction at 523 K than their A1,O3-
or SiO,-supported counterparts, in particular at a low Fe content.
Physicochemical characterizations of Fe/ZrO, with varying Fe load-
ing calcined at 973 K were conducted to disclose the Fe oxide—
ZrO; interaction modes and the catalytically active species for the
NO-CO reaction by means of *’Fe Mossbauer spectroscopy, IR,
XRD, XPS, and EXAFS. Three kinds of Fe’* species were shown
to be formed; two highly dispersed species and «-Fe;O; particles.
Fe?* cation species are preferentially formed below 2.8 Fe nm 2
by ion-exchange with the surface OH groups of ZrO,. After the
formation of Fe* cation species, Fe3* oxide clusters are formed
in a maximum amount of 3.4 Fe nm 2, The Fe’* oxide clusters
are responsible for the high activity of Fe/ZrQ,, whereas the Fe’t
cation species are almost inactive. The addition of Cu improves the
activity of Fe/ZrO, more than ten times. The catalytic synergy be-
tween Fe and Cu is attributed to a cooperative involvement of Cu
and Fe.

Key Words: NO-CO reaction; Fe/ZrO,; Mossbauer spectroscopy;
active species; Fe oxide clusters.

© 2000 Academic Press

1. INTRODUCTION

The abatement of NO, from exhaust gases is of great
importance for environmental protection (1-8). Nitric ox-
ide reduction by CO is one of the fundamental reactions
in the removal of NO from vehicles using precious met-
als such as Rh, Pt, and Pd (1). Nonprecious metal and
metal oxide catalysts were much less extensively explored
for the NO-CO reaction than precious metal catalysts,
in spite of potential performance at relatively high tem-
perature. Shelef er al. (9) reported that the catalytic ac-
tivity of a metal oxide (10 wt%) supported on ALO;
for the NO—-CO reaction decreases in the order Fe;Os >
CUCYQO4 > C\Jzo > CI‘203 > NiO > C0304 > MnO >V205.
An analogous activity sequence has been confirmed with
ZrO,-supported catalysts in our previous study (10). More-
over, it was found that a ZrO;-supported Fe oxide catalyst
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(Fel/ZrO,) exhibits a much higher activity than Fe oxides
supported on SiO,, AlLOs, or Si0,—-Al, O3 (10). Recently,
Yamaguchi et al. (11) found that Cr/ZrO, shows activity
20 times higher than Ct/SiO; for NO-CO and CO oxi-
dation reactions. ZrO,-supported Cu oxide catalysts show
high activities for these reactions at temperatures as low
as 425-470 K, although the activity for the NO-CO reac-
tion rapidly decreases with reaction time, in particular in
the initial stage of the reaction (10, 12-14). Perovskite-type
mixed oxides, LaCoO3; and La;CuQy, have been shown by
Mizuno et al. (15-17) to disperse very well over the surface
of ZrO; and to show high activities for the reduction of NO
by CO. Thus, ZrO;-supported Fe, Co, Cr, and Cu oxides
show very high catalytic activities for the NO-CO reac-
tion. In addition, it was recently found that SO4/ZrO, sys-
tems doped with Fe and Mn are extremely active solid-acid
catalysts for the skeletal isomerization of alkanes (18-21).
These catalytic features are considered to be a consequence
of specific metal oxide-ZrQ; interactions in these catalyst
systems.

The modes of interaction between metal oxides and ZrO,
have been much less extensively studied (22) up to now than
the interaction modes involving Al;Os or SiO; as a support.
With Fe oxides supported on ZrO,, the formation of well-
dispersed Fe>* oxides at a very low loading of Fe (0.5 wt%)
issuggested by XAFS (23). An XAFS study showed that the
symmetry of Fe>* species is octahedral (24). Very recently,
Fe/ZrO, calcined at 723 K was briefly studied by Mdssbauer
spectroscopy (25, 26). A doublet was tentatively assigned
to paramagnetic Fe>™ ions at a low loading of Fe (0.8 wt%
Fe). Chen ez al. (26) proposed a vacant surface site model
to explain the incorporation of Fe’* cations into the sur-
face layer of ZrO,. Knowledge of Fe oxide—ZrO; surface
interactions is very limited in spite of the high feasibility
of the ZrO,-supported Fe oxides as catalysts for the reduc-
tion of NO (10) and as promoters of solid-acid catalysts
(18-21).

In the present study, Fe/ZrO, catalysts with varying Fe-
loadings were characterized using *’Fe Mossbauer, IR,
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and XPS spectroscopies and XAFS and XRD techniques.
Fe/ZrO; catalysts were investigated to obtain fundamental
_ knowledge of catalytic behavior for the NO-CO reaction. It
is found that at least three kinds of Fe** species are formed
on the surface of ZrO,, depending on the loading of Fe.
Fe3* oxide clusters are proposed to be responsible for the
NO-CO reaction at low temperatures.

2. EXPERIMENTAL

2.1. Catalyst Preparation

Fe/ZrO; catalysts were prepared by impregnating ZrO,
with aqueous solutions of Fe(NOs);-9H,O (0.8cm?g-
ZrO;"). After drying at 383 K for 20 h, the catalyst was
calcined in air at 973 K for 1 h using an electric furnace.
ZrQ, was provided by Daiichi-Kigenso Ltd., Japan (EP,
BET surface area, 25 m? g~'; Hf content, 1.38%) (12-14).
A Cu-Fe/ZrO, catalyst (0.5 wt% Cu and 2 wt% Fec) was
prepared by coimpregnation using an aqueous solution
containing Fe(NO3)3; and Cu(CH3COy),. Cu-Fe/ZrO, was
also calcined at 973 K for 1 h after drying at 383 K for
20 h.

AlOs- and SiOz-supported Fe catalysts were prepared
analogously to the ZrO;-supported catalysts, for compari-
son. Al,O3 and SiO; were provided by the Catalysis Society
of Japan as Reference Catalysts (JRC-ALO-4, 177 m? g1,
and JRC-SIO-4, 347 m? g1, respectively) (27).

2.2. Reaction Procedure

The NO-CO reaction was carried out using a fixed bed
flow reactor made of quartz glass (outer diameter, 6 mme;
0.1 g catalyst) (13, 14). The flow rate of the reaction gas
was controlled by means of a mass flow meter (Ueshima-
Brooks, 5850E). The concentrations of NO and CO were,
respectively, 2500 and 2000 ppm in an He stream (50 cm?
min~!; W/F, 0.12 g s cm >, or GHSV, ca. 30,000 h~!). Before
the reaction, the catalyst was treated at 673 K for 1 h in
a stream of 5% O and cooled to room temperature (RT)
in the stream, which was subsequently replaced by an He
stream. After complete removal of O, in the He stream, the
reaction gas containing NO and CO was supplied and the
reaction temperature was increased at a rate of 3 K min~!
from RT to 523 K. The reaction gas was periodically ana-
lyzed by means of an on-line gas chromatograph equipped
with columns packed with molecular sieves SA (NO, CO,
N,, and O,) and Porapack Q (CO; and N;O).

2.3. Characterization

Moéssbauer spectroscopy. The 'Fe Méssbauer spectra
were measured at 297 K in a constant acceleration mode
using an Elron commercial set which consisted of an
MFG-2 signal generator, an MVT-2 velocity transducer,
and an MD-2 amplifier (28). Spectra were stored using a
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muitichannel analyzer in a multiscaler mode. Every spec-
trum was analyzed using a thin foil approximation in which
a least-squares fit was carried out assuming Lorentzian ab-
sorption lines. The values of the isomer shift are relative to
the center position of ¢-Fe at 300 K. The Mossbauer spectra
of 5 wt% Fe/ZrO,, 10 wt% Fe/Al;O3, and 5 wt% Fe/SiO,
were also measured at 78 K.

X-ray photoelectron spectroscopy (XPS). The X-ray
photoelectron spectra of Fe/ZrQ;, Fe/Al;O3, and Fe/Si0,
were accumulated on a Hitachi 507 photoelectron spec-
trometer using AlKaq; radiation (1486.6 €V, 450 W). The
catalyst sample was mounted on double adhesive tape, fol-
lowed by evacuation at RT in a pretreatment chamber
(<1 x 1072 Torr). The binding energies for Fe/ZrO, were
corrected using the Zr 3d peak of the ZrO; support at
182.2 eV as an internal reference. The binding energy of
the Zr 3d level had been calibrated using the C 1s peak
at 285.0 eV due to adventitious carbon. The peak area in-
tensity was calculated assuming a linear background. The
binding energy for Fe/Al,O3; was referenced to the Al 2p
level at 74.0 eV.

X-ray absorption fine structure (XAFS). The XAFS
spectra of the FeK-edge for the supported Fe catalysts and
an «-Fe,O3 reference were measured at RT using a Si(111)
double-crystal (d = 0.31366 nm) monochromator at the BL-
6B or 7C station at KEK-PF with 2.5 GeV ring energy and
250-290 mA stored current. In order to eliminate the ef-
fects of high-frequency overtones, the beam intensity was
detuned to ca. 60%.

The experimental EXAFS spectra were analyzed using
a computer program supplied by Technos Co. Ltd. (Japan).
Background below the edge jump was subtracted using a
Victoreen polynominal with an added constant through the
preedge region. Background above the EXAFS region was
determined by fitting with a cubic spline. The EXAFS data
were analyzed using the FEFF codes (version 6.0) devel-
oped by Rehr et al. (29). The theoretical phase shifts and
backscattering amplitudes were calculated for simple ab-
sorber (Fe)-backscatterer (O, Fe, Al, Si) pairs. A spherical
wave approximation was used in the calculations using the
theoretical EXAFS parameters thus obtained.

Infrared spectroscopy (IR) and X-ray diffraction (XRD).
The IR spectra of Fe/ZrO, were measured using an in situ
cell at RT on a Hitachi EPI-G spectrophotometer. The cata-
lyst sample was pressed into a self-supporting disc (45—
75 mg/20 mme). The catalyst wafer was evacuated (ca.
1075 Torr) at 573 K for 1 h and subsequently treated with
20 Torr of O; for 20 min at the same temperature, followed
by degassing for 1 min.

X-ray powder diffraction (XRD) patterns of Fe/ZrO;
were measured on a Shimazu VD-1 apparatus. The scan

speed was 1° min™*.
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3. RESULTS

3.1. Catalytic Behavior of Fe/ZrO-
for the NO-CO Reaction

Figure 1 compares steady-state NO conversions for
the NO—CO reaction at 523 K over ZrO;-, Al;Os-, and
SiO,-supported Fe oxide catalysts calcined at 973 K as a
function of Fe loading. A relatively high calcination tem-
perature was employed to meet practical applications of
the catalysts. The catalysts showed no activity deterioration
during the reaction at 523 K even after 50 h. The activity
and selectivity were measured after about 20 h on stream. It
should be noted that because of the excess amount of NO,
the highest NO conversion attainable in the present study
is 80% as long as direct decomposition of NO to N, and/or
N,O does not take place. No direct decomposition of NO
was observed even at 773 K.

Fe/ZrO, shows a maximum activity at 5 wt% Fe. The
selectivity to N is summarized in Table 1 for the NO-CO
reaction at 523 K over Fe/ZrO,. The maximum selectivity to
N3, 94%, is obtained also for 5 wt% Fe/ZrOQ,. With 5 wt%
Fe/ZrO,, it was found that only 40% of reacted NO was
converted to N; at 473 K, while NO was selectively trans-
formed to Nj at >543 K. The catalytic activity of Fe/Al,O3 is
very low at 5 wt% Fe as shown in Fig. 1. It steeply increases
and reaches a plateau at 10 wt% Fe. The activity of Fe/SiO»
is extremely low, but increases in proportion to the Fe con-
tent. Fe/ZrO, shows a significantly higher activity for the
NO-CO reaction than Fe/Al,O3 or Fe/SiO,, in particular at
a low Fe loading.

The turnover frequency (TOF) based on the number of
Fe atoms, (mole of NO converted) s~! (mole of Fe atoms) ™,
was calculated for Fe/ZrO, and is shown in Fig. 2 as a
function of Fe loading. The maximum TOF is observed at
1 wt% Fe; TOF gradually decreases as the Fe content in-
creases above 1 wt%. The TOF value is significantly small
for 0.5 wt% Fe/ZrO,. The dependency of TOF on the Fe
loading apparently suggests the formation of several Fe in-
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FIG. 1. NO conversions (%) in the NO-CO reaction at 523 K over
supported Fe catalysts as a function of Fe loading: O, Fe/ZrO,; @,
Fe/ALOs; A, FelSiO;. Partial pressures of NO and CO are 2500 and
2000 ppm, respectively.
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TABLE 1
Catalytic Activity of Fe/ZrO; at 523 K for the NO-CO Reaction

Fe content NO conversion® Selectivity to No®
(wt%) (%) (%) kno®
0.5 42 22 0.04

1 23 60 35
2 ) 37 80 9.5

2¢ 69 100 101

3 39 90 14

5 41 94 16
10 28 36 5.9
0.5 wt% Cu? 19 98 2.7

2Total flow rate, 50 cm® min~!; Pxo = 2500 ppm and Pco =2000 ppm;
selectivity to N = (mol of Np)/[(mol of N») + (mol of N,O)].

21077 mol s! g-cat™! Pa=%" for Fe/ZrO,.

0.5 wt% Cu-2 wt% Fe/ZrO,.

20.5 wt% Cw/ZrO,.

teraction species having different intrinsic activities for the
reaction.

The partial pressures of NO and CO (Pno and Pco, re-
spectively) were varied in the range 500-3000 ppm to ob-
tain a reaction rate equation. The flow rate was increased
to 100 cm® min~! so that the conversions of NO and CO
were kept low (<20%). The reaction rate over Fe/ZrO; at
523 K could be described by the following rate equation:

= o P i

The rate constant kno obtained using Eq. 1] is listed in
Table 1 for Fe/ZrO,.

It was shown previously (10, 14) that the addition of a
small amount of Fe to CwZrO; significantly increases the
activity of Cu/ZrO, for the NO-CO reaction. In conformity
with the previous observations, the addition of 0.5 wt%
Cu to 2 wt% Fe/ZrO; drastically increases the activity of
Fe/Z1rO,. With 0.5 wt% Cu—2 wt% Fe/ZrQ,, NO reacts with
CO at a temperature as low as 390 K (463 K for Fe/ZrO;),
producing N;O as a major product. Nitric oxide is selec-
tively converted to Ny at 510 K (543 K for Fe/ZrO,). The
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FIG. 2. Turnover frequency (TOF) of Fe species on Fe/ZrO; for the
NO-CO reaction at 523 K as a function of Fe loading.
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rate equation was found to be altered by the addition of Cu
and is expressed by Eq. [2] (14):

= KPP, 2

The rate constants ki for Cu—Fe/ZrO; and 0.5 wt% Cu/
ZrO; (14) are presented in Table 1 as well. The rate constant
of 2 wt% Fe/ZrO; is increased more than 10 times by the
addition of 0.5 wt% Cu. Evidently, this activity increase is
not due to the activity of the added Cu itself. It is evident
that a catalytic synergy is generated between Cu and Fe,
as reported previously (14). The activity of Cu-Fe/ZrO,
was very stable for the NO-CO reaction over 100 h on
stream, while that of Cu/ZrO, decreased rapidly at a short
reaction time, followed by a slow deactivation as shown
previously (13).

3.2. Characterization

XRD. The XRD patterns of Fe/ZrO; are presented in
Fig. 3 as a function of Fe content. Only a narrow region
of 260 =30°-37° is presented to clarify the formation of «-
FeyO; (hematite) ((104) at 26 =33.3°, PDF 01-1053). No
formation of other Fe oxide or oxyhydroxide phases was
detected by a wide-scan XRD. Fe/ZrO, shows a diffraction
pattern due to a monoclinic ZrO, phase (PDF 36-0420).
No diffraction peaks due to Fe oxides are detected below

| @-Fe;04(104)

ZrOo(200)

|

2r05(002)

3wt%
2Wi%
Twit%
1 L 35 1 1 J 3!0
26/ deg

FIG. 3. XRD patterns for Fe/ZrO, with varying Fe contents.
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FIG. 4. 'Fe Mossbauer spectra measured at 297 K for Fe/ZrO, with
varying Fe content. The spectra for 5 wt% Fe/ZrO; measured at 78 K and
0.5 wt% Cu+ 2 wt% Fe/ZrQ; are also included.

1 wt% Fe, while a peak at 20 = 33.3° due to o-Fe,O3 grows
as the Fe content increases above 2 wt%. This indicates that
crystalline a-Fe;O3 particles are formed above 2 wt% Fe.
The crystallite sizes (D.) of the ZrO, and «-Fe;O3 phases
were determined from line broadenings using the Scherrer
equation (30) (shape factor K=0.9) with the diffraction
peaks due to ZrO,(111) (31.5°) and «-Fe,03(104) (33.3°).
The crystallite size of ZrQ; is 41 nm and is not affected by
the addition of Fe. The surface area of the ZrQO; is estimated
from the crystallite size to be 26 m? g™!, in excellent agree-
ment with the BET surface area, 25 m? g~ This suggests
that the ZrQ, employed here is composed of crystalline
particles without porosity. The size of the ¢-Fe,Os crystal-
lites increases linearly from 27 to 60 nm as the Fe content
increases from 2 to 10 wt%: 27, 30, 40, and 60 nm for 2, 3,
5, and 10 wt% Fe/ZrO,, respectively.

The XRD pattern of 10 wt% Fe/SiO, showed no diffrac-
tion peaks due to a crystalline phase except for a very
weak peak at 26 =33.3° probably due to a-Fe;Os3. On the
other hand, 20 wt% Fe/Al,O3 showed a weak XRD pattern,
clearly indicating the formation of «-Fe;Os particles.

Méssbauer spectroscopy. Shown in Fig. 4 are the room-
temperature Mossbauer spectra of Fe/ZrO; catalysts
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calcined at 973 K for 1 h. The spectra are composed of,
at least, two components, a paramagnetic doublet and a
magnetically split sextet. The Mdssbauer parameters are
summarized in Table 2. Comparing the Méssbauer para-
meters in Table 2 with those reported for Fe catalysts and
reference compounds (25, 31-34), the doublet is attributed
to highly dispersed Fe*' species, that is, paramagnetic Fe**
ions and/or superparamagnetic Fe** oxide clusters, while
the sextet is unambiguously assigned to large «-Fe O3
particles. The isomer shift (IS) of 0.30-0.36 mm s~ and
the quadrupole splitting (AEg) value of 0.96-1.03 mm
s™! for the doublet component suggest the formation of
Fe>" species in a distorted octahedral symmetry, since these
values are in between the values (35) reported for Fe**
cations in an octahedral (IS ~ 0.39 mm s, AEq ~ 0.64 mm
s1) and tetrahedral symmetry (IS ~0.21, AEq ~ 1.29).
The fractions of the highly dispersed Fe** species and
a-Fe,O3 particles were calculated from the respective spec-
tral areas and are summarized in Table 2. Figure 5 shows
the fraction of the highly dispersed Fe** species as a func-
tion of Fe content. More than 80% of the Fe is highly dis-
persed in 1 wt% Fe/ZrO,. It is evident that the fraction of
highly dispersed Fe>" species decreases as the Fe content
increases. The Mssbauer spectrum of 5 wt% Fe/ZrO, was
also measured at 78 K to obtain some insights into the pos-
sible size distribution of superparamagnetic Fe oxide par-
ticles. As shown in Fig. 4 and in Table 2, the fraction of
the highly dispersed Fe** species is essentially unchanged
even by the low temperature measurement, showing that
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FIG.5. Area fraction of the doublet component or highly dispersed
Fe?t species for Fe/ZrO; as a function of Fe loading.

with 5 wt% Fe/ZrO;, there are no superparamagnetic
species which transform to magnetically ordered species
at 78 K.

Shown in Fig. 6 are the amounts of the highly dispersed
paramagnetic Fe>* species and magnetic a-Fe,Os particles
in Fe/ZrO, as a function of Fe content. The amount of highly
dispersed Fe** species increases as the Fe content increases
and reaches a plateau of 1.4 wt% Fe above 5 wt% Fe. On
the other hand, the amount of «¢-Fe,O; particles increases
almost linearly above 1 wt% Fe with increasing Fe content.
The latter observations are consistent with the XRD results
in Fig. 3 showing a growing peak intensity at 33.3° due to
a-Fe;Os crystallites with the Fe content above 2 wt%.

TABLE 2

Massbauer Parameters for Supported Iron Oxide Catalysts Measured at 297 K

Doublet Sextet
Fe IS AEg IS AEq H;
Catalyst*® (Wt%) 1(%) (mms~) (mm s71) 1(%) (mms™) (mm s™1) (kOe)
Fel/ZrO, 1 84 0.34 0.98 16 0.57 —0.18 495
2 52 0.32 0.96 48 0.26 -0.23 520
2t 72 0.34 0.96 28 0.38 ~0.21 512
3 45 0.33 1.03 55 0.28 —-0.19 510
5 28 0.34 0.98 72 0.26 -0.21 505
27 0.36 0.97 73 0.27 —0.20 504
5° 25 0.46 1.00 75 0.48 0.16 537
8 18 0.33 0.95 82 0.27 —-0.21 510
10 10 0.30 0.98 90 0.26 -0.20 510
Fe/ALOs 5 100 0.30 0.96
5¢ 81 0.40 0.99 19 0.48 -0.19 519
10 100 0.30 0.96
10° 52 0.40 1.01 48 0.48 —-0.15 458
Fe/SiO, 5 100 0.37 0.77
5¢ 60 0.43 0.84 40 0.49 0.00 448
a-Fe, O3 100 0.26 -0.21 515

4 Calcination conditions: 973 K for 1 h.
b Cu—Fe/ZrO; catalyst having 2 wt% Fe and 0.5 wt% Cu.
¢ Mossbauer spectrum was measured at 78 K.
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FIG. 6. Amounts of highly dispersed Fe** species (O) and Fe,O; par-
ticles (@) on Fe/ZrO; as a function of Fe loading.

The effect of Cu addition on the Fe dispersion of 2 wt%
Fe/ZrO, was studied by Mossbauer spectroscopy as well.
As shown in Fig. 4 and Table 2, the spectral contribution of
the doublet component is considerably increased by the ad-
dition of 0.5 wt% Cu. The amount of highly dispersed Fe*
species is calculated to be 1.4 wt % Fe for Cu—Fe/ZxO,, close
to the maximum amount of the doublet species in Fe/ZrO;.

The Mossbauer spectra for 10 wt% Fe/Al,O3 and 5 wt%
Fe/SiO; are shown in Fig. 7. The Mssbauer parameters are
also presented in Table 2. The spectra are only composed of
doublets for Fe/Al,O3 as well as Fe/SiO, when measured at
300 K. The parameters are close to the values reported for
Fe/Al,O3 and Fe/SiO, with a low Fe content and calcined
at a high temperature (32). However, Mossbauer spectra
measured at 78 K clearly indicate the formation of sextet
species. The Mossbauer parameters demonstrate the for-
mation of small particles of magnetically ordered species
different from «-Fe;Os in both catalyst systems, strongly
suggesting the formation of binary oxide phases.
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FIG. 8. XPS intensity ratio, Fe 2p/Zr 3d, for Fe/ZrO, against the Fe
loading.

XPS. The Fe 2p XPS spectra for Fe/ZrO, with vary-
ing Fe content were measured to obtain information on
the chemical states and dispersion of surface Fe species.
The Fe 2psp binding energy was 711.3 £ 0.2 eV irrespec-
tive of the Fe content and is characteristic of that for o-
Fe,03, indicating the formation of Fe3t oxide species on
the Fe/ZrO; surface. The XPS intensity ratio, Fe 2p/Zr 3d,
is plotted in Fig. 8 against Fe content. The ratio is propor-
tional to the Fe content up to 1 wt% and becomes more
or less constant at a high Fe loading. Taking into con-
sideration theoretical and empirical correlations (36-38)
for supported catalysts between the dispersion of surface
species and the ratio of the XPS intensities due to the sur-
face species and the support, it is considered from Fig. 8
that Fe** species are highly dispersed below 1 wt% Fe and
that low dispersion species, such as Fe;Oj3 particles, start
to form above 1 wt% Fe. The results of XPS are in excel-
lent agreement with those from the XRD and Mdossbauer
spectroscopy.
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FIG.7. Mossbauer spectra measured at 300 and 78 K for Fe/AL O3 and Fe/SiO; calcined at 973 K for 1 h: (A, a) 5 wi% Fe/ALOs; (B, b)

10 wt% Fe/ALOs; (C, c) 5 wt% Fe/SiO,.
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The Fe 2ps;, binding energy for 5 wt% Fe/ALOs is
711.8 eV, marginally higher than that for Fe,O3. With 5 and
10 wt% Fe/SiO,, the XPS intensity of the Fe 2p band was
too weak to detect on the present spectrometer, indicating
that most of the Fe species are in the bulk of the catalyst.

XAFS. Figures 9 and 10 show the k>-weighted EXAFS
functions and the corresponding Fourier transforms for
Fe/ZrO,, Fe/Al,Os, and Fe/Si0O,. The Fourier transform for
5 wt% Fe/ZrO, is obviously very close to that for «-Fe;Os,
suggesting that the local structure of most Fe** species
is similar to that in a-Fe;Os. On the other hand,o 5 wt%
Fe/Al,O3 shows two weak peaks at 2.5 and 3.0 A as the
second and third shells, respectively. At a higher Fe load-
ing, the Fourier transform for 20 wt% Fe/Al,O3; becomes
much closer to that for a-Fe,Os, in conformity with the
XRD results. With 5 wt% Fe/SiO,, the Fourier transform is
considerably different from that for a-Fe,0s.

The EXAFS results on the 5 wt% Fe catalysts were ana-
lyzed using theoretical parameters (Ak=3.5-12 A‘l) The
structural parameters thus estimated are summarized in
Table 3. Since Ot-F6203 has three Fe-Fe bondings in a nar-
row range, 2.90-3.36 A, as presented in Table 3, it was im-
possible to reproduce the structural parameters of a-Fe;Os3
without any restrictions in the curve-fittings. Accordingly,
in the case of the EXAFS analysis of the a-Fe,O3 refer-
ence, the Fe-Fe and Fe-O bond distances were fixed at the
corresponding crystallographic values (39) and a theoret-
ical o value (0.06) was used. The differences in the cal-

T T 1

5wt% Fe/SiO,
” /\/\A/\MMW

20wt% Fe/Al,O;

40 N

5wit% Fe/ZrO, |

o

Kex(k) / A

20+

8
k/A?

FIG.9. The k’-weighted EXAFS functions for supported Fe catalysts
and Fe;0s.
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3 a
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FIG.10. The k*-weighted Fourier transforms for supported Fe cata-
lysts and Fe;O3 (Ak=3.5-12.0 A)

culated coordination numbers in Table 3 from the corre-
sponding theoretical values may result from the use of the
theoretical parameters and possible contributions of high-
frequency overtones in the EXAFS spectra. With 5 wt%

TABLE 3

Structural Parameters® as Derived from the EXAFS Analysis
for 5 wt% Fe Catalysts and «-Fe;0;

R R factor
Catalyst Scatterer R (A) CN?  Ep(eV) Ac2(A®) (%)
a-Fe,05 O 1944  18(3) 06 0 18
2115¢  1.0(3) 50 o
Fe 2897 14(1) -09 0 34
2969+  11(3) -47 0°
3360 2.6(3) 16 0
Fe/ZrO, O 1944 17 —07 o 39
2115 15 98 0
Fe 2897 11 -17 o 27
2969 1.0 -87 0
3360 2.3 -33 0
Fe/ALO; O 1.86 15 -35 00002 7.7
1.99 14 05 00012
Fe 2.93 1.0 -122 00045 18
Al 333 13 77 0.0036
Fe/SiO, o) 1.88 15 —24 00035 11
2,00 2.0 ~35  0.0025
Fe 3.06 0.5 06 00026 15
Si 321 2.4 ~67  0.0056

¢ An asterisk indicates a fixed parameter; CN, coordination number; R,
distance between Fe and scatterer; Ao, relative Debye—Waller factor; R

factor is defined as R = Zk (xae (k) — Xexp(k))z/ZkXexp (k)
® The numbers in parentheses are the crystallographic coordination

numbers of a-Fe;Os.
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Fe/ZrO,, the formation of a-Fe,Os is assumed and the R
and o-values were fixed at those for a-Fe,O3 in the fit-
ting procedures. The coordination numbers of the Fe-O
and Fe-Fe bondings for 5 wt% Fe/ZrO, thus obtained
are very close to the corresponding values obtained for
a-Fe,03, confirming that the local structure of the major
Fe3* species in 5 wt% Fe/ZrO, resembles that in crys-
talline «-Fe;Os. This is in line with the Méssbauer results in
Table 2.

With 5 wt% Fe/AlL, O3z and Fe/SiO;, the EXAFS results
were analyzed without any restrictions. The Fourier trans-
form peaks between 2.1 and 3.3 Acanbe reasonably curve-
fitted only when Fe-Al or Fe-Si bondings are assumed
in addition to Fe-Fe bondings. These results suggest the
formation of binary oxides as predominant species in 5 wt%
Fe/Al,O3 and Fe/SiO,.

IR. In order to assess the reactivity of the surface hy-
droxyl groups toward Fe species, IR spectra were measured
for Fe/Z1O, after evacuation at 623 K. Figure 11 shows
the IR spectra of the OH region. As reported previously
(12, 13), three kinds of OH groups are observed for the
ZrO, sample at 3776, 3674, and 3734 cm . The former two
bands are assigned to terminal and bridged OH groups on
7103 (22, 40), respectively, and the last band is tentatively
assigned to the OH groups attached to impurity HfO;
(12, 13). It is evident that the intensity of the surface OH
groups decreases as the Fe content increases. Three kinds
of OH groups are almost simultaneously consumed by the
incorporation of Fe and are almost completely lost at 5 wt %
Fe. The IR peak intensity, which is expressed by log (lp/I)

3776
3734
3674

0 wt%

0.5 wt%

1 wt%

e

Transmittance —

2 wt%

10

5 wt%

FIG. 11. IR spectra for Fe/ZrO, with varying Fe content. Sample
weight: 0 wt% Fe, 54.1 mg; 0.5 wt% Fe, 74.5 mg; 1 wt% Fe, 55.7 mg;
2 wt% Fe, 48.7 wt%; 5 wt% Fe, 52.8 mg.
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IR Band Intensity / arb. unit

Fe Loading / wt%

FIG. 12, IR peak intensity, as expressed by log (Ip/I) normalized to
the sample weight, of the OH band at 3776 cm ™ as a function of Fe loading,

normalized to the sample weight, of the OH groups at
3776 cm™! is presented in Fig. 12 as a representative of
the three bands as a function of Fe loading. It is evident
that the OH groups are effectively consumed at 0.5 wt%
Fe, followed by a gradual decrease above 1 wt% Fe with
increasing Fe loading. These results suggest that the surface
OH groups of ZrO;, are involved in the formation of the
highly dispersed Fe** species.

4. DISCUSSION

The XPS results in Fig. 8 on Fe/ZrO; evidently indicate
that the dispersion of the Fe* species depends on the Fe
loading. In agreement with the XRD observations, highly
dispersed Fe** species are preferentially formed at an Fe
content lower than 1 wt%. It is well established (33, 34, 41,
42) that the Mossbauer results for 5 wt% Fe/ZrO, measured
at 297 and 78 K reflect the particle size distribution of Fe*
species. With 5 wt% Fe/ZrO,, the area fraction of the dou-
blet component observed at 297 K is essentially unaffected
by lowering the measurement temperature within the ac-
curacy of £5%, indicating that there is no superparamag-
netic Fe** species with a magnetic transition temperature
between 78 and 297 K. Consequently, it is concluded that
at least two kinds of Fe*' species are formed having dif-
ferent dispersions, highly dispersed Fe** species showing
paramagnetism at 78 K and «-Fe,;Oj3 particles large enough
to exhibit a magnetically ordered state even at 297 K.

According to Kiindig et al. (41), the volume V of «-Fe,O3
particlesis correlated to the transition temperature 7 where
superparamagnetism turns into static magnetic order, by

In(4 x 107* K) = 2KV kT [3]

where k is the Boltzman constant and K is an anisotropy
constant (4.7+1.1 x 10* erg cm™) experimentally deter-
mined for a variety of Fe;O3; samples with known parti-
cle sizes. The critical diameters of «-Fe;O3 particles are
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calculated from Eq. [3] tobe 13 and 8§ nm at 297 and 78 K, re-
spectively. Accordingly, the particle size of the Fe** species
in 5 wt% Fe/ZrO,, paramagnetic at 78 K, is considerably
smaller than 8 nm, even if these species are present as highly
dispersed Fe>* oxide clusters. In addition, the particle size
of a-Fe;O3 is considerably larger than 13 nm. This is in
conformity with the XRD results showing the formation of
a-Fe, 03 crystallites of 40 nm in size. Apparently, a bimodal
size distribution of Fe" species is formed with Fe/ZrO,
calcined at 973 K, irrespective of the Fe content. In con-
trast to Fe/ZrO,, the fraction of the doublet component in
Fe/AlL,Os or Fe/SiO, is considerably decreased by lowering
the measurement temperature from 300 to 78 K. Thus, the
size distribution of the Fe3* species in Fe/Al,O3 and Fe/SiO»
is broad and different from that in Fe/ZrO,.

It is important to clarify the catalytically active forms
of the Fe** species in Fe/ZrO,. The rate constant kno in
Table 1 is plotted in Fig. 13 against the surface area of a-
Fe, 03, which is calculated on the basis of the crystallite size
(XRD) and the amount (Fig. 6) of «-Fe;Os. Evidently, no
correlation is obtained except for 2 and 3 wt% Fe/ZrO,.

The rate constant kno is presented in Fig. 14 as a function
of the amount of the highly dispersed Fe** species (Fig. 6)
obtained from the Mdossbauer measurements at 297 K. In
Fig. 14, the Fe3+ species in 0.5 wt% Fe/ZrO;, are assumed to
be fully dispersed on the basis of the correlation in Fig. 5.
Evidently, the rate constant is not simply proportional to the
amount of Fe species. However, kno increases linearly with
the amount of highly dispersed Fe>* species above 0.65 wt %
Fe. On the basis of the correlations shown in Figs. 13 and 14,
we are inclined to suggest that some of the highly dispersed
Fe** species bear a major part of the catalytic activity of
Fe/ZrO; rather than that «-Fe,O3 particles show a high ac-
tivity for the NO-CO reaction.

The intersection value (0.65 wt% Fe) in Fig. 14 suggests
that the highly dispersed Fe>t species formed at Fe con-
tent below 0.65 wt% are almost inactive. The rate constant
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FIG. 13. Rate constant kno of the NO-CO reaction over Fe/ZrO,

as a function of the surface area of a-Fe,Os estimated from XRD and
Méssbauer results.

OKAMOTO ET AL.

20
3
b
B
<§ 151 5
&
‘w
= 101 o)
£
- (e}
Z st
=)
! 0

o—= L
0 0.5 1 15

Amount of Highly Dispersed Fe3+ Species / wt %

FIG. 14. Correlation between the rate constant kno of the NO-CO
reaction over Fe/ZrO, and the amount of highly dispersed Fe®* species
calculated from the Méssbauer results at 297 K.

increases linearly with the amount of highly dispersed Fe**
species exceeding 0.65 wt% Fe. The correlation in Fig. 14
obviously suggests the formation of at least two kinds of
highly dispersed Fe>* species, catalytically active and inac-
tive species. The latter species are preferentially formed at
an Fe loading below 0.65 wt% or 2.8 Fe atoms nm™2, The
formation of at least two kinds of highly dispersed Fe>*
species is evidenced by the dependence of the surface OH
groups on the Fe content (Fig. 12).

As mentioned above, the highly dispersed Fe** species
are ascribed to paramagnetic Fe** cations or superparam-
agnetic Fe*' oxide clusters small enough to show param-
agnetism at 78 K. Unfortunately, these species cannot be
differentiated by the Mossbauer parameters alone. Taking
into consideration the correlation shown in Fig. 14, it is ten-
tatively proposed that the catalytically inactive species of
2.8 Fe atoms nm™ are surface paramagnetic Fe** cations
strongly interacting with the surface of ZrO,. For Fe/ZrO,
calcined at 723 K (0.8 wt% Fe), Chen et al. (26) proposed
the formation of analogous paramagnetic Fe>* cations and
suggested that these species are trapped in the vacant sur-
face sites of ZrQ,. On the other hand, Yamamoto et al. (24)
claimed the dissolution of Fe** cations in the interstitial
sites of ZrO, for Fe/ZrO, calcined at 873 K (1.9 Fe nm™—?).
The IR results in Fig. 12 indicate that the surface OH groups
of ZrO; are preferentially consumed at 0.5 wt% Fe, where
catalytically inactive species are formed. Accordingly, it is
suggested that these Fe** species are surface Fe** cation
species formed by ion exchange with surface OH groups,
resulting in the formation of stable Fe**~O-Zr*" bonds.
The Mdossbauer parameters in Table 2 suggest that para-
magnetic Fe3* cation species are in a distorted octahedral
symmetry, in agreement with the XAFS results reported
by Yamamoto et al. (24). It is concluded that Fe** cation
species are predominantly formed below 0.65 wt% Fe and
that they are too strongly stabilized in the surface sites of
71O, to show catalytic activity for the NO-CO reaction at
a reaction temperature as low as 523 K.
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A highly dispersed and catalytically active Fe*" species
appears above 0.65 wt% Fe. The Mossbauer results indicate
that this species is paramagnetic or superparamagnetic in
nature. In the latter case, the size of Fe;Oj3 is calculated to
be much smaller than 8 nm in diameter. Taking into consid-
eration that the XPS intensity ratio is proportional to the Fe
content up to 1 wt% Fe, the catalytically active Fe** species
may be as well spread over the ZrO; surface as the Fe?t
cation species formed below 0.65 wt% Fe. The IR results
in Fig. 12 indicate that only a small number of surface OH
groups are consumed in the formation of the active species.
Accordingly, it is considered that the catalytically active
species are Fe*' oxide clusters produced after the pref-
erential formation of the catalytically inactive Fe** cation
species is complete. The maximum amount of Fe** oxide
clusters is calculated to be 0.8 wt% Fe or 3.4 Fe atoms
nm~2, These Fe** oxide clusters probably interact much
less strongly with the surface of ZrO; than the Fe** cation
species. Weak interactions between the Fe** oxide clusters
and the surface of ZrO, would facilitate easy reduction—
oxidation processes during the NO-CO reaction.

The formation of a-Fe,Os particles is observed above
1 wt% Fe by Mossbauer spectroscopy and XRD. The
amount and size of the «-Fe,03 particles increase as the
Fe content increases. Mossbauer spectroscopy suggests that
the diameter of the a-Fe,O3 is much larger than 13 nm,
in agreement with the XRD results. The saturation in the
Fe 2p/Zr 3d XPS intensity ratio is also readily explained in
terms of the formation of large Fe,O5 particles above 1 wt%
Fe (36-38).

Itis concluded that at least three kinds of distinctly differ-
ent Fe3* species, that is, two kinds of highly dispersed Fe**
species and a-Fe;Os3 particles, are formed on the surface
of ZrO,. The Fe** oxide clusters interacting weakly with
the ZrO, surface are responsible for a major part of the
catalytic activity at 523 K as shown in Fig. 14. A schematic
model of Fe/ZrO; calcined at 973 K is shown in Fig. 15 as a
function of Fe loading.

The addition of a small amount of Cu significantly im-
proves the catalytic activity of Fe/ZrO; for the NO-CO
reaction. The Méssbauer results indicate a considerable in-
crease in the dispersion of Fe** species to form the max-
imum amount of highly dispersed Fe** species (1.44 wt%
Fe), although the causes are not clear at the moment. How-
ever, the activity increase by more than 10 times on the ad-
dition of Cu cannot be explained merely by the increase in
the catalytically active phase. The synergistic effect of Cu
could be ascribed to cooperative involvement of both Fe
and Cu species in the reaction as evidenced by the change
in the rate equation. In the previous study (14) using Cu K-
edge XAFS, we have suggested the formation of Cu—O-Fe
bonds in Cu/ZrO; promoted by Fe.

With Fe/Al,O3 and Fe/SiO; catalysts calcined at 973 K,
the catalytic activities are significantly lower than that for
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FIG. 15. Schematic model of Fe/ZrO; calcined at 973 K as a function
of Fe loading.

Fe/ZrO; at a low Fe loading. As discussed by other work-
ers (26, 32), the Mossbauer results indicate the preferen-
tial formation of Fe** paramagnetic species, such as small
FeAlQj; particles (43), at 5 wt% Fe caused by dissolution
of Fe>* cations into the subsurface and/or bulk phases. In
conformity with this, a slightly higher Fe 2p;;, binding en-
ergy is observed for 5 wt% Fe/Al;O3 than for Fe;Os. In
the case of 5 wt% Fe/SiO,, no surface Fe species were de-
tected in the present XPS study. The formation of the bi-
nary oxide phases is confirmed for 5wt% Fe/Al,O3 and
Fe/SiO; by the EXAFS results in Fig. 10 and Table 3. At
a high Fe loading (20 wt% Fe), a considerable fraction of
the surface Fe species in Fe/Al,O3 is composed of Fe;O3
particles, which show moderate activity for the NO-CO
reaction.
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5. CONCLUSIONS

In the present study, it is revealed that Fe/ZrO; shows
very high activity for the NO-CO reaction at 523 K at a
low Fe content (5 wt% Fe). Characterization of Fe/ZrO,
with various Fe contents by 3’Fe Mossbauer spectroscopy,
IR, XRD, XPS, and EXAFS leads us to conclude that three
kinds of Fe3* species are formed on Fe/ZrO, calcined at
973 K: Fe* cation species preferentially produced at a low
Fe content by ion-exchange with the surface OH groups of
ZrO,, Fe** oxide clusters much smaller than 8 nm in size,
and large a-Fe;O3 particles (>27 nm in diameter). The max-
imum amounts of the Fe>* cation species and Fe* oxide
clusters are 2.8 and 3.4 Fe nm ™, respectively. It is shown that
the Fe** oxide clusters are highly active for the NO-CO re-
action at 523 K, whereas the Fe>* cation species are almost
inactive. The addition of 0.5 wt% Cu promotes the activity
of Fe/ZrO; more the ten times. The catalytic synergy be-
tween Cu and Fe is attributed to cooperative involvement of
both Cu and Fe in the reaction. The effect of the calcination
temperature on the iron species of Fe/ZrO, will be reported
elsewhere (44).
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