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Abstract

The role of the bigg-oxo)dicopper core, i.e., [Gii-O),]%t, in the decomposition of NO and4® by the Cu-ZSM-5 zeolite has been
studied with combined operando UV-vis monitoring of the catalyst and on-line GC analysis. An optical fiber was mounted on the outer
surface of the quartz wall of the plug-flow reactor and collected the UV-vis diffuse reflectance spectra under true catalytic conditions.
Measurement under transient reaction conditions indicated that€D),]2" is formed by O abstraction of 0, which is an intermediate
in the NO decomposition. This conversion oj® to N, and G is strongly retarded below 673 K. Above 673 K, the produced[@u
0)2]2+ fulfills the role of O, release, guaranteeing the self-reduction of the catalytic site. Studying the NO decomposition as a function of
the Oy content in the feed strongly suggested thatr@ease from [Cs(11-O)2]2t is rate limiting in the NO decomposition at 773 K.
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1. Introduction a second cation or altering the support [6-10], in order to
increase the activity and stability. Other catalysts that are
A very appealing method for the removal of NO is its active for NO decomposition include @04 modified with
direct decomposition into moleculapdnd Q. The decom- Ag and Na [11], perovskite-type compounds [12], Cu/Mg/Al
position of NO is thermodynamically favored at tempera- oxides derived from hydrotalcites [13], and BaO supported
tures below 1000 K [1]; e.g., at room temperature the Gibbs on MgO [14], but none of these materials displays the level
free energy of reaction amounts te175 kJ mot? [2,3]. of activity required for practical application. All of the ac-
However, the reaction is kinetically retarded due to the very tive catalysts have a common feature in that they are able
high activation energy of about 300 kJ mbI[4]. A whole to release oxygen at moderate temperatures [14]. Cu-ZSM-5
series of catalysts was explored over the last 50 years, butalso displays high and stable activity for the decomposition
no appreciable reaction rates were obtained till the epoch-of N,O to Ny and G [15-17]. Although a number of metal
making finding of lIwamoto et al. in 1986 [5]. They reported oxides are known to decompose®lto its elements at ele-
the uniquely high and stable activity of overexchanged Cu- vated temperatures [18], Cu- or Co-exchanged Beta, ZSM-5,
ZSM-5 for the direct NO decomposition [5]. However, tests  or mordenite zeolites supported on a ceramic honeycomb are
under conditions representative of automotive exhaust gasesnvisaged as promising catalysts [19,20].
pointed toward two important limitations of Cu-ZSM-5 for Much research has been dedicated to the identification
a practical application: (1) a too low activity by 1-2 or- of the active sites in Cu-ZSM-5 and the NO decomposi-
ders of magnitude and (2) the suppression of the activity tion reaction mechanism. A 100% selective conversion of
by water vapor and S£[1]. Recently, much research has NO into N, and @ can be achieved over Cu-ZSM-5 above
been done on modifications of Cu-ZSM-5, e.g., by adding 623 K with maximum activity in the temperature range 723—
773 K [21]. Several explanations for this profile have been
mspon ding author. propo;gd, such as (1) t.he desorption of oxygen [21], (2). the
E-mail address: robert.schoonheydt@agr.kuleuven.ac.be instability or surface nitrates [22], and (3) the adsorption
(R.A. Schoonheydt). equilibrium of NO [23]. Li and Hall [24] suggested that
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the NG production observed in case of incomplete NO de- the bis-oxo)dicopper core occur concomitantly, strongly
composition results from the reaction of NO with produced suggesting a correlation [49]. Further, the in situ XAFS data
O, in the cool exit zone of the reactor. It is known that of the latter study [49] are consistent with the formation of
the equilibrium-controlled reaction (2N@ Oz < 2NOy) a large fraction of this double-O-bridged Cu pair during NO
favors NG formation at room temperature; however, this decomposition.

reaction does not proceed far to the right at elevated tem-

peratures K (298 K) = 2.4 x 10'? atm™%; K (773 K)= 0
1 7 N\
0.82 atnt ) [24]. Cu\ Cu __—0—__
In the earliest NO decomposition schemes?C[25] or o/ C“\(')/C”
Cu?t—-O~ [26] were put forward as catalytic centers without
invoking a cyclic redox process. Now, a growing consen- Structure A. Structure B.

sus is found that monovalent copper participates in the NO ] ] )
decomposition reaction [27-33]. A number of experimental SO far, the bis¢-oxo)dicopper core had only been iden-
and computational studies propose a redox process cycling“f'ed in synthetic moneI complgxes in §o|ut|on [50]..In this
between Cu(l) and Cu(ll)-ELO species (ELO, extralattice Nomogeneous chemistry, the hisoxo)dicopper core is ca-
oxygen) [27-30,33-38]. However, the identity of the ELO is Pable of isomerizing to theu{-n?:n*-peroxo)dicopper core,
not clear. Some studies [27—30] have suggested that the ELJ-€- [Cle(i-11%17-02)]?* (Structure B) [51,52]. The latter

is associated with mononuclear copper and is of the struc-Peroxo-dicopper core is also present in the enzyme hemo-
ture C#+—-0O~ or CL*H—0?~. Alternatively, others [21,22, cyanin, found in arthropods and mollusks, where it performs
33,39-41] proposed that a single-O-bridged copper pair, i.e.,the reversible binding of ©[53,54]. Therefore, we sug-
[CuOCuf+, is essential in the NO decomposition cycle. Re- gested that the bigfoxo)dicopper core in Cu-ZSM-5 fulfills
cent computational contributions of Goodman et al. [38,42] the key role of the continuous release and in this way
stressed the eventual role of double-O-bridged copper pairs duarantees the sustained high activity of Cu-ZSM-5 [49].

i.e., [CuGCu>+. Based on this knowledge, [CyOuJ?+ In the present contribution, an operando UV-vis diffuse
has been included in some recent NO decomposition cy- feflectance spectroscopic study of Cu-ZSM-5 during the de-
cles [43-45] and is proposed to play a role information, composition of NO and BD is presented. So far, this tech-

either directly via the release of-Cor indirectly via re-  hique has not been applied in the research on Cu-ZSM-5.

combinative desorption requiring vicinal oxocations or NO- Optical fiber technology is implemented in the setup as this

mediated oxygen removal. However, in the latter studies, €quipmentis highly compatible with a plug-flow reactor and

none of the double-O-bridged copper pairs that are proposedhe elevated temperatures [55]. The use of a photodiode ar-

in the theoretical contribution of Goodman et al. [38] were ay detector guarantees a simultaneous detection of the full

identified spectroscopically. wavelength region of the spectrum. This operando UV-vis
In a recent EPR (electron paramagnetic resonance) studysPectroscopy in combination with on-line GC analysis al-

of our group [46], we found that calcined Cu-ZSM-5 sam- lows a direct study of the role of the bjs(oxo)dicopper core

ples with CYAl > 0.2 are characterized by a fraction in the catalytic NO and BD decomposition cycles.

of EPR-undetectable copper, which grows with increasing

Cu/Al ratio. This EPR silent copper fraction took our at-

tention since the NO decomposition activity has a S-shaped2. Experimental section

dependence on the copper exchange level in ZSM-5 [15,

21,23]. The NO decomposition rate gradually increases for 2.1. Samples

the lower exchange levels and increases sharply above the

Cu/Al ratio of 0.2 [23]. Therefore, we applied XAFS and K-ZSM-5 (Si/Al = 31, ExxonMobil Chemical) was put

UV-vis—NIR spectroscopy to identify the large fraction of in the Na" form and overexchanged with €taccording to

EPR silent copper (81% of the total Cu content) in the the method of Iwamoto et al. [56]. One gram of Na-ZSM-5

calcined overexchanged Cu-ZSM-5 (U = 0.6). EXAFS was ion-exchanged in 25 ml of a 0.01 M Cu(gEDy); -

pointed to a Cu -Cu contribution at 2.87 A with a coordi-  H2O solution at ambient temperature for 24 h. This proce-

nation number of 1. The corresponding UV-vis—NIR spec- dure was repeated three times. Then the sample was washed

trum is characterized by an intense CT (charge transfer)and dried at 383 K. The Cu and Al contents were determined

band at 22,700 cmt and a weak CT band at 30,000 cth by inductively coupled plasma (ICP), resulting in a/@li

For the first time, these combined EPR, XAFS, and UV- ratio of 0.58.

vis—NIR data were compared with the large databank of A series of Cu-ZSM-5 samples with increasing Cu load-

well-characterized copper centers in enzymes and synthetidng was prepared starting from Na-ZSM-5 (8] = 12,

model complexes and led to the identification of the fois(  ALSI-PENTA). Four samples were prepared by adding

oxo)dicopper core, i.e., [Gu-0)2]4+ (Structure A) in cal- 1 g Na-ZSM-5 to 250 ml of a 0.0005, 0.001, 0.0015, and

cined overexchanged Cu-ZSM-5 [47—-49]. We showed that 0.002 M Cu(CHCOy), - H2O solution respectively. After

the catalytic NO decomposition activity and the presence of 24 h of ion exchange at ambient temperature, the samples
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Table 1

Summary of the treatments of the Cu-ZSM-5 samples

Experiment (sample) Temperature Feed
Calcination (CZ-31-0.58) 2 Kmin! to 773 K and 2 h at final temperature >0 mimin~1)
Standard pretreatment for catalytic testing 5 Kmirto 773 K and 4 h at final temperature He (50 ml mi

NO decomposition as function of T (CZ-31-0.58)

NO decomposition as function of copper loading
(Cz-12-0.10; CZ-12-0.22; CZ-12-0.31,
CZ-12-0.38; CZ-12-0.54; CZ-12-0.58)

NO decomposition with @in feed (CZ-31-0.58)

N2O decomposition as function @f

(CZ-31-0.58)

N>O decomposition with @in feed
(CZ-31-0.58)

N>O decomposition during temperature drop
(CZ-31-0.58)
Oo, flow during temperature drop (CZ-31-0.58)

Equilibration (at least 2 h) until steady-state
activity at each temperature: 773, 723, 673,
623,573,523 K

773K

773K

Equilibration (at least 2 h) until steady-state
activity at each temperature: 773, 723, 673,
623,573,523 K

773K

5 K mirfrom 723 to 673 K

5 K mihfrom 723 to 673 K

1 mol% NO in He (15 min

1 mol% NO in He (15 mif)in
2 mol% NO in He (15 mImiy
1 mol% NO in He (45 mimij
2 mol% NO in He (45 mImin1)
(2 h of equilibration each time)
1 mol% NO with 0, 2, 4, 8, 16, 0 mol% O
(2 h of equilibration each time)
in He (15 mImirr1)
1 mol%\in He (15 mimir1)

1, 2 or 3 mol% PO with 0, 2, 4, 8, 16,
0 mol% O (2 h of equilibration each time)
in He (15 mImirr1)

1 mol% KO in He (15 mimin 1)

2 mol% @in He (15 mImirr 1)

were washed and dried at 383 K. Two samples were preparedumn (13X) and a TCD detector was used to monitor on line
by adding 1 g Na-ZSM-5 to 63 ml of a 0.01 and 0.0125 M the concentration of )y O, and N O in the effluent.

Cu(CHCOy)2 - H20 solution, respectively. The latter ion-
exchange procedure was repeated three times. Then th@.3. Operando UV-vis spectroscopy

samples were washed and dried at 383 K. The Cu and Al
contents were determined by ICP, resulting in/8lratios
of 0.10, 0.22, 0.31, 0.38, 0.54, and 0.58.

The term “operando spectroscopy” refers to spectroscopy
of a working catalyst in combination with on-line activity

The as-prepared Cu-ZSM-5 samples will be denoted as measurements, while “in situ spectroscopy” refers to spec-

CZ-X-Y, where X gives the 2Al ratio and Y the CyAl

troscopy of a material under specific conditions, not neces-

ratio. Prior to catalytic testing, the samples were calcined sarily reaction conditions [55].

overnight (heating rate of 2 Kmirt to 723 K; O flow of

50 mlmin1).

2.2. Catalytictesting

The Cu-ZSM-5 material was tested for the decomposi-

The catalysts were continuously monitored by optical
fiber UV-vis spectroscopy in the diffuse reflectance mode.
A schematic representation of the setup is given in Fig. 1.
The setup consists of a plug-flow reactor fitted inside a
furnace, a UV-vis light source (Top Sensor Systems DH-
2000 deuterium—halogen light source) and a photodiode

tion of NO and NO in a plug-flow reactor (i.d= 8 mm).
The amount of 0.5 g of the sample (pellets of 0.25-0.4 mm)

was loaded in the reactor. The standard pretreatment con-
sisted of a preheating at 5 Kmih to 773 K (4 h) under a

He flow (50 mImirr1). The details of the subsequent treat-
ments are summarized in Table 1. The reaction feed was
obtained by blending 10 mol% NO in He, 5 mol%®

in He, 100 mol% @, and balance He. The resulting inlet
for the different experiments is summarized in Table 1. Ta-
ble 1 also indicates that the overall flow amounted to 15
or 45 miminm! in each experiment. Based on an appar-
ent zeolite density of 0.5 g cnd, the calculated gas hourly
space velocity (GHSV) was 900°h (W/F = 2.0 gscnr3)

or 2700 bl (W/F = 0.67 gscnt3), respectively. A HP

Flow in

Optical fiber

’ High-temp. probe

UV-vis source
Oven
— Reactor
—— Catalyst bed
Multi-channel __ Quartz wool
detector
Computer  feeeesens GC Flow out :

4890D gas chromatograph (GC) equipped with a packed col- Fig. 1. Scheme of the fiber optic UV-vis spectrometer and reactor setup.
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array detector (Ocean Optics SD 2000) connected to the
catalyst bed via optical fiber technology (Top Sensor Sys-
tems FCB-UV400-ME cable and FCB-UV400G-0.1-XHT

high-temperature probe). An optimal signal/noise ratio of

the spectra was found when the high-temperature probe is
placed in the reactor itself about 1 mm above the cata-
lyst bed [57]. However, it turned out that the uppermost

layer of the catalyst bed is not always representative for
the bulk and an alternative position of the high-temperature
probe was used. As shown in Fig. 1, the probe was mounted
outside the reactor and spectra were collected through the
quartz reactor wall. Before each new experiment, the UV-

Kubelka-Munk

vis spectrum of a reactor containing hydrated Na-ZSM-5 o 503K "

was recorded and subsequently subtracted of all measured | | | | |
Cu-ZSM-5 spectra. Typically, one spectrum in the 38,000— 35000 30000 25000 20000 15000
12,000 cnv?! region is the result of the superposition of wavenumber (cm’)

5000 scans, each taking 5-0 ms. The- signal/noise ratio (-)fFig. 2. Evolution of the in situ UV-vis spectra of CZ-31-0.58 during cal-
the spectfa markedly detenorat_ed during th,e course of thIScination. Dotted lines represent the spectra collected at 503, 603, 633, 673,
study, which was due to the aging of the high-temperature 743 773, and 773 K (15 min). Full lines represent the spectra collected after
probe. When the time period of the experiment amounted 2 h at 773 K and after cooling to room temperature inamosphere.
to days rather than minutes, major differences in the total
intensities of the different spectra could be found. In these
cases (Figs. 5b and 9b), the individual spectra were rescaledg' Results
with respect to the most intense absorption band, i.e., ca. ]
33,000 cntl. The latter action is justified as (1) the inten- 3:1. Oz-activated Cu-ZSM-5 and temperature dependence
sity change of the 30,000 crh band is definitely inferiorto ~ ©f the CT band positions
that of the 21,500 cm! band (see Fig. 3) and (2) the discus-
sion of Figs. 5b and 9b only concerns the relative intensity ~ Fig. 2 shows the evolution of the in situ UV-vis spectra
of the 21,500 cm® band. Throughout the discussion, the ©0f CZ-31-0.58 collected during calcination. Below 623 K,
intensity of the 21,500 cmt band is used as a measure of a broad band centered at about 35,000 ¢rand a weaker
the amount of big¢-oxo)dicopper core. Since we do notyet band at 13,000 cmt characterize the sample. These bands
have a method to quantify the amount of pisgxo)dicopper ~ are ascribed to respectively,&iiie — Cu(ll) CT transitions
core, it was not possible to make a calibration line, relating and d—d transitions of (partially hydrated) Cu(ll) ions, in
the 21,500 cm! peak intensity to the big(-oxo)dicopper agreement with literature UV-vis data [58] and our previous
concentration. Therefore, the discussion is based on rela-XAFS characterizations of the samples [49]. Above 623 K,
tive rather than absolute bjs{oxo)dicopper concentrations. & band at 21,500 crt is found, the intensity of which in-
We are aware of the fact that also the temperature influ- creases with calcination time. A shift of the 35,000 ¢m
ences the bandwidth and intensity of the 21,500 timand band to 30,000 cm! can also be distinguished. Upon cool-
(see Fig. 2). However, the latter temperature effect on theing to room temperature, the 21,500 thband shifts to
21,500 cnt! band intensity is inferior to those related to 22,500 cnt?. The intense 22,500 cm band and the weak
catalysis. 30,000 cnt! band are identical to those detected in our
In situ DRS spectra of the series of Cu-ZSM-5 sam- previous UV-vis measurement (at RT) of calcined Cu-ZSM-
ples with increasing Cu content were recorded on a Varian 5 [49] and are ascribed to the EL.© Cu CT transitions of
Cary 5 UV-vis—NIR spectrophotometer. The samples (pel- the bis{.-oxo)dicopper core [49].
lets of 0.25-0.4 mm) were brought into quartz flow cells, Fig. 3 shows the spectral changes upon switch from
which have a suprasil window for DRS measurements. After a 100 mol% Q flow to a 1 mol% NO in He flow at
overnight calcination (heating rate of 2 K mihto 723 K; 773 K. This set of spectra was collected with the probe in
Oz flow of 50 mImin—1), the samples were cooled i @t- the reactor, just above the catalyst bed. It is clearly moni-
mosphere, flushed with He (1 min at RT), and measured with tored that the intensities of the bands at 21,500 trand
DRS at RT. The spectrum of dehydrated Na-ZSM-5 was sub- 30,000 cnt? gradually decrease upon NO/He flushing, and
tracted of all Cu-ZSM-5 spectra. We emphasize that in order that the 13,000 cm' band intensity increases. Thus, the
to stabilize the big¢-oxo)dicopper core in the calcined sam- 21,500 and 30,000 cit bands of the calcined sample be-
ple, cooling should be done in a closed &mosphere and  have equally and can indeed be assigned to a single Cu-ELO
recording spectra should always be done in situ (in order to species, identified previously as hisxo)dicopper [49].
eliminate all possible traces 0@ which immediately con-  The interpretation of the 13,000 crhband will be discussed
vert the core in a big(-hydroxo)dicopper core). further in the paper.
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0 min

Kubelka-Munk

T T [ I I
35000 30000 25000 20000 15000

wavenumber (cm™)

Fig. 3. In situ UV-vis spectra of CZ-31-0.58 at 773 K during switch from
100 mol% G to 1 mol% NO/He flow. At 0 min the flows were switched
and spectra were recorded every 4 min 15 s.

3.2. Time and temperature dependence of the NO
decomposition

Figs. 4a and b give the evolution of the reactor outlet
composition and the UV-vis spectra as a function of time,
when 1 mol% NO in He is admitted to the pretreated cata-
lyst at 773 K. The spectrum of CZ-31-0.58 pretreated in He
at 773 K for 4 his indicated with the label “0 min.” The latter
spectrum consists of a broad intense band with maximum ab
sorbance at 33,400 crh. Previous studies [58,59] have at-
tributed the absorption bands at around 35,700-33,300, an
33,300-31,200 cm' to the electronic excitation of the Cu
ion (3dt% — 3d%4s!) and the Cd Cut dimer (3* — 30)
respectively. As a result, the observed 33,400 tivand can
be explained by the presence of Cmonomers, CtiCut
dimers, or a mixture of them. Alternatively, an absorption
band at ca. 30,000 cm could also be due to the presence
of divalent copper species such as [CuCBYCW+ O~ and

Catalysis 220 (2003) 500-512
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-Fig. 4. (a) Evolution of the reactor outlet composition of CZ-31-0.58 upon

admission of 1 mol% NO in He at 773 K (900 h GHSV). (b) Correspond-

ing evolution of the operando UV-vis spectra. “0 min” corresponds with the
retreated sample in He and spectra were recorded every 1 min and 1000

scans of 50 ms constitute one spectrum.

Fig. 4a shows that upon exposure of NO, immediately
a high N yield is obtained, while the Qyield is almost
zero. After about 7 min, also a highy@ield is found and
after 15 min, the M and G yields amount to 74 and 62%,

Cu?t0,~ [40,58,60,61]. But, no clear bands at lower energy respectively (i.e., in a 5% margin of their steady-state val-
(d—d bands) are distinguished, making the presence of diva-ues). Fig. 4b shows that in the presence of NO the intensity
lent copper species unlikely. The latter is confirmed by the of the 33,400 cm! band decreases and that after 3 and
corresponding XANES spectrum of this pretreated sample, 6 min a band appears at 13,000 chand 21,500 cm?,
showing Cu(l) and no Cu(ll) near-edge peaks [49]. These respectively. As a result, the interaction of NO with the
findings together with the corresponding EXAFS data [49], Cu(l) sample causes a partial conversion of Cu(l) to (1) the
showing a Cu--Cu contribution at 2.84 A with coordina-  bis(u-oxo)dicopper core and (2) a second copper species,
tion number of 0.5, indicates the presence of a mixture of which identification will be discussed further. It is clear that
Cut monomers and Cu Cu® dimers after He pretreat- the formation of the big(-oxo)dicopper core after about
ment. This conclusion is shared by previous XAFS stud- 6 min is concomitant to the steady-state approach of the re-
ies on pretreated Cu-ZSM-5 samples [62,63]. The presenceaction.

of a major amount of GO nanopatrticles is not plausible The steady-state catalytic activity of CZ-31-0.58 as a
since (1) their characteristic bandgap transition (at energyfunction of the temperature and the corresponding UV-vis
> 16,200 cn1) cannot be discerned in our UV-vis spectra spectra are shown in Figs. 5a and 5b, respectively. The high-
and (2) an EXAFS Cu -Cu separation of 2.84 Ais observed est N yield, amounting to 77%, was obtained at 773 K and
rather than the characteristic GuCu separation of 3.01 A a gradual loss in activity is observed upon decreasing the re-
of Cup0. action temperature. In the 773-623 K range, they@ld is
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Fig. 5. (a) Catalytic activity of CZ-31-0.58 for the decomposition of NO
(1 mol% in He; 900 1 GHSV) as function of the temperature. (b) Corre-
sponding operando UV-vis spectra at temperature intervals of 50 K.

always lower than the Nyield, by a value of about 10%.
In correspondence with the literature [21,24], the latter dis-
crepancy can be assigned to the reaction of produced O
with unreacted NO forming N©®in the cool exit zone of
the reactor and in the GC. Below 673 K, the formation of
N2O is observed with a maximum yield at 623 K. At 773 K,
the TOF (molecules NO converted tg er hour per Cu
atom) amounts to 1.81. Additional catalytic results of this
CZ-31-0.58 sample and of a sample withy 8i = 12 can

be found in a recent contribution of our group [49] where
also the effluent NO and NfOconcentrations were mon-
itored using a NQ analyzer. In the latter study, a 100%
selective NO decomposition too@nd N> was obtained for

a 0.1 mol% NO in He flow (GHSV of 9001) in the tem-
perature range from 773 to 723 K. The catalytic results of

505

perature in qualitative agreement with the catalytic activity
drop.

3.3. NO decomposition activity as a function of the copper
content of Cu-ZSM-5

Fig. 6a shows the reactor outlet composition for the CZ-
12 series of samples when contacted with a 1 mol% NO in
He inlet flow at 15 ml mirm! (GHSV of 900 hr1). In Fig. 6b,
the analogue is shown for a 2 mol% NO in He inlet flow at
45 mlmin~1 (GHSV of 2700 hr1). The data points are also
summarized in Table 2, together with two additional exper-
iments (2 mol% NO and GHSV of 900 #; 1 mol% NO
and GHSV of 2700 hl). Both Figs. 6a and 6b show that the
N2 and Q yields (1) are low for the samples with CAl ra-
tios of 0.10 and 0.22, (2) sharply increase for the 8D.31
sample, and (3) further increase for the highey 8luratios.

In 1991, Iwamoto et al. [23] were the first to report this sharp
increase in activity for samples with &l > 0.2. In order

to estimate the amount of bjs{oxo)dicopper in the CZ-12
series of samples, the UV-vis—NIR spectra were collected
after calcination and are shown in Fig. 7. For the samples
with Cu/Al ratio’s of 0.10 and 0.22, no band at 22,700t
can be discerned (within the accuracy of the technique),
while it appears in the spectrum of the & = 0.31 sam-

ple and grows for the higher copper loadings. In fact, the
intensity of the 22,700 cm' band, and thus the amount
of bis(u-oxo)dicopper, nicely corresponds with the catalytic
NO decomposition activity. As noted before [49], the inten-
sity of the 6200 cm! band increases equally with that of the
22,700 cnt! band, suggesting that they originate from the
same copper species. Figs. 6¢ and 6d give the correspond-
ing TOF (molecules NO converted tooKD, per hour per

Cu atom) as function of the QW ratio. The latter pro-
files similarly show the sharp increase betweenf &10.2

and 0.3. Finally, let us compare the TOF of the most ac-
tive sample without big{-oxo)dicopper (i.e., CLAl = 0.22)
with that of the most active sample containing the fois(
oxo)dicopper core (i.e., G&l = 0.58). Then, Fig. 6d shows
that the average Cu atom in the sample witly 8i0.58 is
respectively 4.3 and 20.1 times more active for conversion of
NO to N, and @ when compared to the sample with @&
0.22. These findings additionally prove the key role of the
bis(u-oxo)dicopper core in the catalytic NO decomposition
over Cu-ZSM-5.

3.4. NO decomposition activity as a function of the O,
content in the feed

The effect of Q in the reactant stream on the NO de-

our Cu-ZSM-5 samples are in agreement with the literature composition activity and on the operando UV-vis spectra of

data [21,23,40]. New information is obtained with the con-
comitant UV-vis monitoring. Fig. 5b shows that the band at
21,500 cnmlis quite intense at 773 and 723 K, very weak at

CZ-31-0.58 at 773 K is illustrated in Figs. 8a and 8b, re-
spectively. Fig. 8a shows a continuous decrease of the N
yield as the amount of ©in the feed increases. No,®

673 K, and absent at lower temperature. Thus, the amount ofwas detected. WhenQaddition is stopped, the initial ac-

bis(..-oxo)dicopper decreases with decreasing reaction tem-

tivity was regained as indicated with the asterisk in Fig. 8a.
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Fig. 6. Catalytic activity as function of the CAl ratio of the CZ-12 series of samples: (a) contacted with 1 mol% NO in He (9303HSV); (b) contacted
with 2 mol% NO in He (2700 h! GHSV). TOF (toward N and &) as function of the CpAl ratio of the CZ-12 series of samples: (c) contacted with 1 mol%
NO in He (900 b1 GHSV); (d) contacted with 2 mol% NO in He (2700h GHSV).

Table 2
Catalytic results of CZ-12 series of samples

Cu/Al Inlet: 1 mol% NO; Inlet: 2 mol% NO; Inlet: 1 mol% NO; Inlet: 2 mol% NO;
900 1 900 bt 2700 bt 2700 bt
Outlet N, Outlet O Outlet N, Outlet & Outlet N, Outlet O Outlet Ny Outlet O
(mol%) (mol%) (mol%) (mol%) (mol%) (mol%) (mol%) (mol%)
0.10 0.0128 0.0024 0.0247 0.0022 0.0048 0.0013 0.0115 0.0013
0.22 0.0326 0.0144 0.0895 0.0198 0.0196 0.0084 0.0549 0.0097
0.31 0.1355 0.0930 0.3305 0.1711 0.1023 0.0645 0.2617 0.1100
0.38 0.1891 0.1520 0.4261 0.3022 0.1436 0.1067 0.3464 0.2057
0.54 0.3066 0.2882 0.6205 0.5660 0.2567 0.2336 0.5670 0.4959
0.58 0.3572 0.3256 0.7373 0.6367 0.3119 0.2719 0.6793 0.5600

The corresponding UV-vis spectra show that with increas- 3.5. Temperature dependence of the N>O decomposition
ing O, concentration, the intensity of the 21,500 chband
increases while the 13,000 cthband intensity decreases.
This results in an isosbestic point at 19,000 ¢mFurther,

at ca. 30,000 cm! an intensity raise, which is proportional

In Fig. 9a the activity of the CZ-31-0.58 sample for the

decomposition of MO (1 mol%) is depicted as a function of

to the 21.500 cm! band increase. can be discerned with the temperature. In the temperature range from 773t0 673 K,
increasing @ concentration. Fig. 8b also shows that after N2O is fully converted to M and G. Below 673 K the con-

setting the @ concentration in the feed back to 0 mol%,

version sharply drops and is almost zero at 523 K. Over the

the obtained spectrum coincides with the initial spectrum Whole temperature range the molar ratig:®; is 2:1. The

obtained at 0 mol% @ A closer inspection of Figs. 8a corresponding operando spectra are shown in Fig. 9b. The
and 8b shows that the reactivity decrease and intensity in-Spectra collected at 773, 723, and 673 K are roughly equal
crease of the 21,500 cmh band are most pronounced for the and exhibit a clear band at 21,500 Th The latter band is
initial increase in @ concentration from 0 to 2 mol% £ seriously reduced at 623 K and absent at 523 K. Therefore,
Consequently, in this experiment the concentration of the the intensity of the 21,500 cnt band, i.e., the amount of
bis(u-oxo)dicopper core displays an inversely proportional the bis:-oxo)dicopper core, shows a very close correlation
relation to the NO decomposition activity of the sample. with the O decomposition activity.
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Fig. 9. (a) Catalytic activity of CZ-31-0.58 for the decomposition afON
(1 mol%; 900 1 GHSV) as function of the temperature. (b) Correspond-
ing operando UV~vis spectra at temperature intervals of 50 K.

3.6. N2O decomposition activity as a function of the O,
content in the feed

In analogy to the study of the NO decomposition activ-
ity, the NoO decomposition activity and concomitant UV-vis
spectra were monitored while increasing the @ncentra-
tion in the inlet from 0% to 16 mol%. In contrast to the
NO decomposition behavior, no decrease of th®Non-
version was found, which remained constantly 100% while
feeding 1, 2, or 3 mol% BO and 0-16 mol% @at 773 K.
The concomitant UV-vis spectra reveal an increase of the
21,500 cn! band with increasing ©concentration and are
similar to the spectra of Fig. 8, obtained in the analogous NO
decomposition experiment.

3.7. N2O decomposition during temperature drop

Figs. 10a and 10b illustrate the effect of a temperature
drop respectively on the 40 decomposition activity and
the operando UV-vis spectra of CZ-31-0.58. At Time O the
temperature was decreased from 723 to 673 K at a rate of

0 mol% and the asterisk gives the corresponding activity. (b) Corresponding 5 K min—! so that after 10 min the final temperature of
operando UV-vis spectra.

673 K was reached. During the whole experiment the N
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% (a) phase @ onto the catalyst or (2) the slowing down of the
£ 107 aa—t—a—t—a—s_s-a-a—s-a—a - Oy release step in the XD decomposition cycle? To answer
5§ 0.91 this question, the CZ-31-0.58 sample was cooled down from
2 0.8 723 t0 673 K at 5 Kmim?, in an atmosphere of 2 mol%;0
£ 071 _—_“—_Nz in He. In this case, no such an increase of the 21,500'cm
38 T band intensity was observed. Thus, the answer is that the ac-
% 06 o cumulation of the bigg-oxo)dicopper core during theJ®
g 0.51 oo o Tremomemmmeo decomposition and temperature switch is not due to an en-
S 0.4+ *so- hanced incorporation of gaseous.@Rather, the oxygen
€ o3l , , : : atoms abstracted fromJ® are incorporated in the bjs{

0 5 10 15 20 oxo)dicopper core, and the subsequent retarded release of

time (min) produced @ from this core causes its accumulation.
(b) : :
74 9 min 4. Discussion

4.1. Bis(u-oxo)dicopper formed by O abstraction of NoO

In the discussion of the catalytic performance of Cu-
ZSM-5 for the NO decomposition, two temperature intervals
can be defined. At 673-773 K, a 38-77% Weld is found
for a 1 mol% NO feed, while no O yield is detected. Be-
low 673 K, the MO vyield rapidly increases and exceeds the
N> yield at< 623 K. This finding is in accordance with pre-
27 vious studies, which inferred thato® is an intermediate
in the NO decomposition cycle [23,40,43,45]. Studying the
N2O decomposition activity as function of the temperature
(Fig. 9a), showed that the conversion of 1 mol%ONio N
and @ is complete at 673—773 K but amounts only to 20%
Fig. 10. (a) Catalytic activity of CZ-31-0.58 for the decomposition of at 623 K. Thus, in both the NO and the® decomposi-
N,O (1 mol%; 900 T GHSV) during the temperature switch from 723  tion cycle, the conversion of 20 is strongly retarded below
to 673 K. At 0 min the temperature decrease of 5 Ktirwas started. 673 K.

(b) Corresponding operando UV-vis spectra (spectra were recorded every — Also in the operando UV-vis spectra of Cu-ZSM-5 dur-

3 min and 1000 scans of 50 ms constitute one spectrum). ing decomposition of NO and 40, a clear temperature de-
pendency is observed. Figs. 5 and 9 show that the intensity

concentration detected in the outlet is constant and close toof the 21,500 cm? band, i.e., the big(-oxo)dicopper con-

1 mol%, consistent with a full conversion of 1 mol%© centration, is highest in the 673—773 K range and thus pro-

in the inlet. The @ concentration in the effluent is below portional to the N yield. In case of the DO decomposition,

the steady-state value of 0.5 mol% during the first 10 min, the sharp and concomitant decrease of (3pNonversion

indicating retention of oxygen. In the concomitant UV-vis and (2) the amount of bigfoxo)dicopper is very clearly ob-

spectra a sharp rise of the 21,500 chband is observed,  served upon lowering the temperature below 673 K. This

with maximum intensity after 9 min. As a result, the com- finding suggests that bigfoxo)dicopper is formed by O ab-

bination of the GC and operando UV-vis results indicates straction of NO and that this reaction is strongly retarded

that around 10 min a maximum is reached in the accumu- below 673 K. However, some caution is necessary, since the

lation of oxygen under the form of the bis(oxo)dicopper calcination experiments (Figs. 2 and 3) showed thatbis(

core. At the end of the experiment, the 21,500 énbvand oxo)dicopper is also formed inCatmosphere. As a result,

is still higher than in the initial spectrum collected at 723 K the close correlation between hispxo)dicopper concentra-

(0 min). Also this observation can nicely be explained by the tion and decomposition activity could also result from his(

GC results. Fig. 10a shows that the average@hcentration  oxo)dicopper core formation by incorporation of gaseops O

of the effluent is lower than 0.5 mol% during the course of (the latter produced by another Cu site), rather than by the

the experiment. Thus, the catalyst contains more oxygen atdirect route of O abstraction of JD. In order to examine

minute “20” compared to minute “0,” which is also reflected whether bisf-oxo)dicopper is an active site or a specta-

in the 21,500 cm* band intensity, i.e., the concentration of  tor species, experiments under transient reaction conditions

the bis{u-oxo)dicopper core. were performed. Fig. 10 showed that a sudden temperature

Is the above discussed retention of oxygen durin@N  drop during MO decomposition had no effect on the N
decomposition and cooling due to (1) the adsorption of gas- yield, which remained consistent with full® conversion,

Kubelka-Munk

T T T T T
35000 30000 25000 20000 15000

wavenumber (cm™)
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0, Cu-Cu* 2No This reversible conversion between Gu-Cu™ and bisf:-
N,O oxo)dicopper was also observed when flowing consecutively
Step 3 Step 1 02 and He at 773 K. Thus in the above experiment, an in-
N,O creased surrounding xOconcentration results in a higher
fraction of bisgt-oxo)dicopper units and a smaller amount
N 2+ Step 4 N, of available Cu ---Cut pairs, leading to a decreased NO
Cu Cu [Cu-O-CuJ?+ decomposition activity. As was discussed in the Introduc-
NS T SRR ; X
o N,O N,*O, tion, it is known that the Cu(l) concentration correlates with
the NO decomposition rate [32]. Finally, the fact that the re-
tardation of the @ release step causes a retardation of the
N N,O reaction cycle strongly indicates thaj €lease of the big(-
Step 2 oxo)dicopper core with regeneration of the'Gu-Cut pair

(step 3) is rate limiting in the NO decomposition. This con-
clusion can be shared by our recent XANES and EXAFS
results pointing to the presence of a considerable fraction of
but did cause a retention of,Qunder the form of bigg- the bis-oxo)dicopper core during NO decomposition [49].
oxo)dicopper. By performing a parallel experiment, where The G inhibition effect on the NO decomposition over Cu-
O, rather than NO was fed, it was shown that the latter ZSM-5 is well known and has been incorporated in the rate
accumulation of the big(-oxo)dicopper core is not caused equation containing an [£)*/2 term in the denominator [34,

by an enhanced incorporation of gaseoys Thus, during  43]. In contrast, during hO decomposition in the presence
N,O decomposition, the big¢oxo)dicopper core is mainly ~ of an increased @concentration, also an increase of fis(
formed by the abstraction of oxygen atoms from(\ and oxo)dicopper core concentration was observed but no de-
the subsequent retarded release offfOm this core causes crease of reaction rate was found. A possible explanation for
its accumulation during temperature switch. In summary, this different behavior will be discussed further in the paper.
very strong indication is found that the hisxo)dicopper

core is an active site during the NO and®decomposition  4.3. Thereaction cycle for NO decomposition

reactions. Scheme 1 shows our proposed NOYNecompo-

sition cycle that is consistent with the copper intermediates ~ Feeding NO to Cu-ZSM-5 below 673 K results in a
detected by operando UV-vis and XAFS [49]. The scheme small N, yield and a considerable @ yield, suggesting
shows that big¢-oxo)dicopper and Nare formed by O ab-  that step 2 is unfavorable at this temperature. Thus, an ac-
straction of NO (step 2) and that bigtoxo)dicopper sub- ~ cumulation of the intermediate Cu species, at the start of

Scheme 1. Proposed reaction mechanism for the decomposition of NO and
N>O.

sequently fulfills the role of @release (step 3). step 2, is expected. The corresponding operando spectra col-
lected below 673 K (Fig. 5b) exhibit—d transitions around
4.2. Oy release from bis(-oxo)dicopper 13,000 cn! and charge-transfer bands above 30,000tm

The [CuOCuft core is a good candidate for explaining

The finding that the TOF (of NO towardDis 20 times the latter spectrum as this single-O-bridged Cu pair in syn-
higher for the CZ-12-0.58 sample (with bis(oxo)dicopper) thetic model complexes is characterized &yd transi-
than for the CZ-12-0.22 sample (without hispxo)dicop- tions around 14,000 c and charge-transfer bands above
per) supports the assignment of the enhancete®@ase ca- 30,000 cnt! [64]. As shown in Scheme 1, itis proposed that
pacity of Cu-ZSM-5 to the presense of the biggxo)dicop- a Cut---Cu* pair reacts with 2 NO molecules producing
per core. The @ release from big(-oxo)dicopper, i.e.,  [CuOCuf* and NO. In Fig. 4b, showing the UV-vis spec-
step 3 in Scheme 1, was further examined by adding O tra collected during the admission of NO to the pretreated
to the reactant stream during NO decomposition (Fig. 8) sample, the formation of the 13,000 ciband precedes that
and NbO decomposition. For the NO decomposition, the of the 21,500 cm? band. This observation is consistent with
activity was clearly retarded upon increasing thg @n- the proposed cycle for NO decomposition (Scheme 1) in
centration. Concomitantly, an increase of the 21,500m  which the [CUOCW* core formation precedes the [gfu.-
band, i.e., the amount of bjsfoxo)dicopper core, was ob- 0);]?* core formation. An isosbestic point between the
served and this effect was proportional to the activity de- 13,000 and 21,500 cnt bands was observed in Fig. 3. Con-
crease. These observations support the following two con-comitant to the decrease of the 21,500 ¢rband of [Cu (-
clusions. First, the close correlation between the intensity 0);]%*, as a result of the drop of the,@oncentration, an
of the bis.-oxo)dicopper spectrum and the NO decomposi- intensity increase of the 13,000 chband of [CuOCWAT
tion activity again strongly indicates that this Cu species is is observed, the latter formed by the conversion of NO. The
an intermediate in the reaction cycle. Second, the increasingpresence of the isosbestic point in Fig. 8 indicates that the
bis(u-oxo)dicopper concentration with increasing surround- surrounding @ concentration is an important factor in the
ing O, concentration (and concomitant decreasing activity) equilibrium concentrations of the [CuOCt] and [Cup(u-
suggests that step 3 can be reversed at this temperatured),]%* cores.
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All three copper intermediates of Scheme 1 were identi-  The identification of big¢-oxo)dicopper as intermediate
fied with operando UV-vis spectroscopy by blocking one of might also offer an explanation for the suppression of the
the steps, e.g., by playing on the temperature or equilibrium NO decomposition activity of Cu-ZSM-5 in the presence of
conditions, causing the accumulation of one of the three in- water vapor. Iwamoto et al. [23] found that the NO decom-
termediates. After pretreatment at elevated temperature inposition activity was reduced in the presence efOHbut
He the obtained spectrum is consistent with the presence ofagain regenerated by its absence. This reversible effect was
Cut...Cut pairs. Upon admission of NO below 673 K, the also observed in our laboratory and simultaneously with the
formation of NNO and [CUOCU* is observed; i.e., step 1 reduced activity, a decrease of the 21,500 ¢érband was
occurs and step 2 is retarded. Above 673 K, a high steady-found. It is known that the big(-oxo)dicopper core exhibits
state decomposition of NO into\Nand Q is observed to-  high tendencies to abstract hydrogen atoms from substrates
gether with the [Cp(i-O)2]>* formation. Step 3 could be  resulting in the formation of a bisthydroxy)dicopper
reversed or retarded by respectively increasing the surroundcore [50]. Instead of the CT band at 21,500 @¢mthe
ing O, concentration or suddenly dropping the temperature, latter core exhibits a OH — Cu(ll) CT band at about
causing an accumulation of the hispxo)dicopper core. 30,000 cnt! [67]. In the context of NO decomposition, the
Thus, the observations firmly suggest that (1) below 673 K, formation of this bis(.-hydroxy)dicopper might prohibit the
step 2 (NO decomposition) is rate limiting and (2) above reconstitution of the Ct—Cu' pairs, resulting in a retarda-
673 K, step 3 (@ desorption) is rate limiting. This, in turn,  tion of the cycle.
strongly suggests that the activation energy feONlecom-
position is higher than that of4esorption. 4.4. Thereaction cycle for NO decomposition

The proposed catalytic cycle is also theoretically sup-

ported. The reaction energies of each of the individual re- . . .
action steps shown in Scheme 1 were calculated in DFT . As discussed above, the reaction giQ\with two Cu*

; . . ions forming N and [CuOCUf* was calculated to be highly
(density functional theory) studies of Goodman et al. [38] .
and Sengupta et al. [65]. In the latter DFT studies, the zeolite exothermal in the DFT study of Goodman et al. [38]. Based

: on this fact and the present results, we included the latter re-
environment was represented by [AI(Qf) tetrahedrons, action (step 1) in Scheme 1 yielding a closed catalytic cycle
to which Cu is twofold coordinated. It must be noted that P y 9 ytecy

the type of geometric isomer of the &by core was not for the NO de.composition'o'ver Cu-ZSM-5. .
specified and it can thus be one of the three low-energy The catalytic decomposition ofdD over Cu-ZSM-5 dif-
geometric isomers: bigtoxo)dicopper, planar f-n2:12- fers from that of NO in at least two important points: (1) a
) : R ' considerably higher rate of 0 decomposition compared
peroxo)dicopper, antrans(u:-1,2-peroxo)dicopper. All re- ) decomposition and (2) the lack of an @hibition
action 'steps shown .in Scheme 1 were found to be exother—eﬁect on NO decomposition, in contrast to NO decompo-
ma'::hvgltrot‘tise);g?pb;gn;rfotlh&rfectfrisaetig?aiﬁii]c.lu ded in sition. Both facts were also observed in a recent study of

step 1 of Scheme 1, are in good agreement with NO decom-KonO|uru and Chuang [45]. While we found the @lease

position pathways postulated on the basis of infrared andtsrt]ep t()step 3;]) to Ee _rage I'r?';[;]ng&g the NO qlte-zcompo?tlon,
transient reduction and reaction studies [21,33,43]. Never- € above charactenstics ot thefdecomposition reaction

theless, we want to stress that the presented UV-—vis tech_raise the idea that the latter reaction somehow bypasses step

: . P
nigue does not offer supporting information for the reaction iand doelts ?ﬁt necessarllyfprtcmegq V'Sa thhé CL(ltu' pat'LS'
mechanism of step 1, i.e., the chemisorption of NO and the S aresult, tne presence ot step = ih scheéme 4, 1.€., the reac-

; -O)12+ wi i +
N-pairing reaction. It is not proven by the presented results tion of [Cup(p-0)]?* with N0 forming [CuOCUF* and

that Cuf---Cu* pairs are necessary for the formation of N2 and @, could be a possible explanation for the present
N3O, i.e., the formation of MO might also occur on only observations. Also step 4 was calculated in the DFT study of

one of the Cd ions of the pair. Coming to ©formation, Sengupta et al. [65] and found highly exothermal.

several pathways are postulated in literature, probably due

to the lack of spectroscopic information on the adsorbed .

oxygen species [45]. Based on the DFT study of Goodman 5. Conclusions

et al. [38], [CuQCu]*t species were incorporated in re-

cent NO decomposition schemes proposed by Iglesia and Operando UV-vis spectroscopy combined with on-line
co-workers [43] and Chuang and co-workers [66]. In the GC analysis during the catalytic decomposition of NO
study of Iglesia and co-workers [43] it was suggested thatthe by Cu-ZSM-5 leads to the identification of the his(
conversion of two [CuOCH}" cores into one [CugCu]?t oxo)dicopper core, [Ci{u-O)2]%t, as a key intermediate.
core is mediated by NO and NOIn the present contri-  Monitoring the catalytic conversion of NO ancb@® above
bution we present the first spectroscopic identification of a 673 K strongly indicates that the bjs(oxo)dicopper core
[CuO,CuJ?t core on Cu-ZSM-5, that is, the [G(1.-O)2]>* is formed by the O abstraction of the intermediatgON
core, and have strong evidence for its formation by O ab- Subsequently, big(-oxo)dicopper fulfills the roles of ©
straction of NO. production and release, guaranteeing the self-reduction of
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the catalytic site. Studying the NO decomposition as a func-

tion of the @ content in the feed strongly suggests that
O release from big(-oxo)dicopper is rate limiting in the

NO decomposition at 773 K. Based on the present operand
UV-vis data, our recent operando XAFS results [49] and

the literature data, a reaction cycle for the NO decomposi-

tion is proposed, involving the intermediates:™Cu.Cut,
[CuOCuFt, and [Cuy(-0)2]%t.
The O release function can be seen as a key role in

511

[14] S.B. Xie, G. Mestl, M.P. Rosynek, J.H. Lunsford, J. Am. Chem.
Soc. 119 (1997) 10186.

[15] G. Centi, S. Perathoner, Appl. Catal. A 132 (1995) 179.

16] A. Dandekar, M.A. Vannice, Appl. Catal. B 22 (1999) 179.

17] F. Kapteijn, G. Marban, J. Rodriguez-Mirasol, J.A. Moulijn, J. Ca-
tal. 167 (1997) 256.

[18] J.N. Armor, Appl. Catal. B 1 (1992) 221.

[19] J.N. Armor, Micropor. Mesopor. Mater. 22 (1998) 451.

[20] R.M. Heck, Catal. Today 53 (1999) 519.

[21] H. Yahiro, M. lwamoto, Appl. Catal. A 222 (2001) 163.

[22] B. Ganemi, E. Bjérnbom, J. Paul, Appl. Catal. B 17 (1998) 293.

the NO decomposition cycle as most other materials tested|23} M. iwamoto, H. Yahiro, K. Tanda, N. Mizuno, Y. Mine, S. Kagawa,

for the NO decomposition are limited by the removal of
the strongly adsorbed product oxygen. The suitability of
the bis(u-oxo)dicopper core for the £xelease function can
be explained by the fact that its peroxo-isomet;2:n?-
peroxo)dicopper, reversibly binds,@n the protein hemo-

cyanin. So far, the presence of double-O-bridged Cu pairs in

J. Phys. Chem. 95 (1991) 3727.

[24] Y.J. Li, W.K. Hall, J. Phys. Chem. 94 (1990) 6145.

[25] M. Shelef, Catal. Lett. 15 (1992) 305.

[26] G. Spoto, A. Zecchina, S. Bordiga, G. Ricchiardi, G. Martra, G. Leo-
fanti, G. Petrini, Appl. Catal. B 3 (1994) 151.

[27] S.K. Park, V. Kurshev, Z.H. Luan, C.W. Lee, L. Kevan, Micropor.
Mesopor. Mater. 38 (2000) 255.

Cu-ZSM-5 was only postulated on the basis of the theoreti- [28] S.C. Larsen, A. Aylor, A.T. Bell, J.A. Reimer, J. Phys. Chem. 98

cal study of Goodman et al. [38]. With the present operando

UV-vis and the recent operando XAFS contributions [49],

we present the first experimental evidence for the formation

of the bis(-oxo)dicopper core in Cu-ZSM-5 and for its key
role in the sustained high activity of Cu-ZSM-5 in the direct
decomposition of NO into pland G.

Acknowledgments

T.A. Nijhuis of the Debye Institute, Utrecht University, is

(1994) 11533.

[29] A.T. Bell, Catal. Today 38 (1997) 151.

[30] A.W. Aylor, S.C. Larsen, J.A. Reimer, A.T. Bell, J. Catal. 157 (1995)
592.

[31] J. Dedecek, B. Wichterlova, Phys. Chem. Chem. Phys. 1 (1999) 629.

[32] D.J. Liu, H.J. Robota, Catal. Lett. 21 (1993) 291.

[33] M. lwamoto, H. Yahiro, N. Mizuno, W.X. Zhang, Y. Mine, H. Fu-

rukawa, S. Kagawa, J. Phys. Chem. 96 (1992) 9360.

[34] Y.J. Li, W.K. Hall, J. Catal. 129 (1991) 202.

[35] J. Valyon, W.K. Hall, J. Phys. Chem. 97 (1993) 7054.

[36] B.L. Trout, A.K. Chakraborty, A.T. Bell, J. Phys. Chem. 100 (1996)
17582.

[37] W.F. Schneider, K.C. Hass, R. Ramprasad, J.B. Adams, J. Phys. Chem.
B 102 (1998) 3692.

kindly acknowledged for the discussion of the kinetic data. [3g] B.R. Goodman, W.F. Schneider, K.C. Hass, J.B. Adams, Catal. Lett. 56
This investigation has been supported by grants from the  (1998) 183.
Fund for Scientific Research—Flanders (FWO-Vlaanderen) [39] G.D. Lei, B.J. Adelman, J. Sarkany, W.M.H. Sachtler, Appl. Catal. B 5
and from the Concerted Research Action of the Flemish __ (1995)245.

Government (GOA). M.H.G. thanks the FWO-Vlaanderen
for a postdoctoral fellowship.

References

[1] M. Shelef, Chem. Rev. 95 (1995) 209.

[2] K. Klier, R.G. Herman, S.L. Hou, Zeolites Relat. Micropor. Mater. 84
(1994) 1507.

[3] CRC Handbook of Chemistry and Physics, 3rd electronic ed., 2000.

[4] R.J. Wu, C.T. Yeh, Int. J. Chem. Kinet. 28 (1996) 89.

[5] M. lwamoto, H. Furukawa, Y. Mine, F. Uemura, S.I. Mikuriya, S. Ka-
gawa, J. Chem. Soc. Chem. Commun. (1986) 1272.

[6] J. Dedecek, O. Bortnovsky, A. Vondrova, B. Wichterlova, J. Catal. 200
(2001) 160.

[7] J. Dedecek, J. Cejka, B. Wichterlova, Appl. Catal. B 15 (1998) 233.

[8] Z. Schay, L. Guczi, Z. Koppany, I. Nagy, A. Beck, V. Samuel, M.K.

Dongare, D.P. Sabde, S.G. Hegde, A.V. Ramaswamy, Catal. Today 54

(1999) 569.
[9] V.I. Péarvulescu, P. Grange, B. Delmon, Appl. Catal. B 33 (2001) 223.

[10] I. Sobczak, P. Decyk, M. Ziolek, M. Daturi, J.C. Lavalley, L. Kevan,
A.A. Prakash, J. Catal. 207 (2002) 101.

[11] P.W. Park, J.K. Kil, H.H. Kung, M.C. Kung, Catal. Today 42 (1998)
51.

[12] Y. Teraoka, H. Fukuda, S. Kagawa, Chem. Lett. (1990) 1.

[13] F. Marquez, A.E. Palomares, F. Rey, A. Corma, J. Mater. Chem. 11
(2001) 1675.

[40] Y. Teraoka, C. Tai, H. Ogawa, H. Furukawa, S. Kagawa, Appl. Catal.
A 200 (2000) 167.

[41] P. Da Costa, B. Moden, G.D. Meitzner, D.K. Lee, E. Iglesia, Phys.
Chem. Chem. Phys. 4 (2002) 4590.

[42] B.R. Goodman, K.C. Hass, W.F. Schneider, J.B. Adams, J. Phys.
Chem. B 103 (1999) 10452.

[43] B. Moden, P. Da Costa, B. Fonfe, D.K. Lee, E. Iglesia, J. Catal. 209
(2002) 75.

[44] B. Moden, P. Da Costa, D.K. Lee, E. Iglesia, J. Phys. Chem. B 106
(2002) 9633.

[45] M.V. Konduru, S.S.C. Chuang, J. Catal. 196 (2000) 271.

[46] M.H. Groothaert, K. Pierloot, A. Delabie, R.A. Schoonheydt, Phys.
Chem. Chem. Phys. 5 (2003) 2135.

[47] M.H. Groothaert, PhD thesis Nr. 534 at the Faculty of Agricultural and
Applied Biological Sciences, K.U. Leuven, 2002.

[48] M.H. Groothaert, K. Lievens, J.A. van Bokhoven, A.A. Battiston,
B.M. Weckhuysen, K. Pierloot, R.A. Schoonheydt, Chem. Phys.
Chem. 4 (2003) 626.

[49] M.H. Groothaert, J.A. van Bokhoven, A.A. Battiston, B.M. Weckhuy-
sen, R.A. Schoonheydt, J. Am. Chem. Soc. 125 (2003) 7629.

[50] L. Que, W.B. Tolman, Angew. Chem. Int. Ed. 41 (2002) 1114.

[51] J.A. Halfen, S. Mahapatra, E.C. Wilkinson, S. Kaderli, V.G. Young, L.
Que, A.D. Zuberbuhler, W.B. Tolman, Science 271 (1996) 1397.

[52] V. Mahadevan, M.J. Henson, E.l. Solomon, T.D.P. Stack, J. Am. Chem.
Soc. 122 (2000) 10249.

[53] E.I. Solomon, M.D. Lowery, Science 259 (1993) 1575.

[54] 1. Bertini, A. Sigel, H. Sigel, Handbook on Metalloproteins, Dekker,
New York, 2001.



512 M.H. Groothaert et al. / Journal of Catalysis 220 (2003) 500-512

[55] B.M. Weckhuysen, Chem. Commun. (2002) 97. [62] G.T. Palomino, P. Fisicaro, S. Bordiga, A. Zecchina, E. Giamello,
[56] M. Ilwamoto, H. Yahiro, Y. Mine, S. Kagawa, Chem. Lett. (1989) C. Lamberti, J. Phys. Chem. B 104 (2000) 4064.
213. [63] Y. Kuroda, R. Kumashiro, T. Yoshimoto, M. Nagao, Phys. Chem.
[57] R.L. Puurunen, B.G. Beheydt, B.M. Weckhuysen, J. Catal. 204 (2001) Chem. Phys. 1 (1999) 649.
253. [64] I. Sanyal, M. Mahroof-Tahir, M.S. Nasir, P. Ghosh, B.l. Cohen,
[58] H. Praliaud, S. Mikhailenko, Z. Chajar, M. Primet, Appl. Catal. B 16 Y. Gultneh, R.W. Cruse, A. Farooq, K.D. Karlin, S. Liu, J. Zubieta,
(1998) 3509. Inorg. Chem. 31 (1992) 4322.
[59] H. Yamashita, M. Matsuoka, K. Tsuji, Y. Shioya, M. Anpo, M. Che,  [65] D. Sengupta, J.B. Adams, W.F. Schneider, K.C. Hass, Catal. Lett. 74
J. Phys. Chem. 100 (1996) 397. (2001) 193.
[60] Y. Itho, S. Nishiyama, S. Tsuruya, M. Masai, J. Phys. Chem. 98 (1994) [66] M.V. Konduru, S.S.C. Chuang, X.H. Kang, J. Phys. Chem. B 105
960. (2001) 10918.

[61] M. de Carvalho, F.B. Passos, M. Schmal, Appl. Catal. A 193 (2000) [67] E.I. Solomon, U.M. Sundaram, T.E. Machonkin, Chem. Rev. 96
265. (1996) 2563.



	An operando optical fiber UV-vis spectroscopic study of the catalytic decomposition of NO and N2O over Cu-ZSM-5
	Introduction
	Experimental section
	Samples
	Catalytic testing
	Operando UV-vis spectroscopy

	Results
	O2-activated Cu-ZSM-5 and temperature dependence of the CT band positions
	Time and temperature dependence of the NO decomposition
	NO decomposition activity as a function of the copper content of Cu-ZSM-5
	NO decomposition activity as a function of the O2 content in the feed
	Temperature dependence of the N2O decomposition
	N2O decomposition activity as a function of the O2 content in the feed
	N2O decomposition during temperature drop

	Discussion
	Bis(µ-oxo)dicopper formed by O abstraction of N2O
	O2 release from bis(µ-oxo)dicopper
	The reaction cycle for NO decomposition
	The reaction cycle for N2O decomposition

	Conclusions
	Acknowledgments
	References


