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Cu–Na–ZSM-5 catalysts were prepared by a dry technique from
physical mixtures of Na–ZSM-5 with copper compounds (CuCl,
Cu(NO3)2 or Cu(CH3COO)2) in order to obtain intrazeolite copper
species coexisting with the full amount of Na+ ions of the parent zeo-
lite. For this purpose, the parent mixtures were heated in inert gas or
vacuum to 823–873 K. The transport of copper into the near-surface
regions of the zeolite crystals was monitored by surface-analytical
techniques (XPS, X-ray induced AES), into the bulk of the crystals
by infrared spectroscopy of adsorbed pyridine. It was found that
the chemical transport is most intense for copper associated with
chlorine, but intrazeolite copper can be stabilized also in chlorine-
free systems. When H–ZSM-5 is available together with Na–ZSM-5,
solid-state ion exchange into the former predominates over chem-
ical transport into the latter. The activity of these samples for the
selective catalytic reduction of NO by propene was investigated in
a broad temperature range and compared with the activity of ref-
erence catalysts prepared by aqueous exchange, which exhibited
Brønsted acidity. Reaction rates normalized to the copper content
were in the same order of magnitude for both types of Cu–ZSM-5
samples, which demonstrates the irrelevance of Brønsted acidity
for the SCR by propene over Cu–ZSM-5. On the basis of surface-
analytical data and trends in the temperature dependence of the
activity, it was suggested that both isolated copper ions and intraze-
olite but extralattice copper oxide clusters provide active sites for
the SCR reaction. c© 1997 Academic Press

INTRODUCTION

Following its first description by Iwamoto et al. (1) and
Held et al. (2), the selective catalytic reduction of NO by
hydrocarbons (SCR-HC) has been studied with a variety of
catalytic systems and hydrocarbon reductants (3–5) with-
out having been included so far into a commercial exhaust
gas purification unit neither for mobile nor for stationary
sources. In this situation, the knowledge of the catalytic
reaction mechanism and of the functions that a successful
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catalyst must provide is of prime importance for the de-
velopment of improved catalytic materials. Even for the
well-studied Cu–ZSM-5 system, there are still many con-
troversial questions, among them the nature of the active
copper species and the role of Brønsted acidity in the reac-
tion mechanism.

Brønsted acidity has been considered an essential feature
of a good catalyst since the early days of SCR-HC. This is
inferred by the superiority of alkene reductants over alka-
nes (4, 6), the appreciable SCR activity even of undoped
acidic solids (H–ZSM-5, Al2O3 (7, 8)), and the deleterious
role of Na+ ions in SCR-HC (reductant methane) over Pd–
(9) and Ga–ZSM-5 (10). On this basis, and supported by re-
ports that Cu–ZSM-5 is Brønsted acidic even when overex-
changed (11, 12), bifunctional reaction mechanisms have
been proposed where (oxidized) carbonaceous deposits,
the formation of which would be favored by Brønsted acid-
ity, play a key role as a reductant for NO (or intermediate
NO 2) (6, 13–15). On the other hand, there is increasing evi-
dence that Brønsted acidity may not be necessary for SCR-
HC at least over Cu–ZSM-5. Such conclusion was arrived at
by Jen et al. in a study of Cu–ZSM-5 with high Cu/Si or Si/Al
ratio (16) and by Centi et al., who compared Cu–ZSM-5
with catalysts in which copper was dispersed in the boralite
analog to ZSM-5, which is only mildly Brønsted acidic (17).
Indeed, the present discussion of reaction mechanisms is
much focused upon proposals explaining the course of the
reaction without invoking a relevant function for Brønsted
sites (18–27).

Another point of debate is the structure of the ac-
tive sites in Cu–ZSM-5. SCR-HC was first reported for
“overexchanged” Cu–ZSM-5 (Cu/Al > 0.5) (1), and an
optimum performance of overexchanged samples in se-
ries with varying copper content has been reported sev-
eral times since then (28, 29). The facile interconversion
between Cu(II) and Cu(I) in overexchanged Cu–ZSM-5
(30–33) is often considered to be essential for SCR catalysis.
It has been attributed to extralattice oxygen (ELO) associ-
ated with the excess copper (34–38). Various proposals for
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copper structures bearing the ELO have been put forward:
Cu2+–O–Cu2+ dimers (34, 35), small zeolite-hosted copper-
oxide clusters (36, 37), possibly anchored via copper ions
at exchange positions adjacent to only one Al atom (38).
On the other hand, in situ ESR investigations on working
Cu–ZSM-5 of less than 100% Cu2+ exchange degree have
shown the copper ions exclusively in the +2 state (39), and
the SCR activity has been assigned to isolated copper ions
for such “underexchanged” Cu–ZSM-5 (39, 40). The rele-
vance of this result is illustrated by an example reported
by Ciambelli et al. (41) according to which the “normal-
ized” SCR rates (related to the total copper amount) were
highest when the exchange degree approached 100% and
decreased considerably above, which calls in question the
importance of the excess copper.

The present paper reports an attempt to contribute to
this discussion by the investigation of Cu–Na–ZSM-5 cata-
lysts that contain the full amount of Na+ ions of the par-
ent zeolite (42). Such materials should have little chance
to preserve Brønsted acidity, and the Cu species, which are
in excess of the stoichiometric cation quantity, may be ex-
pected to be dispersed on extralattice positions. The prepa-
ration technique employs chemical transport phenomena
which occur when physical mixtures of Na–ZSM-5 and cop-
per compounds (CuClx, Cu(NO3)2, etc.) are heated in in-
ert atmosphere, and they have been reported for many
different systems including CuCl/Na–Y by Xie and Tang
(43). By using surface-analytical techniques (XPS, X-ray-
induced Auger electron spectroscopy (XAES)) we found
that CuCl2 becomes reduced to CuCl and spreads out over
the external crystallite surface first before entering the ze-
olite pores at a significantly higher temperature (42). Only
Cu(I) entities penetrate into the pore system, which makes
the residual oxygen partial pressure in the system a critical
parameter for the success of the transport experiment. On
the other hand, it was found that not only Cu(I)-chloride
species can enter the zeolite cavities, but also Cu(I)-oxide
species.

This chemical transport technique should be differen-
tiated from the well-known solid-state ion exchange (SSI
(44, 45)). The latter also includes transport phenomena,
but is actually a stoichiometric exchange reaction. H- or
NH4-zeolites are used in SSI (with Cu compounds; cf.
(46–48)), and the evolution of volatile compounds (HCl,
NH4Cl, H2O) provides a plausible explanation for the driv-
ing force of the transport involved. The driving force for the
chemical transport of Cu compounds into Na–ZSM-5 (42) is
not clear, and neither is the nature of the resulting material:
It may form a nonstoichiometric host–guest system with the
copper compound as a guest, or stoichiometrical exchange
of Na+ by Cu+ may take place rendering a Na compound
hosted in the crystallite voids or appearing at the external
surface. The latter has been recently reported for the in-
teraction of CuCl with Na–Y by Jiang and Karge (49) and

assigned as a special case of solid-state ion exchange. On
the other hand, it has been demonstrated that NaCl can
be incorporated into Na–Y to produce intrazeolite salt dis-
persions just by dry heating of mechanical mixtures (50),
which is, clearly, an example for a nonstoichiometric host–
guest system.

In the following, the catalytic behavior of Cu–Na–ZSM-5
materials prepared by chemical transport in the SCR of
NO by propene will be reported and compared with that of
reference samples prepared by aqueous exchange. For the
characterization of the samples prior to and after cataly-
sis, the surface-analytical techniques used previously (XPS,
XAES) have been complemented by IR spectroscopy of ad-
sorbed pyridine, which provides evidence on the Brønsted
acidity of the samples and allows copper species dispersed
in the bulk of the zeolite crystals to be traced (49). The
discussion will cover the role of Brønsted acidity and of
the excess copper, with particular attention to the nature of
the copper species in Cu–Na–ZSM-5 systems prepared by
chemical transport.

METHODS

Materials. The samples employed in this study were
prepared from Na–ZSM-5 (Si/Al ≈ 13, Chemiewerk
Bad Koestritz, Germany) and copper compounds
(Cu(CH3COO)2 · H2O; Cu(NO3)2 · 3H2O, “p.a. grade”;
CuCl, “reinst” grade, Merck). Reference samples were
prepared by single and fivefold aqueous exchange with
copper acetate solutions using the procedures given in (51).
The copper content of the reference samples as determined
by ICP is reported in Table 1, where the codes r45, r80,
and r220 used in this paper to denote these samples are
introduced as well. The two samples obtained by fivefold
exchange did not contain significant amounts of Na.

Physical mixtures of copper compounds with Na–ZSM-5
were prepared by ball-milling the dried zeolite together
with CuCl or with Cu(NO3)2. These mixtures were subse-
quently heated in flowing N2 at 823 K (4 h) and 873 K (8 h),
respectively, to effect the transport of the copper species
into the zeolite crystal (42) (“CuClx/Z” and “CuOx(N)/Z,”
cf. Table 1). Copper acetate was mixed with Na–ZSM-5 by
precipitating it from a solution onto the external zeolite sur-
face (“coating,” sample code “Cuac-Z”). This coating was
performed in a rotary evaporator by mixing wetted zeolite
material with the solution and evaporating the solvent in a
few minutes. Such rapid evaporation was essential to obtain
a material with copper detectable by XPS/XAES only in
extrazeolite location (Auger signal, Fig. 1, spectrum e, for
spectral assignment see below). Batches containing copper
both in intra- and in extrazeolite locations (cf. Fig. 1, spec-
trum d) were discarded. With the copper-acetate-coated
precursor, the transport experiment was performed at 823 K
in flowing He or N2 (3 h; “CuOx(ac)/Z”). In one experiment,
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TABLE 1

Cu/Si Atomic Ratios in the Surface Layer of Cu–ZSM-5 Catalysts
of Different Preparation

Exchange Cu/Si atomic ratio
Cu contenta degree

Sample (code) (wt%) (%) By XPS Bulk

Reference catalysts
r45 1.6 ≈45 0.073 0.015
r80 2.8 ≈80 0.155 0.027
r220 7.7 ≈220 0.26 0.075

Cuac-Zb 2.1 0.25–0.70c 0.020
CuOx(ac)/Zd 2.1 0.09 0.020

after catalysis 2.1 0.034 0.020
Cuac-Z/H-Ze, 1.05 0.011 0.010

after catalysis
CuOx(N)/Zf 4.2 0.165 0.040
CuClx/Zg 5.1 0.17 0.048

a For reference catalysts and CuClx/Z by ICP, for the remaining samples
calculated from ingredients of physical mixture.

b Cu-acetate-coated Na–ZSM-5, initial.
c Different batches.
d Cuac-Z after transport experiment.
e 1 : 1 mixture Cuac-Z/H–ZSM-5.
f Cu(NO3)2/Na–ZSM-5, after transport experiment.
g CuCl/Na–ZSM-5, after transport experiment (involving some CuCl

loss).

the Cuac-Z precursor was physically mixed with H–ZSM-5
(CBV 5010, Si/Al ≈ 25, provided by Elf Aquitaine) at a ra-
tio of 1 : 1 by weight prior to the thermal treatment (“Cuac-
Z/H-Z”).

The catalytic runs were performed with gases supplied
by Messer-Griesheim: He 4.6 grade, and prefabricated mix-
tures, propene (2%)/He, NO (2%)/He, O2 (20%)/He.

Physicochemical characterization. XPS and X-ray-
induced Auger spectra were recorded with a Leybold LH 10
spectrometer equipped with a pretreatment chamber that
ensures sample transfer into the vacuum system without
contact with the ambient atmosphere. Spectra were excited
with AlKα radiation (1486.6 eV, 12 kV · 23 mA) and mea-
sured with the analyzer in the pass-energy mode (pass en-
ergy 100 eV). Cu 2p, Si 2p, O 1s, Na 1s, and C 1s XPS lines
and the CuL3VV Auger signal were recorded, in addition
to the N 1s and Cl 2p lines where appropriate. The binding
energy (BE) scale was referenced to Si 2p = 102.7 eV, which
yielded an average C 1s BE of 284.5 ± 0.2 eV. The CuL3VV
kinetic energies (KE) were processed analogously.

The location of the copper species (intra- and extrazeo-
lite) was assessed on the basis of the KE of the CuL3VV
Auger line and of the resulting Auger parameter

αCu = BE (Cu 2p) + KE (CuL3VV).

As differential-charging effects are quite frequent with

physical mixtures, BE and KE values reported for such sam-
ples should be taken with some caution, and the Auger pa-
rameters should be preferred with the copper data as they
are not influenced by charging effects.

During data acquisition, we could not always avoid the
photoreduction of intrazeolite Cu2+ to Cu+ (33). In the
Auger spectra, these states are not easily separated when
coexisting. In this paper, attention will be focused on the
location of Cu species, which is reflected in shifts of the
CuL3VV Auger line far exceeding that between Cu2+ and
Cu+ (33, 37, 52). Therefore, Cu 2p XPS spectra will not
be shown, while the CuL3VV Auger spectra will be pre-
sented, with the Cu 2p BE and the majority species indi-
cated by XPS given in insets. The Auger parameters re-
ported were calculated from the Cu 2p BE of this majority
species and the KE at the Auger signal maxima. Due to
the strong overlap of the Auger signals of coexisting Cu2+

and Cu+, the Auger parameters cannot always be unam-
bigously attributed to one of these oxidation states, but only
to extra- or intrazeolite copper. Atomic ratios for the sur-
face layer were obtained from XPS intensity ratios by using
the Scofield sensitivity factors (53) together with an exper-
imentally derived response function of the spectrometer to
the variation of the photoelectron KE.

DRIFTS spectra of adsorbed pyridine were measured
with a Perkin–Elmer 1710 FTIR spectrometer. Prior to
pyridine adsorption, the samples were outgassed in flow-
ing nitrogen (heating up at ≈10 K/min; 15 min (reference
samples, 1 h) at 773 K), which results in zeolite dehydra-
tion with a concomitant (partial) reduction of Cu2+ to Cu+.
After recording of the zeolite spectrum at room tempera-
ture, pyridine was adsorbed and the samples were flushed
in N2. With samples containing no Na, this procedure pro-
vided quite intense signals of physisorbed pyridine (1441
and 1590–1595 cm−1 (55)), which were mostly removed by
flushing the samples at 373 K for 15 min. With most of the
samples the acquisition of the spectra was very much com-
plicated by a low reflectivity (dark gray material), which
resulted in a sometimes quite high noise level in the spec-
tra. All spectra are presented unsmoothed.

Catalysis. The SCR of NO by propene was studied in
a microcatalytic flow reactor at reaction temperatures bet-
ween 873 and 573 K (varied in downward direction). NO
conversions were measured with a feed gas containing
1000 ppm NO, 1000 ppm C3H6, and 2% O2 in He at a
space velocity of 32,000 vvh. The reaction products were
analyzed by a combination of GC and mass-spectrometric
analysis. Different catalyst pretreatments were adopted for
reference samples and those samples prepared from physi-
cal mixtures. The former were treated in He at 823 K for 1 h
prior to the catalytic experiment. The latter were treated in
He at the temperature used in the original transport exper-
iment (823 or 873 K) for 1 h before the run and each time
before a new reaction temperature was established.
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RESULTS

Spectroscopic investigation of CuNa–ZSM-5 obtained by
chemical transport. Figure 1 shows the CuL3VV Auger
spectra of the reference catalysts (a–c), of the initial copper-
acetate coated-Na–ZSM-5 (Cuac-Z), where an inaccept-
able batch (d) is compared with a proper one (e), and of
materials prepared from the physical mixtures by chemical
transport (f–h, catalyst state prior to catalysis). All sam-
ples but the copper-acetate-derived ones (d, e) had been
subjected to thermal treatment in inert gas prior to surface
analysis (cf. legend to Fig. 1). The majority copper state was
Cu+ in these cases, which was deduced from a comparison
of the spectra at short and at full acquisition time. In the
spectra d and e, the majority oxidation state was Cu2+.

FIG. 1. X-ray induced Auger spectra of Cu–ZSM-5 catalysts. (a–c) Reference samples; pretreatment: air, 673 K, 1 h, then vacuum, 753 K, 1 h;
(a) r45; (b) r80; (c) r220. (d, e) Cuac-Z, different batches (acquisition of spectra at 150 K); (d) Cuac-Z, slow solvent evaporation; pretreatment: air,
673 K, 1 h; (e) Cuac-Z, rapid solvent evaporation, no pretreatment. (f–h) Materials prepared by chemical transport: (f), Cu(NO3)2/Na–ZSM-5, after
N2, 873 K, 8 h ( ⇒ CuOx(N)/Z); (g) CuCl/Na–ZSM-5, after vacuum, 823 K, 1 h ( ⇒ CuClx/Z); (h) Cuac-Z, after N2, 823 K, 3 h ( ⇒ CuOx(ac)/Z). XPS
BE, eV, and Auger parameter αCu, eV of major Cu state indicated in insets.

The reference catalysts exhibit a CuL3VV Auger signal
at a KE of 913–913.5 eV (αCu < 1846.5 eV), which was
assigned to intrazeolite copper previously (33, 37). In the
spectrum of r220 (c), a second line typical of extrazeolite
Cu is present. Similar signals of intra- and extrazeolite cop-
per were observed with Cuac-Z when the coating proce-
dure was extended over a long time (Fig. 1d). Transport
experiments were performed only with precursor material
exhibiting a single Cu Auger signal (e; cf. Experimental).
It should be noted that neither the CuL3VV KE nor the
Auger parameter of the copper-acetate precipitate coin-
cide with that of crystalline Cu(CH3COO)2 · H2O (917.8
and 1851.5 eV, respectively). The value of the precipitate
(almost 1850 eV) is, however, not in the range typical of
intrazeolite locations (cf. Discussion).
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The Auger signal of intrazeolite copper appeared in all
samples prepared by thermal transport from the physical
mixtures (Fig. 1, spectra f–h), but it was always accompanied
by a signal of residual extrazeolite copper. After the ther-
mal treatment, neither could acetate carbon be found in the
C 1s signal of the copper-acetate-derived CuOx(ac)/Z nor
could an N 1s line be detected in the spectrum of the copper-
nitrate-derived CuOx(N)/Z. In CuClx/Z, the Cl/Cu atomic
ratio remained almost constant: it decreased slighly from
1.0 in the physical mixture to 0.80 after the transport exper-
iment. A dramatic increase of the Na 1s signal intensity was
not observed in any sample. With the copper-nitrate- and
copper(I)-chloride-based mixtures, the thermal treatment
did not affect the Na/Si intensity ratio at all. With Cuac-Z,
the latter increased by 35% after the transport experiment;
after catalysis, however, the value was 25% below the initial
value.

In Table 1, the Cu/Si atomic ratios in the near-surface
region as measured by XPS are compared with the bulk
Cu/Si ratios. It can be seen that all samples but two are
highly surface-enriched in copper. This includes also the ref-
erence catalysts, although these had been already subjected
to severe thermal treatment (cf. legend to Fig. 1). Hence,
even at a bulk exchange degree of only ≈80%, there are
overexchanged regions near the external surface. The sur-
face enrichment noticed after the transport experiment is
not surprising since XAES reveals the presence of residual
extrazeolite Cu in all samples. Notably, with the CuOx(ac)/Z
sample, the Cu/Si ratio seen by XPS approaches the bulk
one after catalysis. Both values coincide in the material ob-
tained by thermal treatment of the physical mixture Cuac-
Z/H-Z (i.e., after catalysis).

Figure 2 reports the IR spectra of pyridine adsorbed
on the reference catalysts (a–c) and on materials obtained
by thermal treatment from mixtures of copper-nitrate and
Cu(I)-chloride with Na–ZSM-5 (d, e). The purpose of these
experiments was to detect Brønsted sites (≈1545 cm−1) as
well as to differentiate between Cu and Na sites by exam-
ination of the regions around 1450 and 1600 cm−1 (12, 49,
55). We will concentrate here on the former region because
the noise problem encountered with our dark samples ap-
pears to be more serious at the higher frequencies, but it
should be noted that the tendencies described are, indeed,
parallel in both regions.

In the spectra of the reference samples, bands at 1452
and 1615 cm−1 appear. With r45, an additional band is ob-
served at 1445 cm−1, and there is intensity below 1600 cm−1.
There are Brønsted sites in the reference samples as re-
vealed by the bands at ≈1545 cm−1. A weak band at 1441
cm−1 in spectrum c (r220) is due to a small amount of
residual physisorbed pyridine. The spectra of the materials
obtained by thermal treatment of physical mixtures differ
markedly in the regions around 1450 and 1600 cm−1. With
CuOx(N)/Z (e), the major intensity contributions are below

FIG. 2. IR spectra of pyridine adsorbed on Cu–ZSM-5 catalysts (dif-
ference spectra). (a–c) Reference samples; pretreatment: air, N2, 773 K,
1 h; (a) r45; (b) r80; (c) r220 (d, e) materials prepared by chemical trans-
port: (d) CuClx/Z, (e) CuOx(N)/Z.

1450 (1600) cm−1, but there is a shoulder above 1450 cm−1

and a distinct band around 1615 cm−1. The opposite is true
for CuClx/Z (d): Here, the major intensity is above 1450
(1600) cm−1. In the former sample, there is no Brønsted
acidity, while some noise in the 1550 cm−1 region prevents
unambigous conclusions on that point for the latter. Other
significant features of the spectra are a band at 1650 cm−1 in
the spectrum of CuClx/Z (d) and a small band at ≈1580 cm−1

in all samples containing Na+ (spectrum e, cf. also Fig. 5,
spectra a and b). The latter is sometimes not resolved from
the neighboring absorption at ≈1595 cm−1, which gives rise
to an increasing background (spectra a and d, Fig. 5, spec-
trum c). Both features are also present in the work of Jiang
and Karge on the solid-state reaction between Na–Y and
CuCl (49). A band in the 1580 cm−1 region can be expected
for coordinatively bound pyridine (56); hence, the former
signal is assigned to pyridine adsorbed on Na+. The band at
≈1650 cm−1 appears in (49) only in the initial spectra, but
remains unassigned. As it disappears in the course in the
interaction of CuCl with Na–Y, during which the formation
of NaCl is observed, it may be due to an interaction of the
pyridine with the highly dispersed crystalline CuCl.
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FIG. 3. SCR activity of Cu–ZSM-5 catalysts. 1000 ppm NO, 1000 ppm
C3H6, 2% O2 in He, 32,000 vvh. (a) Reference samples; curve 1, r45; curve 2,
r80, curve 3, r220. (b) Catalysts prepared by chemical transport; curve 1,
CuOx(ac)/Z; curve 2, Cuac-Z/H-Z; curve 3, CuClx/Z; curve 4, CuOx(N)/Z.

Catalytic properties. The catalytic activity of the various
Cu–ZSM-5 samples is summarized in Fig. 3 and in Table 2,
where the maximum rate of NO conversion is related to
the total copper content to yield a normalized reaction rate
RCu. Figure 3 reports the temperature dependence of the
NO conversion at 32,000 vvh for the ion-exchanged ref-
erence samples (a) and the catalysts prepared by chemi-
cal transport (b). With the reference samples, the highest
NO conversion was observed with r80; the highest normal-
ized reaction rate, however, was obtained with the under-
exchanged sample r45 (Table 2). The temperature depen-
dence of the NO conversion exhibits marked differences
between all three reference catalysts. With r220, despite a
low general activity level, an NO conversion of 20% was
obtained even at 473 K where other Cu–ZSM-5 catalysts
are far from being active. At the same time, the propene
conversion to carbon oxides was almost complete with this
catalyst. With r80, a steep increase of the NO conversion
was found between 573 and 623 K with the conversion peak-
ing below 670 K, which is typical for slightly overexchanged
samples (37). With r45, the activity increased more gradu-
ally and at higher temperatures, no activity maximum could
be discerned below 870 K.

TABLE 2

Reaction Rates of the SCR of NO by Propene over Cu–ZSM-5
Catalysts (Normalized to the Total Copper Content)

Sample (code) RCu
a (min−1) T (max) (K)

r45 0.20 873
r80 0.145 673
r220 0.03 873
CuOx(N)/Z 0 —
CuClx/Z 0.02 673
CuOx(ac)/Z 0.10–0.13b 873
Cuac-Z/H-Z 0.24 873

a r (NO conversion)/(n(Cu)/g cat.) at rate maximum.
b Strongly dependent on batch of initial Cuac-Z; lowest value ob-

served, 0.05 min−1.

Significant differences are also visible in the catalytic
behavior of the samples prepared by chemical transport
(Fig. 3b). CuOx(N)/Z does not exhibit NO reduction ac-
tivity at all; it catalyzes, however, the total oxidation of
propene. On the other hand, NO conversions of >50% are
obtained with CuOx(ac)/Z, where the lower limit of the use-
ful temperature region is similar as in the case of r80. Due
to the lower Cu content, the maximum RCu measured with
CuOx(ac)/Z is on the same order of magnitude as that with
the latter reference sample (Table 2). It shall not be with-
held that the SCR activity of CuOx(ac)/Z may vary consid-
erably between different batches of the Cuac-Z precursor
(cf. footnote 2 in Table 2). Normalized reaction rates RCu of
0.10–0.13 min−1 have been, however, repeatedly measured
with this type of material.

When the Cuac-Z precursor is mixed with an equal por-
tion of H-ZSM-5, the resulting Cuac-Z/H-Z mixture pro-
vides the highest normalized reaction rate measured in this
study. The temperature dependence of the SCR activity
(Fig. 3b) is quite different from that in absence of H–ZSM-5
and resembles that of r45. The NO conversion increases
gradually between 670 and 770 K to reach its highest value
at 870 K. This shift of the useful temperature interval to
higher temperatures for a physical mixture of a precipi-
tated Cu–ZSM-5 with H-ZSM-5 has been reported before
(37). The chlorine-containing CuClx/Z possesses also some
SCR activity.

Postcatalytic spectroscopic investigations. Figures 4 and
5 report some postcatalytic studies of the copper location
and the acidic properties of the more relevant samples.
In Fig. 5, the CuL3VV Auger spectra of the Cu-acetate-
derived samples (without and with H–ZSM-5 admixed,
spectra b and c) are compared with that of CuOx(N)/Z (a).
In the latter case, the majority Auger signal is clearly that of
extrazeolite copper. In both Cu-acetate-derived catalysts,
however, the low-KE signal resulting in αCu = 1847.3 eV
predominates. This value is higher than those usually found
for intrazeolite copper (see Fig. 1). This may be partly due
to inaccuracies in the determination of the line positions,
as the intensity of the copper signals is very low in these
samples and the signals appear on a curved background. In
the case of CuOx(ac)/Z (b), however, a signal of extrazeo-
lite Cu (αCu = 1849.9 eV) is clearly visible, so there remains
little doubt that the main signal (αCu = 1847.3 eV) arises
from intrazeolite Cu species.

In Fig. 5, IR spectra of pyridine adsorbed onto the most
active catalysts obtained by chemical transport are given.
Curve a shows the spectrum of the initial Cuac-Z for com-
parison. It is dominated by signals at 1445 and 1598 cm−1;
the 1545 cm−1 region is almost flat. Spectrum b refers to
the state of CuOx(ac)/Z after catalysis: The strong band
of the Na–Py complexes (1445 cm−1) is now significantly
broadened by a shoulder extending above 1450 cm−1, and
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FIG. 4. X-ray-induced Auger spectra of Cu–ZSM-5 catalysts pre-
pared by chemical transport, after use in catalysis. (a) CuOx(N)/Z; (b)
CuOx(ac)/Z; (c) Cuac-Z/H-Z. XPS BE, eV, and Auger parameter αCu, eV
of major Cu state indicated in insets.

the intensity above 1600 cm−1 has increased as well. As
expected, the sample does not exhibit Brønsted acidity.
For the physical mixture of Cuac-Z with H–ZSM-5 (Cuac-
Z/H-Z), it was not possible to obtain a meaningful spectrum
for the initial state: The dehydration procedure necessary
before the adsorption of pyridine, though performed at the
rather low temperature of 623 K, already initiated some
mobility of the copper: The resulting spectrum was differ-
ent from the expected superposition of signals from Cuac-
Z (spectrum a) and H–ZSM-5. Spectrum c refers to the
state of this mixture after catalysis. There are well-separated
bands below and above 1450 (1600) cm−1. In the 1545-cm−1

region, there is no signal beyond the unfortunately rather
high noise level; i.e., the admixed H–ZSM-5 has not pre-
served its Brønsted acidity.

DISCUSSION

In the following, the spectroscopic evidence obtained will
be summarized to describe the structure of Cu–Na–ZSM-5

catalysts prepared by chemical transport. Subsequently, the
catalytic results will be related to the structural properties
to derive conclusions about the relevance of Brønsted acid-
ity and excess copper in the SCR of NO by propene over
Cu–ZSM-5.

Distribution and structure of intrazeolite copper. While
techniques involving chemical transport are well recog-
nized in the preparation of supported oxide catalysts (e.g.,
MoO3/Al2O3, V2O5/Al2O3 (43)), there are only a few re-
ports about the application of such techniques for the
introduction of transition-metal compounds into zeolites
(43, 50, 57). For Cu/zeolite systems, the combination of XPS
and XAES is a powerful means to study the success of the
transport experiment because the L3VV Auger line of in-
trazeolite Cu is shifted strongly compared to that of Cu in
its bulk oxides (33, 37, 52). This is illustrated in Fig. 1 in the
spectra of the reference samples (spectra a–c) and of the
initial Cu-acetate-coated Na–ZSM-5 (d, e), where the po-
tential of the technique to differentiate coexisting intra- and
extrazeolite copper becomes evident (cf. spectra c and d).

FIG. 5. IR spectra of pyridine adsorbed on Cu–ZSM-5 catalysts
derived fron Cuac-Z (difference spectra). Samples dehydrated at Td = 773
K for 15 min. (a) Cuac-Z; (b) CuOx(ac)/Z after catalysis; (c) Cuac-Z/H-Z
after catalysis.
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The Auger parameters αCu of these copper states differ by
several electron volts.

The high CuL3VV Auger-line shift, which leads to a
change of the Auger parameter, should be attributed to
final-state effects; its actual origin is, however, not clear. In
our opinion, it is due to the difference between final states,
the wave function of which involves extended states (i.e., a
valence band as in crystalline copper oxides) or localized
orbitals (i.e., oxygen ligands in environments of low point
and translational symmetry as on zeolite sites). Such shifts
of Auger line and Auger parameter should, therefore, arise
not only for isolated Cu at cationic sites, but may originate
from any Cu aggregate too small or too irregular to possess
a valence band (e.g., small intrazeolite copper oxide clus-
ters as detected in Cu–ZSM-5 by EXAFS (37)). From this
viewpoint, the magnitude of the shift may depend on the nu-
clearity and the coordination geometry of the copper entity
detected. Indeed, in the present study, the Auger parame-
ters of samples containing intrazeolite Cu predominantly in
the +1 state vary in a rather broad range (1844.0–1847.3 eV,
cf. Figs. 1 and 4). The decrease of αCu of Cu(CH3COO)2

upon precipitation as a deposit of (presumably) poor crys-
tallinity (Fig. 1, spectrum e) may be understood on the same
basis. It should be noted, however, that this interpretation
of a proven and useful experimental effect has yet to be
substantiated by more detailed investigations.

The chemical transport of CuxCly and CuxOy species into
the zeolite from mixtures of CuCl2, CuCl, or Cu(NO3)2 with
Na–ZSM-5 has been studied in detail by XPS/XAES re-
cently (42), and the migration of both Cu(I)-chloride and
-oxide species has been demonstrated from the spectra
of Cu and of the remaining elements (Cl, C, N). Spec-
tra g–h in Fig. 1 resume the final results for CuCl/Na–
ZSM-5 and Cu(NO3)2/Na–ZSM-5 and add the same for
Cu-acetate-coated Na–ZSM-5, where the presence of in-
trazeolite copper is also evident. Almost all samples are
highly surface-enriched in copper (Table 1) and contain
some extrazeolite copper in addition to the intrazeolite
species (Fig. 1). However, the surface-analytical techniques,
do not supply information about the depth of migration and
the amount of Cu penetrated into the zeolite voids because
the deeper layers are not accessible to these methods and
an assessment of the amount of extrazeolite copper would
require information about its aggregate size.

The penetration depth of the Cu species can be assessed
on a qualitative level from IR spectra of adsorbed pyri-
dine because the signals of the ring vibrations at approx-
imately 1450 and 1600 cm−1 differ significantly between
molecules coordinated to Na+ and Cun+ (12, 49, 55) (n = 1,
possibly).2 This is well illustrated by a comparison of the

2 We could not observe a significant difference in the spectra of r45
treated at 823 K in air or in N2 to obtain the copper predominantly in the
+2 and +1 form.

spectra recorded with the reference samples r45, r80, or
r220 (Fig. 2, curves a-c) and with the initial Cuac-Z (Fig. 5,
curve a). In the former, the signals of the Cu–Py complex
(1452/1615 cm−1) are well visible (in the spectrum of r45 to-
gether with a contribution of Na–Py at 1445/1598 cm−1). In
Cuac-Z, there is practically no intensity above 1450 (around
1615) cm−1 because the copper, though well spread over the
external crystallite surface (cf. Table 1), is of much lower dis-
persion than any of the intrazeolite species (Na or Cu ions)
in the reference catalysts. Thus, the appearance of inten-
sity above 1450 cm−1 (around 1615 cm−1) should indicate
the penetration of copper into the zeolite crystal as there
is no other way to obtain an amount of Cu adsorption sites
comparable to that of the Na sites.

On this basis, spectra d and e in Fig. 2 reveal an impor-
tant difference in the transport behavior of Cu(I) associ-
ated with chlorine or with oxygen. In CuOx(N)/Z (e), a
distinct but weak shoulder due to Cu–Py may be discerned
at the high-energy side of the Na–Py band at 1445 cm−1.
Spectrum d measured with CuClx/Z, however, is domi-
nated by the Cu–Py bands at 1452 and 1615 cm−1, while the
1445-cm−1 band has almost vanished. It should be noted
that the Auger spectra of these two samples (Fig. 1, curves
f and g) are rather similar, indicating the presence of in-
trazeolite copper. The IR spectra suggest that the copper
penetrates deeper into the crystallites when associated with
chlorine than with oxygen as would be expected from the
volatility of the corresponding bulk compounds. The same
trends have been also observed in the stoichoimetric solid-
state ion exchange of copper chlorides and oxides with H
zeolites (46–48).

The problem if the transport of the Cu entities into the ze-
olite is coupled with a stoichiometric exchange Cu+ → Na+

(solid-state ion exchange, cf. (49)) or leads to the interca-
lation of the Cu compounds in the zeolite voids (nonstoi-
chiometrical host–guest system, in analogy to (50)), may be
approached by tracing Na compounds that may have been
formed during the transport experiment.

In our CuCl/Na–ZSM-5 system, we did not find either
XRD lines of NaCl or an enrichment of Na near the ex-
ternal crystallite surface, which could have indicated the
formation of extrazeolite NaCl either in low (XRD) or in
high (XPS) dispersion. In CuClx/Z, the Na Auger parame-
ter (αNa = BE (Na 1s) + KE (Na KLL)) was 2060.5 eV. This
is slightly below the values found in an earlier investiga-
tion of Na–ZSM-5 (αNa = 2061.1 eV (58)), but very close to
the limits of Na Auger parameters reported for a variety
of zeolite materials (2060.6–2061.1 eV (58, 59)). In NaCl,
αNa is reported to be 2061.9 eV (59), i.e., much higher than
in CuClx/Z. No shoulders were observed at the Na XPS
and Auger signals that could have indicated NaCl even as
a minority species. Taken together, these results exclude
the formation of extrazeolite NaCl in our samples. How-
ever, they do not completely exclude an intrazeolite ion
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exchange resulting in intrazeolite NaCl clusters, because
the Auger parameter of Na in highly dispersed NaCl might
differ from that in the bulk compound.

More evidence for the presence of clusters may be
sought in the IR spectra. In CuClx/Z, we found a band at
≈1650 cm−1 after the transport experiment (Fig. 2, spec-
trum d), which Jiang and Karge (49) saw only in the ini-
tial stages of their solid-state reaction between Na–Y and
CuCl. In our initial CuCl/Na–ZSM-5 mixture, which con-
tained CuCl in low dispersion, this band was present in low
intensity (spectrum not shown). However, even if this band
can be assigned to an interaction of pyridine with the sur-
face of aggregated CuCl, it is no proof for the existence
of zeolite-hosted CuxCly as it may originate also from re-
maining extrazeolite CuCl portions. The low intensity of the
Na–Py contribution to the band around 1450 cm−1 (below
1600 cm−1) despite the presence of the full amount of Na
ions may be another indication for the existence of intraze-
olite clusters covering part of the Na+ ions. This point must
be elucidated in future work.

With the CuOx/Z materials, the formation of extrazeo-
lite Na compounds was also not indicated by either surface
enrichment of Na or shifts of the Na Auger parameter
after the treatments were applied to initiate the trans-
port (copper-acetate-coated Na–ZSM-5: αNa = 2060.6 ±
0.1 eV before and after thermal treatment). Interestingly,
for one of the initial physical mixtures, the formation of an
extrazeolite bulk compound was, indeed, suggested by the
Na XPS signal (Na 1s, Fig. 6): In the Cu(NO3)2/Na–ZSM-5
mixture prepared by ball-milling (Cu spectra shown in
(42)), a signal with a BE < 1070 eV appeared as a shoul-

FIG. 6. Evolution of Na 1s lineshapes in the preparation of CuOx(N)/
Z. (a) Physical mixture after ball-milling; (b) (a) after N2, 673 K, 24 h
(analogous for treatments at higher temperatures).

der at the Na 1s line (spectrum a). This BE is far be-
low the BE of any known Na compound and arises most
likely from a differentially charged phase. It has been
demonstrated in Ref. (42) that ball-milling the Cu(NO3)2/
Na–ZSM-5 mixture leads to effective spreading of the cop-
per compound over the external zeolite surface and the loss
of the Cu(NO3)2 signature in XRD. We guess, therefore,
that the compound detected by the shoulder below 1070 eV
may be NaNO3. Notably, this shoulder disappeared when
the mixture was heated (spectrum b). While this may indi-
cate that the exchange of zeolite Na+ by Cu+ is unfavorable
just at higher temperatures, it is, again, no definite proof for
the absence of such an exchange inside the zeolite cavities.

Hence, it may be stated that our spectroscopic evidence
excludes the formation of Na compounds at the external
zeolite surface during the transport treatment. It suggests
that an ion exchange Cu+ → Na+ does not occur subsequent
to the penetration of Cu compounds into the ZSM-5 crystal
whithout, however, definitly exluding such possibility.

The postcatalytic IR spectra of adsorbed pyridine (Fig. 5)
show that CuOx(ac)/Z does not possess Brønsted acid-
ity (spectrum b). If the acetate-coated Na–ZSM-5 (Cuac-
Z) was mixed with H–ZSM-5 prior to thermal treatment,
the result was, again, the formation of intrazeolite copper
(curves c in Figs. 4 and 5). In the resulting material, how-
ever, the Brønsted sites of the admixed H–ZSM-5 can no
longer be detected. Obviously, if both H–ZSM-5 and Na–
ZSM-5 are offered to the copper compound, stoichiometric
solid-state ion exchange into the former predominates over
the chemical transport into the latter. This is quite plausi-
ble because the reaction of copper-acetate with H–ZSM-5 is
driven by the evolution of volatile compounds, most likely
H2O and CO2. The resulting material was no longer surface-
enriched in copper (Table 1), and on the basis of our spectro-
scopic results we describe it as a mixture of a stoichiometri-
cally exchanged Cu–ZSM-5 (exchange degree near 100%)
with Na–ZSM-5.

SCR activity and catalyst structure. The catalytic exper-
iments show that copper introduced into Na–ZSM-5 by
chemical transport exhibits activity for the SCR of NO
by propene. This applies to the chlorine-containing sam-
ple CuClx/Z as well as to chlorine-free catalysts obtained
from Cuac-Z. With the latter, the normalized reaction rates
RCu are quite comparable with those of the reference cata-
lysts (Table 2: compare CuOx(ac)/Z with r80, Cuac-Z/HZ
with r45). As the Brønsted acidity of these copper-acetate-
derived systems was far below the level seen with the ref-
erence catalysts (if not absent at all), Brønsted acidity does
not play an essential role in the SCR of NO by propene
over Cu–ZSM-5.

This conclusion seems at variance with the work of
several groups, which demonstrated the role of zeolite
Brønsted acidity with a variety of catalysts active for the
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SCR of NO with methane (9, 10) or with copper catalysts
used for the SCR of NO with decane (60). Our conclu-
sion relates primarily to the Cu–ZSM-5 system and the re-
ductant propene, and it is well conceivable that different
mechanisms are operative with different catalysts and re-
ductants. The NO oxidation activity of H–ZSM-5 (13), for
instance, may be an essential ingredient in systems where
this function is not well fulfilled by the dopant introduced
as an active component. When long-chain alkanes are used
(60), the cracking activity supplied by acidic sites may be
favorable because the superiority of alkenes over alkanes
as reducing agents in the SCR is well known. In addition,
Brønsted sites may have a beneficial influence in systems
where the active catalyst component tends to aggregate.
Such aggregation should be suppressed in Brønsted-acid
environments as it is the reverse of solid-state ion exchange
which is knwon to be favored in many systems at elevated
temperatures.

On this background, there still remain some unexpected
features in our results, which will be covered in the follow-
ing discussion of the catalytic relevance of Cu species—the
complete failure of CuOx(N)/Z and the influence of H–
ZSM-5 admixed to the copper-acetete-derived catalyst on
the temperature dependence of the catalytic activity.

The postcatalytic Auger electron spectra reveal that in
CuOx(N)/Z, the copper is mostly extrazeolite after cata-
lysis (Fig. 4, curve a), while in CuOx(ac)/Z, the spectrum is
dominated by a signal of intrazeolite Cu (b). The presence
of intrazeolite copper in CuOx(ac)/Z is also confirmed by
the postcatalytic IR spectrum of adsorbed pyridine (Fig. 5,
curve b) where the strong asymmetry of the main signal
(Na–Py) toward wavenumbers above 1450 cm−1 (Cu–Py)
is evident. While this confirms the well-known fact that
extreme small copper aggregate sizes (as provided by the
dispersion in a zeolite matrix) are required for rendering
the Cu sites selective, it remains to be discussed why the
copper location is completely different CuOx(N)/Z and
CuOx(ac)/Z under the conditions of catalysis. We believe
that this is due to a different penetration depth of the CuxOy

entities during the transport experiment. In our previous
work, we found that reoxidation of Cu–Na–ZSM-5 pre-
pared by chemical transport causes some of the overstoi-
chiometric copper to return to the external surface (42). The
segregation was not complete under the conditions applied
in Ref. (42) (air, 673 K, 1 h); it may, however, have come
to completion with the CuOx(N)/Z sample under the more
severe conditions of catalysis (2% O2, starting at 873 K) ap-
plied in this study. In CuOx(ac)/Z, the acetate ions present in
the physical mixture probably assist the reduction of Cu(II)
to Cu(I) during the transport experiment. As the transport
phenomena occur only with Cu(I), it is reasonable to as-
sume that the penetration depth obtained with the copper-
acetate precursor will exceed that in the copper-nitrate sys-
tem. Upon reoxidation to Cu(II), part of the copper is then

trapped in the zeolite and remains selective in the SCR re-
action.

It was an aim of the present study to describe the cata-
lytic function of excess copper introduced into Na–ZSM-5
by a dry technique. The answer depends crucial on the Cu
speciation in these systems (Cu exchanged into cation sites
or Cu compounds hosted in the zeolite voids), and it has
been mentioned above that our spectroscopical evidence
favors the nonstoichiometric host–guest structure without
definitely excluding the possibility of exchange. There are,
however, some tendencies in our catalytic data, which fur-
ther support the host–guest structure of Cu–Na–ZSM-5
prepared by chemical transport and indicate that zeolite-
hosted copper-oxide clusters contribute to the SCR activity
of overexchanged Cu–ZSM-5.

Close inspection of the temperature dependence of the
SCR activity measured with the reference samples (Fig. 3a)
suggests that different copper species catalyze the reaction
at different temperatures. Isolated Cu species, which should
be the majority species in r45, become active at rather high
temperatures, but they provide the highest normalized re-
action rates. As mentioned above, the material formed by
thermal treatment of the Cuac-Z/H-Z mixture contains
the copper isolated as well. Indeed, its catalytic behavior
(Fig. 3b) is much reminiscent of that of r45.

Intrazeolite copper oxide clusters as detected by EXAFS
in slightly overexchanged Cu–ZSM-5 catalysts (37) may be
responsible for the shift of the useful temperature region to
lower temperatures. Our r80 sample is not overexchanged
from the bulk stoichiometry, but overexchange has been
demonstrated for the external region of the zeolite crystals.
The SCR activity of r80 and its temperature dependence
(Fig. 3a) is close to the behavior known for overexchanged
catalysts from the literature (e.g., (37)). The shift of the use-
ful temperature region to lower temperatures goes on with
r220, which exhibited some NO reduction activity already
at 473 K. The low level of this activity may be due to the ex-
trazeolite copper present in this material, which competes
for the reductant propene with its total oxidation activity.

In the systems prepared by chemical transport of copper
into Na–ZSM-5, the useful temperature region clearly be-
gins at lower temperatures than with the samples containing
copper presumably in isolated form. Notably, the copper
content of CuOx(ac)/Z corresponds to a formal exchange
degree of only 60%. If the copper of this catalyst were ex-
changed into cation sites, the temperature dependence of
the SCR activity would be expected to resemble that of
r45 and Cuac-Z/H-Z. Moreover, a higher activity should
be expected for the copper-chloride derived CuClx/Z as the
CuClx entities penetrate much better into the zeolite and
should provide a higher exchange degree. What we see,
however, is that the SCR activity of CuOx(ac)/Z becomes
appreciable already in a temperature region where the ac-
tivity of isolated copper is still low (Fig. 3b), and that the
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SCR activity of CuClx/Z is inferior (cf. also Table 2). This
is best explained by assuming a host–guest character of our
Cu–Na–ZSM-5 systems, with zeolite-hosted copper-oxide
clusters being better active species than copper-chloride
clusters and providing activity at lower temperatures than
isolated copper ions do.

CONCLUSIONS

Cu–Na–ZSM-5 catalysts were prepared by chemical
transport of copper (I) chloride and oxide species into
Na–ZSM-5. The formation of intrazeolite copper species
was monitored by surface-analytical techniques (XPS,
XAES) and by IR spectroscopy (pyridine adsorption). It
was found that copper migrates most easily if associated
with chlorine. With Cu(II) compounds not containing chlo-
rine, oxidizable anions (acetate) appear to promote the
transport phenomenon. In the presence of H–ZSM-5, solid-
state ion exchange into the latter is preferred over the mi-
gration into the Na-zeolite.

The SCR activity of intrazeolite copper in Cu–Na–ZSM-5
catalysts prepared by chemical transport, and also by solid-
state ion exchange, was on the same order of magnitude
as with samples obtained by aqueous ion exchange. As the
former did not possess Brønsted acidity, the Brønsted sites
of the latter are irrelvent for the SCR reaction. Surface-
analytical results and specific differences in the tempera-
ture dependence of the SCR activity imply that the cop-
per introduced by nonstoichiometrial chemical transport
remains as a guest in the zeolite cavities, and that zeolite-
hosted copper-oxide clusters contribute to the SCR-activity
of overexchanged Cu–ZSM-5 catalysts.
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