
Catalysis Letters 41 (1996) 55-61 55 

Changes of copper location in CuY zeolites induced by preparation 
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The location of transition ions in copper- and copper-zinc-loaded Y type zeolites prepared by different procedures has been 
studied by temperature-programmed reduction, infrared spectroscopy of CO adsorbed on pretreated samples and X-ray photoelec- 
tron spectroscopy. Samples outgassed at 673 K showed Cu + species due likely to reduction of Cu 2+ ions under vacuum. Over 
exchanged CuY zeolites copper species in exchange sites were detected, while an impregnated sample exhibited bands of CO 
adsorbed on both Cu 2+ and Cu + ions developed at the surface of CuO crystals, and small proportions of Cu + ions located in accessi- 
ble exchange sites SII and SII,. Similar findings were observed in Zn- and Cu-exchanged zeolites although the relative proportion of 
Cu in $I positions was decreased due to competition between Cu 2+ and Zn 2+ ions. Samples reduced in hydrogen at 523 K showed the 
appearance of Cu ~ species in impregnated samples, whereas Cu + dominated in the exchanged counterparts. Reduction at 598 K led 
to substantial changes in Cu-exchanged samples in water. The proportion of Cu + species decreased by reduction to Cu ~ and simulta- 
neously migration to Cu + to Sn, sites occurred. While Cu 2+ or Cu + were found on outgassed samples, only Cu ~ and intrazeolite Cu + 
were observed after H2-rednction at 623 K. Changes in copper exposure as a function of sample pretreatments were also revealed by 
X-ray photoelectron spectroscopy. 
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1. Introduct ion  

Transition metal ion-exchanged zeolites can be used 
as catalysts for a wide range of chemical reactions, 
including dehydrogenation, oxidation, isomerization, 
cracking of  various organic feedstocks, and NOx elimi- 
nation. Copper-exchanged Y zeolites have been shown 
to be highly active and selective catalysts [1-3]. These 
catalytic properties are mainly explained in terms of  
both the different oxidation states and the various coor- 
dination modes of  copper ions, and as a consequence of  
their location within the zeolite framework [4]. To char- 
acterize these catalysts various types of  experimental 
techniques have been employed [4-9]. From these stud- 
ies, it appeared that in Y zeolites the Cu(II) ions located 
in the SI sites were the most difficult species to reduce. 
Different copper chemical states can be identified and 
characterized by X-ray photoelectron spectroscopy 
(XPS) and the modified Auger parameter shifts, such as 
intrazeolite Cu(II) and Cu(I) zeolites, copper metal clus- 
ters or segregated copper metal crystallites [10,11]. The 
study by infrared spectroscopy of CO is often used as a 
selective probe for Cu ions because there is a characteris- 
tic carbonyl frequency shift depending on the copper oxi- 
dation state and its coordination environment [13-15]. 
This is due to the ability of CO to form complexes in 
CuY with Cu(I) with a 1 : 1 stoichiometry but not over 
Cu(II). Moreover,  the small size of  the CO molecule 
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enables it to diffuse into the sodalite cavities below 
373 K. Because Cu 2+ ions are difficult to monitor  by 
CO-FTIR,  complementary techniques such as tempera- 
ture-programmed reduction (TPR) and XPS must also 
be employed to provide an accurate assignment of the 
oxidation state of  Cu in zeolites when subjected to var- 
ious reduction treatments. Less information has been 
obtained when a second metallic ion is incorporated in Y 
zeolites together with Cu. Some studies have been car- 
ried out over the Z n / N a Y  system [13,16], but there are 
limited studies on the effects ofcoexchange of  two metal- 
lic ions. 

Accordingly, this work was undertaken with the aim 
to study the effect of  the preparation method on the loca- 
tion of  copper cations and the changes of  its reduction 
properties by using several techniques, TPR, XPS and 
FT-IR of adsorbed CO. Moreover, the impact of  the 
simultaneous incorporation of  Zn and Cu on the chem- 
ical state of  copper ions was analyzed. 

2. Exper imenta l  

2.1. Sample preparation 

Samples were prepared starting from a Union 
Carbide Co. NaY zeolite (LZ-Y52). The reagents were 
analytical grade Cu(NO3).3H20 and Zn(NO3).6H20. 
The standard conditions for the ion exchange experi- 
ments were 30 cm 3 of  0.01 M Cu 2+ and /o r  Zn e+ solution 
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(water or ethanol) on 1 g zeolite for 24 h at room tem- 
perature. These samples were repeatedly washed and 
dried at room temperature overnight. This procedure 
was repeated three times more. The samples were dried 
at 383 K for 12 h and then calcined at 673 K for 4 h. For 
the sample prepared by impregnation, the zeolite was 
contacted with a solution of copper nitrate in ethanol 
and the solvent was slowly removed. Subsequently, the 
impregnate was dried at 383 K for 12 h and then calcined 
at 673 K for 4 h. For the sake of simplicity, the samples 
will be referred to hereafter as XY, where X denotes the 
added cation (Cu or CuZn) and y the preparation proce- 
dure: w, ion exchange in water; e, ion exchange in etha- 
nol; and i, impregnation. The cation content in the final 
samples was analyzed by atomic absorption spectrome- 
try. From these values the exchange levels summarized 
in table 1 were determined. 

2.2. Experimental techniques 

Temperature-programmed reduction (TPR) was car- 
ried out in a Micromeritics 3000 TPR apparatus by pas- 
sing a 10% H2/Ar flow (50cm3/min) through the 
sample. The temperature was increased from 323 to 
773 K at a rate of 10 K/min, and the amount o f f 2  con- 
sumed was determined with a TCD, the effluent gas was 
passed through a cold trap placed before the TCD in 
order to remove water from the exit stream. 

FT-IR spectra were recorded with a resolution of 
4 cm -a in a Nicolet 510 FT-IR spectrophotometer. The 
wafers (10-12 mg/cm a) were outgassed under high 
vacuum at 673 K for 1 h in a glass cell provided with 
greaseless stopcocks and KBr windows. The outgassed 
sample was cooled to room temperature and the back- 
ground spectrum recorded. Subsequently, the sample 
was exposed to 30 Torr (1 Torr = 133.33 Pa) CO, the gas 
phase was removed by outgassing at room temperature 
for 15 rain. After recording the spectrum of adsorbed 
CO, the net spectrum was obtained by subtracting the 
background spectrum from the latter. To acquire spectra 
of reduced samples the wafers were treated in the IR cell 
with a hydrogen flow at 523 or 598 K for 1 h and then the 
same experimental procedure as above was followed. 

XP spectra were acquired with a Fisons Escalab 
200R spectrometer equipped with a hemispherical elec- 

Table 1 
Degree of ionic exchange in the different samples obtained by AAS 

Sample Degree of exchange (%) 

Cu i 80 a 
Cu w 100 
CuZn w 100 
Cu r 91 
CuZn e 90 

Calculation from Cu content but not in real exchange due to the 
preparation method. 

tron analyzer and an A1 Ka  ( h u =  1486.6 eV, 
1 eV = 1.6302 • 10 -19 J) 120 W X-ray source. The pow- 
der samples were pressed into small aluminum cylinders 
and then mounted on a sample rod placed in a pretreat- 
ment chamber. Prior to being moved into the analysis 
chamber, the sample was evacuated at 673 K or reduced 
in situ by H2 at 473 and 598 K. The pressure in the ion- 
pumped analysis chamber was maintained below 
3 x 10 -9 Torr during data acquisition. The intensities of 
the peaks were estimated by calculating the integral of 
each peak after smoothing and subtraction of the "S- 
shaped" background. All binding energies (BE) were 
referenced to the adventitious C ls line at 284.9 eV. This 
reference gave BE values with an accuracy of :k0.2 eV. 
The CUL~M Auger peak was also recorded and the modi- 
fied Auger parameter, aA,, calculated by the equation 
aA, = hu + (KE CULMM -- KE Cu 2p3/2), where the dif- 
ference in parentheses represents the difference between 
the kinetic energy of the CULM~ Auger electron and the 
Cu 2p3/2 photoelectron. 

3. Results  and discussion 

3.1. TPR 

The TPR profiles of Cu i, Cu w and Cu e samples are 
shown in fig. 1. The reduction profile of the sample pre- 

CuO to Cu ~ 

. m  

Q. 

E 
60 
t -  
O 
0 

0 4  
"1- 

Cu i 

~ C u  w 

_ _ .  Cu e 

CuZn w 

_ CuZn e 

[ I I I I I 

300 400  500 600 70Q 800 

Fig. 1. TPR profiles of CuY zeolite samples prepared by different 
procedures and TPR profiles of CuZnY zeolite samples in which both 

copper and zinc were incorporated simultaneously. 
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pared by impregnation (Cu i) showed only a peak centred 
at 467 K, while the exchanged samples exhibited more 
complex profiles (fig. 1). The sample ion-exchanged in 
water (Cu w) had two reduction peaks (fig. 1), the first at 
483 K associated with the reduction of Cu 2+ to Cu +, and 
the second one at 553 K due to reduction of Cu + to Cu 
metal [4,5]. Fig. 1 also displays TPR profiles of CuZnY 
samples. By the comparison of profiles corresponding to 
the Cu w sample and to its CuZn TM counterpart (fig. 1) a 
delay in Cu reduction temperature due to the presence of 
Zn can be observed. This effect was similar to that 
observed in TPR profiles for the CuO/ZnO catalysts in 
which zinc inhibits copper reduction [17-19]. Samples 
prepared by ion-exchange in ethanol had different 
reduction profiles (fig. 1). The Cu e sample exhibited two 
well-defined peaks, shifted to higher temperatures by ca. 
40 K with respect to the homologous sample prepared in 
water, Cu TM (fig. 1). The inhibition of reduction by the 
presence of zinc was again observed in CuZn e samples, 
although this effect was less pronounced than in the 
CuZn w counterparts. It should be also noted that the 
exchanged samples displayed a shoulder at low tempera- 
ture which could be associated with the reduction of a 

small proportion of CuO to Cu ~ thus indicating the 
presence of a small amount of copper in the CuO phase, 
apart from that ion-exchange. 

The TPR profiles clearly demonstrated that the prep- 
aration method modified the reduction properties of 
copper. Thus, while impregnated copper was reduced in 
one step, ionic exchange led to stabilization of Cu + for 
which two reduction peaks were distinguished. The sol- 
vent employed in the ionic exchange also altered the 
reduction profiles: samples exchanged in water were 
reduced at lower temperatures than those exchanged in 
ethanol. The changes in reduction temperature could be 
due to the following reasons: (i) the preparation of sam- 
ples in water facilitated the mobility of copper in the zeo- 
lite framework, during the reduction process, which 
favoured copper ion reduction because this mobility was 
necessary in the reduction mechanism, as proposed in 
the bibliography [5]; (ii) using ethanol as solvent, a 
higher proportion of copper ions were exchanged in sites 
close to the hexagonal prism, where they are more diffi- 
cult to reduce [20]. This second effect was confirmed by 
the FT-IR study of adsorbed CO (see below). 
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Fig. 2. (a) FT-IR spectra in the CO stretching region of outgassed CuY zeolite samples: (top) Cu w, (middle) Cu e, (bottom) Cui; (b) FT-IR spectra 
in the CO stretching region of outgassed CuZnY zeolite samples: (top) CuZn w, (bottom) CuZn e. 
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3.2. FT-IR of adsorbed CO 

FT-IR spectra in the CO stretching energy region for 
different samples are shown in figs. 2-4. These spectra 
are complex because of  the overlapping of several peaks 
due to CO adsorbed on copper species in different loca- 
tions. To get better peak differentiation, the experimen- 
tal curves were fitted to a sum of Gaussian distributions. 
This fitting was achieved by minimizing the X 2 value 
using the Levenberg-Marquart  algorithm [21]. 
Accordingly, several CO species adsorbed on copper 
could be identified corresponding to: (i) Cu + in CuO sur- 
face extra framework of  zeolite, 2115 cm -1 [22]; (ii) Cu + 
in exchange sites, SII and Sn,, 2132 and 2144 cm -1, 
respectively [15]. When we tried to fit the peak attributed 
to CO adsorbed on Cu + at SI and SI,, at 2160 cm -] as 
already done in the literature, the center of this band 
fluctuated, depending on the preparation procedure or 
sample pretreatment. This fact suggested that this band 
at 2160 cm -1 might well involve two different compo- 
nents, whose relative intensities would affect the envel- 
ope centre. Consistently with this a fitting, involving two 
peaks, for such a band was made which may account for 
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two types of exchange sites. The best results were 
obtained by assigning the wavenumber of 2157 cm -1 to 
CO adsorbed on Cu + at SI, and 2164 cm -1 to CO 
adsorbed on Cu + at SI. This assignment of the two very 
close bands was made considering that the more dis- 
torted species Cu+-CO at SI corresponded to the higher 
frequency. 

Samples treated under vacuum at 673 K show Cu + 
species in all cases (fig. 2), probably due to reduction of 
Cu 2+ to Cu + under vacuum. In the Cu i sample, the pres- 
ence of copper oxide was evident, as revealed by the 
appearance of bands corresponding to CO on unsat- 
urated Cu 2+ sites on CuO (2150 cm -1) [23] and CO-Cu  + 
on CuO (2112 cm -1) [12]. Furthermore, a small propor- 
tion of Cu + was detected at more accessible exchange 
sites Su and Sir (fig. 2), but with a lower intensity with 
respect to Cu w and Cu e samples. In these latter samples, 
the signal was mainly due to exchanged copper and only 
a low intense peak o fCu  + on CuO (2114 cm -1) appeared 
(fig. 2). 

The exchange of a second cation (Zn 2+) led to an 
increase in the intensity of the band of CO adsorbed on 
Cu + at site Sn, with respect to Sn and a decrease of that 
of CO adsorbed at site SI with respect to SI, could be 
observed (fig. 2). This effect seems to be less marked in 
the CuZn e sample. This might be due to the fact that, in 
spite of the preferential location of copper cations in sites 
close to the hexagonal prisms on dehydrated zeolites, a 
higher proportion of copper in sites near supercages is 
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Fig. 3. FT-IR spectra in the CO stretching region of H2 reduced CuY Fig. 4. FT-IR spectra in the CO stretching region of H2 reduced CuY 
zeolite samples at 523 K: (top) Cu w, (middle) Cu e, (bottom) Cu i. zeolite samples at 598 K: (top) Cu w, (bottom) Cu e. 
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formed very likely from the competition between copper 
and zinc for SI sites in the binary CuZn y samples. 

FT-IR spectra of samples reduced at 523 K are shown 
in fig. 3. In all samples the peak of CO adsorbed on Cu + 
on CuO disappeared, and simultaneously a low intense 
peak of CO on Cu ~ (2108 cm -1) was detected. The sam- 
ple prepared by impregnation displayed a very weak 
band (fig. 3), with a high contribution of CO-Cu ~ 
Neither Cu 2+ on CuO nor Cu + on CuO were detected, 
although a weak band of exchanged copper was also 
observed. Exchanged samples displayed an increase in 
the band with respect to their outgassed counterparts. 
This was in agreement with TPR profiles which indicate 
that the transition of Cu 2+ to Cu + had already occurred, 
with the CO complex on Cu + more favoured. It should 
be noted that the Cu e sample displays a higher propor- 
tion of copper exchanged in sites close to the hexagonal 
prism than Cu w (fig. 3). This finding can be explained on 
the basis that copper ions in presence of water tend to be 
located in more external sites of the Y zeolite [24]. 
Accordingly, when water is used as a solvent large pro- 
portions of copper were exchanged in the sites close to 
supercages, while exchange in sites SI and SI, could be 
favoured in ethanol. 

After reduction at 598 K some changes in FT-IR spec- 
tra of adsorbed CO were observed (fig. 4). While Cu e did 
not exhibit important changes with respect to its coun- 

terpart reduced at 523 K (figs. 3 and 4), probably because 
at these temperatures, as shown by TPR experiments, 
copper was not reduced to Cu ~ for the sample Cu TM an 
important decrease in the intensity of the bands with 
respect to that reduced at 523 K (figs. 3 and 4) was 
observed. This effect could be attributed to the partial 
reduction of Cu + to Cu ~ as TPR experiments for this 
sample showed. A further observation was the relative 
increase of the CO-Cu + band at the SH site, which was 
indicative of a migration of copper species to sites in or 
near to supercages, but not to a reduction of copper in 
internal sites since this would require higher tempera- 
tures [15]. The migration of copper after pretreatments 
was confirmed by the XPS Cu/Si atomic ratios (see 
below). 

3.3. XPS  

The binding energy of the Cu 2p3/2 core level and the 
Auger parameter of samples subjected to several pre- 
treatments in situ - outgassing at 673 K, or reduction in 
hydrogen at 473 or 623 K - are compiled in table 2. By 
combining binding energy and Auger parameter over 
the Wagner plot the different chemical states of copper 
could be identified [11]. These copper species are sum- 
marized in table 2. A change in the copper species with 
the pretreatments and preparation procedure was evi- 

Table 2 
Binding energy (eV) of core electrons, modified Auger parameter, copper species identified by XPS and Cu/Si atomic ratios on samples subjected 
to pretreatments in situ 

Sample Treatment Cu 2p3/2 ~cu' Cn / Si at Cu species 

Cu t vac, 673 K 932.7(40) 1849.0 0.118 Cu + external 
934.1(60) 1851.3 Cu 2+ external 

H2, 473 K 932.6(88) 1851.4 0.073 Cu ~ external 

H2, 623 K 932.6 1851.5 0.078 Cu ~ external 

Cu w vac, 673 K 933.2(76) 1845.9 0.056 Cu + exchanged 
935.5(24) 1851.7 Cu 2+ exchanged 

Hz, 473 K 933.1(85) 1845.6 0.073 Cu + exchanged 
935.5(15) 1851.4 Cu 2+ exchanged 

H2,623 K 933.0 1845.6 0.132 Cu + exchanged 
933.0 1850.3 Cu ~ external 
934.2 1854.6 Cu ~ supercage 

Cu e vac, 673 K 932.9(64) 1846.0 0.038 Cu + exchanged 
936.0(36) 1851.3 Cu 2+ exchanged 

H2,473 K 933.0(78) 1846.2 0.050 Cu + exchanged 
936.2(22) 1851.0 Cu 2+ exchanged 

H2,623 K 933.0 1845.9 0.093 Cu + exchanged 
933.0 1851.4 Cu ~ external 
934.2 1854.1 Cu ~ supercage 
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dent. The outgassed sample prepared by impregnation 
showed only external copper, Cu 2+ or Cu +, the reduced 
species probably formed during outgassing at 673 K. 
After reduction at 473 K or at 623 K only external metal- 
lic copper was observed. Exchanged samples showed 
intrazeolite Cu 2+ and Cu + after outgassing, Cu + species 
probably formed under outgassing. Samples reduced at 
473 K exhibited the same species, only Cu + displayed a 
higher propor t ion than in its outgassed counterpart .  
However,  a higher proport ion of  Cu 2+ species was 
observed in Cu e then in Cu w. This observation could be 
explained by the more difficult reduction of  this sample, 
as revealed by TPR. After reduction at 623 K, Cu 2+ spe- 
cies were not  detected, only intrazeolite Cu + and Cu ~ 
external zeolite f ramework and Cu ~ clusters in the super- 
cages were observed. Due to the difficulty to obtain 
quantitative values of  CULMM peak intensities, the rela- 
tive propor t ion of  each species is not  reported. 

The relative surface exposure of copper, as measured 
by Cu/Si  ratios, is given in table 2. This ratio depended 
on the preparat ion method. For  the sample prepared by 
impregnation, this propor t ion decreased with the reduc- 
tion treatment at 473 and 623 K, probably due to sinteri- 
zation of  copper particles on the external surface of  the 
zeolite. For  the exchanged samples, an increase of the 
Cu/Si  ratio was observed. This result could be explained 
as due to a limitation of the XPS technique, even though 
X-rays penetrate a few microns into the solid, Cu 2p3/2 
photoelectrons could only come from the more accessi- 
ble zones of  the zeolite. As a consequence, an increase in 
the Cu/Si  ratio could be attr ibuted to migration of cop- 
per species f rom internal positions to the external zeolite 
surface when the reduction temperature was increased. 
This observation agrees with the appearance of  metallic 
copper at the external surface and Cu ~ clusters in super- 
cages as identified in Cu w and Cu e samples reduced at 
623 K by XPS, and the FT-IR of  adsorbed CO which 
showed a higher proport ion of  copper in external 
exchange positions after reduction at 598 K. 

4. Conclusions 

The preparat ion method modified the reduction 
properties of  copper. Thus, while impregnated copper 
was reduced in one step, two reduction peaks were distin- 
guished in the exchanged samples. The solvent employed 
for the ionic exchange also altered the reduction profiles: 
samples exchanged in water were reduced at lower tem- 
peratures than those exchanged in ethanol. Inhibition of  
copper reduction by the presence of  zinc is observed in 
CuZnY samples, similar to that observed in TPR pro- 
files for the CuO / ZnO catalysts. 

During the study of FT- IR  spectra in the CO stretch- 
ing energy region, two experimental bands were assigned 
by fitting the experimental bands to Gaussian distribu- 
tions: the wavenumber of  2157 cm -1 to CO adsorbed on 

Cu + at Si,, and 2164 cm -1 to CO adsorbed on Cu + at SI. 
The copper location was modified by the preparation 
procedure: while exchanged C u u  zeolites showed copper 
species in exchange sites, the impregnated sample exhib- 
ited bands of CO adsorbed on both Cu 2+ and Cu + ions 
developed at the surface of CuO crystals, and small pro- 
portions of  Cu + ions placed in accessible exchange sites 
Sn and Sw. The exchange of  a second cation (Zn 2+) had 
no significative effect, although the relative proport ion 
of Cu in SI locations decreased due to competit ion 
between Cu 2+ and Zn 2+ ions. 

Copper oxidation state and its location was affected 
by pretreatments with hydrogen. Samples reduced at 
523 K showed the appearance of  Cu ~ species in impreg- 
nated samples, whereas Cu + dominated in exchanged 
counterparts,  on the other hand rediaction at 598 K led 
to substantial changes in Cu exchanged samples in 
water, as the decrease in the proport ion of  Cu + species 
by reduction to Cu ~ and simultaneously migration of 
Cu + to external sites. Only Cu ~ and intrazeolite Cu + 
were observed after H2-reduction at 623 K. 
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