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Abstract

Catalysts for oxidative methanol reforming were prepared by thermal and H2-reduction treatments of a precursor consisting mainly
a hydrotalcite-like Cu–Zn–Al hydroxycarbonate and a Zn-rich paratacamite. The precursor was obtained by homogeneous preci
metal cations with a properly modified urea method. XRPD and quantitative Rietveld analysisof the precursor material revealed the prese
of hydrotalcite and paratacamite phases in a weight ratio 3:1. Treatment in situ of the precursor produced Cu/ZnO/Al2O3 (Cu = 18%,
Zn = 33%, Al = 49% mol) catalysts. Chemical properties of the precursor and of the catalysts were studied by TPR, TPO, NH3-TPD,
N2O chemisorption, FTIR, and UV–vis techniques. Physical characterization was carried out by the SEM, EDS, XRPD, TG/D
N2 adsorption techniques. The influence of heating rate of the precursor was investigated. Heat-treated samples contained CuO
amorphous Al2O3, and probably ZnAl2O4, as suggested by XRPD and FTIR measurements. The crystallinity of oxide phases was high
for the sample treated with a lower heating rate that also showed lower surface area and lower Cu dispersion. The presence2+ in
octahedral sites of alumina was suggested byUV–vis spectra. CO adsorption gave evidence of easy reduction of Cu(II) to Cu(I) and Cu(
and the formation of stable complexes with Cu(I). NH3-TPD and FTIR measurements showed the presence of surface acid sites of the
type with wide strength distributions, mainly due to Zn2+ and Al3+ cations. Cu(II) was able to oxidize NH3, while Cu(0) activated NH3
decomposition. TPR and TPO measurements indicated that Cu species are easily reduced and reoxidized and Cu(I) species are interme
for both processes. The redox properties appeared to be influenced by the rate of the previous heat treatment.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The technology of H2-fed fuel cells, using polymeri
electrolyte membranes (PEMFCs), is at present a promisin
alternative to internal combustion engines for car-trac
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due to their potentially very high efficiency[1]. On-board
hydrogen production starting from a suitable liquid sou
appears to be a practical option in a medium-short pers
tive. Methanol may be preferable to other liquid hydrog
sources, such as gasoline, because it has high hydrogen
tent, can be reformed at relatively low temperatures (aro
250◦C), and offers the advantages of the absence of
fur compounds and less probable formation of carbonac
products. Moreover, it could in theory be obtained from b
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masses like wood, and in this case the CO2 produced should
not contribute to the so-called greenhouse effect.

The oxidative steam reforming of methanol (OSRM) c
sists in the coupling of the endothermic methanol steam
forming (SRM) with the exothermic partial oxidation (POM
allowing the production of hydrogen with an autotherm
process.

CH3OH(g)+ H2O(g)= CO2 + 3H2,
�H 0 = 49.5 kJ mol−1, (1)

CH3OH(g)+ 1

2
O2 = CO2 + 2H2,

�H 0 = −192.3 kJ mol−1. (2)

The OSRM catalysts proposed in the literature are clo
related to those that have been deeply investigated fo
synthesis of methanol[2–4]. They are mostly based on co
per dispersed in a matrix formed by pure or mixed
ides like as ZnO[5–7], Al2O3 [8,9], ZnO/Al2O3 [10–13],
Cr2O3/Al2O3 [8,14], and ZrO2/Al2O3 [8]. These Cu-base
catalysts have been studied previously for SRM[15–19]and
POM [20–22]. Metallic copper is generally obtained by r
duction of a Cu oxide phase that either is dispersed o
support such as Al2O3 or CeO2 by impregnation[8,23] or
is part of a mixed oxide system[6,7,12,13]. The best perfor
mances are obtained on catalysts containing also ZnO tha
acts as a promoter[8,10,18].

Promising OSRM catalysts can be obtained by h
treatment and reduction of mixed Cu, Zn, and Al h
droxycarbonates having hydrotalcite-like structures[12,
13,24,25]. These compounds, having the general form
(Cu,Zn)1−xAlx (OH)2(CO3)x/2·mH2O, are generally pre
pared by coprecipitation with Na2CO3 solutions[24,26]. An
alternative method, leading to materials with different t
tural properties, consists in precipitating the metal cati
from a solution containing urea that is hydrolyzed to a
monium carbonate[12,27]. Thermal decomposition of suc
materials leads to an intimate mixture of oxides and the
sequent reduction with H2 gives rise to highly disperse
metallic copper[12,13]. It is generally accepted that metal
Cu is the active phase in OSRM catalysts based on Cu/Z
systems; however, oxidized Cu species are also presen
their possible role in catalytic activity is greatly deba
[7,11,12,24]. Redox properties of these systems are o
studied by TPR and TPO techniques[12,28,29]. On the other
hand acid–base properties have not been investigate
though they could play an important role in adsorption
activation of methanol[30,31]. Although characterization o
these materials has been the object of several studies,
pears that some aspects need further investigation to o
a deeper knowledge of the influence of the preparation
cedure and the roles of the different catalysts phases o
OSRM reactions.

In this paper the preparation and the properties of a
drotalcite precursor and of the derived Cu/ZnO/Al2O3 cat-
alysts are described. The hydrotalcite precursor is obta
by coprecipitating Zn(II), Cu(II), and Al(III) cations with
d

l-

-

e

modified urea method that allows a more precise contro
the preparation conditions. Part I deals with the charac
ization by different complementary techniques of phys
and chemical properties of the precursor and of the catal
The aim is to obtain information on the acid–base and
dox properties of the catalysts that could be relevant in
OSRM catalysis. In Part II a study on catalytic activity a
the reaction mechanism will be reported.

2. Experimental

2.1. Catalysts preparation

The catalyst precursor was obtained with the metho
homogeneous precipitation accomplished by urea hydr
sis [27]. An aqueous solution, obtained by mixing 0.5
AlCl3, 0.5 M ZnCl2, and 0.5 M CuCl2 solutions in the vol-
ume ratio 1:1:1, was added of solid urea until the molar r
urea/Al(III) was 6. The addition of the CuCl2 solution has
been carried out drop by drop, when the solution contain
Zn and Al cations was at the boiling temperature. The s
tion was refluxed for 3 days. The precipitate obtained
separated from the mother solutions, washed with deion
water, and then suspended in a 0.05 M Na2CO3 solution
(about 20 mL per gram of precipitate) for 1 day, in ord
to exchange chloride ions eventually present in the hydro
cite material with carbonate anions. After equilibration w
the Na2CO3 solution the solid was recovered, washed w
deionized water, and finally dried at room temperature o
P4O10. The catalysts were obtained by heating the precu
in dry air flow at rate of 2 or 10◦C min−1 up to 450◦C and
maintaining it at this temperature for 12 h. Then the sam
were reduced with H2, according to procedures described
the following. The reducing treatments were effected in
before characterization measurements.

The metal ion contents in the samples were obtaine
ion chromatography, after dissolution in concentrated H
Determination of metal ion concentration in the obtain
solution was performed with the following procedures:Cu
and Zn content, column Dionex CS5a, eluent PDCA, flo
1.0 mL min−1, spectrophotometric detection after PCR w
PAR; Al content, column Dionex CS5a, eluent HCl 0.75 M
flow 1 mL min−1, spectrophotometric detection after PC
with tiron.

The chloride content was determined by ion chroma
raphy in the solution obtained by suspending the solid s
ples in 1 M Na2CO3 solution at 80◦C for 4 h. C, N, and H
elemental analysis was obtained by a Carlo Erba 1106
alyzer. Carbonate and water contents were evaluated
thermogravimetrical analysis.

2.2. Catalyst characterization

X-ray powder diffraction (XRPD) patterns of the samp
were recorded with a computer-controlled Philips PW1
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diffractometer using Cu-Kα Ni-filtered radiation (40 kV,
30 mA). XRPD patterns at programmed temperatures w
taken in a HT A. Paar diffraction camera.

XRPD patterns used for quantitative Rietveld ph
analysis were collected by means of a Bruker D8 A
vance powder diffractometer, equipped with aθ–θ Bragg–
Brentano geometry, using the Cu-Kα radiation and C/Ni
Goebel-Spiegel mirror in the incident beam.

Scanning electron microscopy (SEM) and energy dis
sion scanning (EDS) analyses were performed on both
precursor and the calcined materials by a Philips XL 30
strument. TG analyses were performed in air by a Netz
STA449C thermal analyzer at a heating rate of 5◦C min−1.

N2 adsorption–desorption isotherms were obtained
−196◦C, on samples previously degassed at 100◦C, using
a computer-controlled Micromeritics 2010 apparatus. T
application of theαs-plot method[32] to adsorption data
using a nonporous CuZnAl-hydrotalcite as reference m
rial, allowed us to evaluate the micropore volumes of
samples.

Copper areas were measured by the method of rea
with N2O followed by TPR[33] using a Micromeritics 2900
apparatus. The sample, previously reduced at 450◦C in a
5% H2/Ar mixture, was treated with pure N2O at 60◦C
for 1 h. TPR was carried out in a 5% H2/Ar mixture at
rate of 10◦C min−1. The amount of chemisorbed O atom
was determined from the area of the TPR peak. Cu sur
area and Cu dispersion were calculated assuming the
chiometry O:Cu= 1:2 and concentration of Cu of 1.47×
1019 atoms m−2 [33].

The IR spectra were recorded with a Nicolet Protégé
Fourier transform instrument. Infrared skeletal spectra of
drotalcite precursor and of catalysts were obtained by
KBr pressed disk technique. The surface characteriza
was performed through in situ adsorption of suitable pr
molecules: CO supplied by Air Liquide (adsorbed at RT
at −160◦C, 11 Torr pressure) and NH3 (adsorbed at RT
50 Torr pressure) supplied by Alphagaz. Pressed disk
pure catalyst powder (15 mg, 2 cm diameter) were used.
sample was thermally pretreated by outgassing at 450◦C in
the IR cell. A conventional manipulation/outgassing ra
connected to the IR cell was used. The adsorption procedu
involves contact of the activated sample disk with the
of choice, and outgassing in steps from RT (or−160◦C) to
higher temperatures. Spectra were collected after the therma
procedure and after each step of the adsorption procedu
order to better evaluate the surface species from all the s
tra herein reported the spectrum of the pretreated catalyst h
been subtracted.

Diffuse reflectance spectra(DR-UV–vis-NIR) of pure
sample powder (before and after calcination) were reco
by a Jasco V-570 apparatus in the range 50,000–4000 c−1

at RT in air.
A Micromeritics 2900 apparatus equipped with a TC

detector was employed for TPR and TPO measureme
TPR measurements were carried out on calcined samples
-

-

.

a rate of 10◦C min−1 using a 5% H2/Ar mixture. After the
TPR test, the sample was cooled to room temperature in
lium flow and then TPO measurement was carried out
rate of 10◦C min−1 in 2% O2/He flow.

NH3 TPD measurements were carried out in a M
cromeritics 2900 apparatus with TCD and MS detectors
rate 10◦C min−1, after the samples were saturated with p
NH3 at RT.

3. Results and discussion

3.1. Catalyst preparation

The precursor of the OSRM catalysts was prepared
the urea method. This method allows the preparation of
ferent hydrotalcite-like compounds containing Mg–Al,
Zn–Al, Ni–Al, and Mg–Fe having a high crystalline degr
and a narrow particle-size distribution[27]. The presence
of Cu2+ cations makes the synthetic procedure more c
plex, at least for two reasons. First, Cu2+ ions show the
Jahn–Teller effect that favors the formation of distorted
tahedral structures and preferentially gives rise to the
cipitation of malachite phases. Secondarily, Cu2+ ions can
be depleted by ammonia originated from urea hydroly
The preparation of Cu–Zn–Al precursors has required m
ification of the original urea method. In particular, the mo
ratio urea/Al(III) has been decreased from 10 to 6 and
dition of the CuCl2 solution has been carried out drop
drop as described in Section2. These modifications allowe
us to obtain materials having a Cu content near, even i
ways lower, to that of the starting solution. However, m
of the samples were polyphasic and pure hydrotalcite ph
were obtained when the Cu content, expressed as mola
tio Cu2+/total cations, was lower than 0.15. The effect of
different parameters influencing the urea method as well a
of different preparation methods on the composition, pha
analysis, and textural properties of hydrotalcite-like mat
als containing Cu cations will be published elsewhere. In
following the full chemical and physical characterization
a precursor obtained according to the procedure desc
in Section2 and of the catalysts thereby obtained, that g
very good catalytic response, will be reported.

3.2. XRPD analysis

The XRPD pattern of the precursor is reported inFig. 1.
The pattern clearly indicates the good crystalline degre
the sample and the presence of two phases, identified a
drotalcite (PDF N. 14-0191) and Zn-rich paratacamite (P
N. 50-1558). Quantitative phase analysis was perform
with the Rietveld method using the GSAS program, refin
the scale factors and profile shapes for the two noted ph
[34]. A small portion of the pattern (38.5–40◦ 2θ ) was ex-
cluded from refinement becauseof the presence of a stron
diffraction peak of the Al sample holder.
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Fig. 1. XRPD pattern of hydrotalcite–paratacamite precursor conditioned
over P4O10.

Table 1
Refinement details and quantitative phase analysis for the CuZnAl precursor

Angular range (◦) 2θ 3–80

Step scan (◦) 2θ 0.02

Time step (s) 15

Rp
a 0.124

Rwp
b 0.167

Xc 5.15

Hydrotalcite (% w/w) 74.5 (2)

Paratacamite (% w/w) 25.5 (2)

a Rp = ∑ |Io − Ic|/∑
Io.

b Rwp = [∑w(Io − Ic)
2/

∑
wI2

o ]1/2.
c χ = [∑w(Io − Ic)

2/(No − Nvar)]1/2.

The final Rietveld plot is shown inFig. 2, while the
refinement details are reported inTable 1. According to
the phase analysis the sample consists of hydrotalcite
paratacamite in a weight ratio 3:1. The presence of a s
amount of amorphous phases cannot be excluded. In
parison with similar Cu/Zn/Al hydrotalcite-like materia
the present samples appear less complex regarding
phase composition. Materials obtained by coprecipita
with Na2CO3 [29] contained hydrotalcite, aurichalcite, a
bayerite phases. In the following, notwithstanding the p
ence of a small amount of paratacamite, the precursor
be indicated as hydrotalcite precursor.

3.3. Elemental analysis and thermal behavior

Chemical analyses of the sample stored over P4O10 gave
the following results (expressed as mg g−1): Zn2+ (210);
Cu2+ (105); Al3+ (123); Cl− (25); C (21); N (0); hydra-
tion water (50). The molar ratio of metals referred to to
metals in the solid is thus 0.18, 0.33, and 0.49 for Cu,
and Al, respectively. It may be noted that nitrogen co
pounds are not formed despite the presence of ammon
the precipitating solution. The presence of chlorine can
assigned to the formation of Zn-rich paratacamite phas
formula Cu2−xZnx(OH)3Cl. Carbon content is assigned
carbonate present in the hydrotalcite phase. By assu
that only carbonates are the charge balancing anions, th
content should be twice that of C content (1.75 mmol g−1),
that is, 3.50 mmol g−1. By comparing this value with the to
tal Al3+ content found (4.55 mmol g−1), it can be deduce
that 1.05 mmol g−1 of Al is present in the sample as amo
Fig. 2. Rietveld and difference plots for hydrotalcite and paratacamite phases present in the CuZnAl precursor. (Bottom lines: diffraction peak positions of
hydrotalcite. Upper lines: diffraction peak positions of paratacamite.)
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Fig. 3. TG/DTA curves of hydrotalcite precursor and (inset) paratacamite phase, previously conditioned over P4O10.
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phous hydroxide. Since Cu2+ and Zn2+ are vicariant cations
in both the hydrotalcite and the paratacamite phase it is d
cult to assign an empirical formula to the two mixed phas
Fig. 3 shows the weight loss and differential thermal ana
sis curves of the precursor as a function of temperature
sake of comparison, the inset ofFig. 3 reports the TG/DTA
curves of a sample of paratacamite, prepared by the
method. Thermal decomposition of paratacamite occurs i
two well-differentiated steps. The first one, attributed to
loss of condensation water, is sharp and occurs at 300◦C,
with a large endothermic effect. The second step, occur
between 450 and 650◦C, is broad with two endothermic e
fects and can be attributed to the loss of chlorine, very lik
as HCl. At 700◦C only a mixture of Zn and Cu oxides
present. The TG/DTA curves of the precursor show the
ical features of the thermaldecomposition of hydrotalcit
and paratacamite phases. The loss below 100◦C can be at-
tributed to the loss of water cointercalated with carbona
in the hydrotalcite phase, while the loss over 450◦C to the
decomposition of the paratacamite phase. The losses an
associated endothermic effects between 100 and 450◦C can
be ascribed to the loss of condensation water of hydrota
(endothermic peak at 170◦C) and of paratacamite (peak
300◦C) overlapping with the loss of carbonates. The to
weight loss of the precursor (31%) is very near to that ca
lated for the thermal transformation of the precursor, hav
the composition reported above, into CuO, ZnO, and Al2O3
metal oxides.

The thermal decomposition of the precursor has been
monitored by recording the XRPD patterns in a HT diffra
tion camera.Fig. 4a shows the sequence of the pattern
increasing temperatures. It may be observed that the s
ture of the hydrotalcite phase (interlayer distance 7.51
collapses at temperatures higher than 180◦C, while the char-
acteristic peak of paratacamite (5.45 Å) is not presen
e

-

temperatures higher than 260◦C, in agreement with the
TG/DTA data. Over 320◦C, very weak reflections typica
of the copper and zinc oxides start to appear. To hav
better insight of the phases formed at temperatures hi
than 400◦C, the XRPD patterns, taken at room tempe
ture, of samples previously heated for 3 h in an oven
the indicated temperatures have been collected (seeFig. 4b).
The patterns show diffraction peaks attributable to CuO
ZnO and only broad reflections attributable to zinc alu
nate. Reflections of Al2O3 are absent. From these data
appears that treatment at 450◦C is suitable for obtaining cat
alysts for OSRM. In fact, this temperature is sufficiently h
for the formation of metal oxides, but low enough to avo
sintering phenomena that could cause loss of surface
These samples, heated at 450◦C at two different heating
rates (2 and 10◦C min−1), hereafter indicated as 2-Cu/Zn/A
and 10-Cu/Zn/Al, have been used, after in situ H2 reduction,
as catalysts of the OSRM process. The different heating
leads to samples having very similar XRPD patterns, but
ferent specific surface areas and different redox prope
(see later).

3.4. SEM and EDS analyses

SEM micrographs of the precursor and of the calcin
material are reported inFigs. 5a and 5b. The precursor con
sists mainly of aggregates with dimensions of about 1–2
but some well-developed platelet-shaped crystals with
mension of about 7–8 µm are also detected. The part
of the sample treated at 450◦C maintain the same morpho
ogy of the original precursor, despite the dramatic cha
in composition. This effect, already observed in Mg–Al h
drotalcites[35], can be attributed to the so-called “memo
effect” of hydrotalcites[36]. EDS analyses confirm the com
position determined by chemical analysis, giving evide
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Fig. 4. XRPD patterns of hydrotalcite precursor: (a) sample heated in HT camera at the indicated temperatures, (b) samples heated for 3 h in oven
indicated temperatures and then cooled at RT.
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of uniform distribution of the elements throughout the sa
ples.

3.5. Surface area and porosity

In Fig. 6 the N2 adsorption isotherms of the precurs
material and of samples treated at 450◦C with different
heating rates are reported. All isotherms are of type II,
cording to the IUPAC classification. Calculated BET surf
areas as well as micropore volumes, calculated by app
tion of αs-plot method to adsorption data, are reported
Table 2.
As expected, thermal treatment at 450◦C causes a de
crease of the specific BET surface areas that, howeve
still high. The decrease is modest (from 133 to 111 m2 g−1)
when the precursor is heated at a higher heating
10◦C min−1, much more consistent (from 133 to 73 m2 g−1)
at a lower heating rate, 2◦C min−1. For all the samples, neg
ligible mesopore volume is found, while a small microp
volume is measured. It is worth noting that the differ
heating rates produce samples with different specific
face areas and pore volumes even if the XRPD patterns
SEM analysis do not show remarkable differences.

The Cu surface areas and Cu dispersions of the red
samples, measured by the method of N2O chemisorption
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Fig. 5. SEM micrographs of: (a) hydrotalcite precursor; (b) 10-Cu/Zn/A
sample.

Fig. 6. N2 adsorption isotherms of hydrotalcite precursor and 2-Cu/Zn/A
and 10-Cu/Zn/Al samples.

are reported in the sameTable 2. Such reduced samples co
respond to ready-to-use catalysts as employed in Part
this paper. It can be noted that Cu dispersion is slightly
fected by the rate of the previous heat treatment: prob
Table 2
Surface area and pore volume of precursor and calcined samples; Cu s
area and Cu dispersion of reduced samples

Sample Specific
surface area
(m2 g−1)

Micropore
volume
(cm3 g−1)

Cu surface
area
(m2 g−1)

Cu
dispersion
(%)

Precursor 133 0.055 – –
2-Cu/Zn/Al 73 0.021 9.2 8.3
10-Cu/Zn/Al 111 0.056 10.1 9.1

Fig. 7. FTIR spectra of (a) hydrotalciteprecursor and (b) calcined 10-C
Zn/Al catalyst recorded in air at RT using the KBr method.

the higher heating rate leads to a more disperse CuO p
that favors the dispersion of the derived Cu phase.

3.6. Infrared study of the hydrotalcite precursor and of its
thermal decomposition

The infrared spectrum of the precursor material (Fig. 7a)
in the spectral range 2000–400 cm−1 is quite complex,
showing bands around 431, 558, 616, 682, 772, 865,
and 1044 cm−1. The bands are relatively sharp indica
ing, according to XRPD patterns (seeFig. 1), a high de-
gree of crystallinity. The spectrum fully agrees with t
published spectra of hydrotalcite-like double hydroxid
[37,38]. Controversy exists about the assignation of
bands. However, by comparison with the data reported
Kloprogge and Frost[37] for Mg–Zn–Al hydrotalcites, we
can give the following assignments: 431 cm−1, Zn–OH
deformation, otherwise [AlO6]3− or a single Al–O bond
558 and 616 cm−1, Al/Cu–OH translations, 772 cm−1,
Al–OH translation; 865 cm−1, interlayer CO3

2− defor-
mation; 945 cm−1, Al/Zn–OH deformation: 1044 cm−1,
Al–OH deformation.

Additional components due to carbonate species
found at higher frequencies: two well-defined bands
located at 1362 and 1483 cm−1. The further band a
1630 cm−1 is due to H–O–H deformation of water mol
cules.
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Fig. 8. DRS-UV–vis spectra of (a) hydrotalcite precursor and (b) calcine
10-Cu/Zn/Al catalyst recorded in air at RT.

After calcination at 450◦C (sample 10-Cu/Zn/Al;Fig. 7b)
the spectrum shows a significant change: it is now domin
by a broad complex absorption with two main maxima n
570 and 700 cm−1 and with well evident shoulders ne
800 and 1100 cm−1. The bands of carbonate species alm
completely disappeared, and those due to the metal–ox
stretching of the original hydrotalcite structure are abs
According to XRPD patterns, these data indicate the
mation of a mixed oxide system. The IR features obse
with the calcined sample are typical of the spinel struc
and can be related mainly to the formation ofγ -Al2O3 and
of ZnAl2O4. So, the two main absorption bands at 700
570 cm−1 can be assigned to the so-calledν1 and ν2 vi-
brational mode of isolated [AlO4] or [ZnO4] tetrahedra and
[AlO6] octahedra, respectively[39].

3.7. UV–vis spectra

The UV–vis spectra of the precursor and the calcined
terial (10-Cu/Zn/Al) are reported inFig. 8. The precurso
shows a very broad and weak band around 800 nm tha
be assigned to d–d transitions of Cu2+ ions in a distorted
octahedral symmetry[13]. The band at 330 nm is prob
bly due to charge transfer transitions involving Cu2+–O2−–
Cu2+ species[13,40]. The strong band around 240 nm c
be attributed to O2− → Cu2+ ligand to metal charge transf
transition[13].

The spectrum of the calcined sample presents a stro
band around 240 nm and a broad one around 710 nm
cording to previously reported data[13], these two feature
are typical of copper oxide–alumina samples. The ban
710 nm in particular has been assigned to the2Eg → 2T2g

spin-allowed d–d transition of Cu2+ ions in the distorted
octahedral environment of the surface alumina sites wi
spinel-type structure. The absorption around 400 nm c
be due to ZnO segregated after calcination.
n

r
-

Fig. 9. Adsorption of CO at RT over the 10-Cu/Zn/Al catalyst pretrea
under vacuum at 200◦C. Surface species (a) after contact with the g
(b) after 1 min outgassing at RT, (c) after 10 min outgassing at RT.
spectrum of the catalyst after thermal pretreatment was subtracted.

3.8. FTIR study of adsorption of carbon monoxide on the
catalyst

Adsorption of CO (IR band of the gas at 2138 cm−1) is
one of the most useful methods for characterizing the
ture of dispersed transition metal species over catalytic
faces[41]. Moreover, CO adsorption in this case can be p
ticularly relevant because it is an unwanted product and
key intermediate of the overall OSRM reaction and it pl
an important role in the reaction under study.

Adsorption of CO at RT over 10-Cu/Zn/Al catalyst pr
treated under vacuum at 200◦C (Fig. 9a) leads to the ap
pearance of a complex band with the maximum centere
2130 cm−1 and a weak shoulder on its higher frequency s
near 2165 cm−1. Outgassing at RT causes a strong decre
of the intensity and a shift of the main maximum down
2120 cm−1, while the shoulder at higher frequency is co
pletely eroded (Figs. 9b and 9c).

After contact of the catalyst surface with CO at−160◦C
(Fig. 10a), bands at 2135 (probably a multiple band), 21
and 2189 cm−1 are detected. By increasing the contact ti
(Figs. 10b and 10c), the spectra show significant chang
(i) the band at a lower frequency slightly increases in
tensity and shifts to 2140 cm−1, while a new component a
lower frequency seems to appear; (ii) the intensity of 2
and 2167 cm−1 bands strongly increases, the latter beco
ing the most intense after 10 min. Only a weak band
2135 cm−1 with shoulder at lower frequency resists ev
uation at RT (Fig. 10d).

Adsorption of CO at−160◦C on the catalyst activated
a higher temperature (300◦C) gives rise to a complex ban
characterized by a maximum at 2128 cm−1 with a shoulder
at 2135 cm−1 and two weaker bands at 2163 and 2187 cm−1

(Fig. 11a). Outgassing at the same temperature (Fig. 11b)
causes a significant decrease in intensity of the band
2187 and 2163 cm−1, and the disappearance of the lower f
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Fig. 10. Adsorption of CO at−160◦C over the 10-Cu/Zn/Al catalyst pre
treated under vacuum at 200◦C. Surface species at increasing contact ti
with the gas: (a) after 0 min, (b) after 5 min, (c) after 10 min. Surface spe
after evacuation at RT (d). The spectrum of the catalyst after thermal
treatment was subtracted.

Fig. 11. Adsorption of CO at−160◦C over the 10-Cu/Zn/Al catalyst pre
treated under vacuum at 300◦C. Surface species (a) after contact with t
gas, (b) after evacuation at−160◦C, (c) after evacuation at−140◦C. The
spectrum of the catalyst after thermal pretreatment was subtracted.
(c)–(a) subtraction spectrum.

quency component of the main band, while the compone
2135 cm−1 seems practically unperturbed. After outgass
on warming up to−140◦C (Fig. 11c), a further decrease i
intensity of the bands at 2187 and 2163 cm−1 takes place
while the band at 2135 cm−1 appears still unaltered.

According to previous work[42–45] the band observe
after CO adsorption at low temperature at 2135 cm−1

(Fig. 10a) and at 2130–2120 cm−1 after CO adsorption a
room temperature, quite stable to outgassing, can be
fidently assigned to the Cu+–CO species. It is in fact we
known that stable carbonyls are formed over monova
copper cations, responsible for aνCO band a little below the
gas-phase value. In fact, the quite strongσ -type donation of
the C lone pair of CO is reinforced by a relevantπ -type back
bonding from the d orbitals of cuprous ion to the antibond
:

-

orbitals of CO. The formation of Cu(I) species was alrea
observed in Cu/Zn/Al catalystssubjected to reducing trea
ments or used in the OSRM process by the XPS techn
[11,24].

The band near 2160 cm−1, i.e., well above the gas-pha
νCO value, very intense over the surface of the catalyst a
vated at 200◦C (Fig. 10a), and less intense over the surfa
of the catalyst activated at 300◦C (Fig. 11a), can be con
fidently assigned to CO adsorbed over Cu2+ species. This
band is much weaker at room temperature because o
instability of the Cu2+–CO carbonyls, due in part to th
weakness of the coordination bond (where back bondin
poor or nothing) and in part to the ability of Cu2+ in oxidiz-
ing CO to CO2 (or carbonate species).

Finally the presence of carbonyl species over meta
copper surface sites can be deduced from the presen
a component at 2128 cm−1 detected after adsorption
low temperatures over the catalyst pretreated at 300◦C,
that quickly disappears even after evacuation at−140◦C
(Fig. 11c). This component is well evident in the subtract
spectrum reported as an inset inFig. 11. Both CO frequency
and thermal behavior fully agree with those typical of c
bonyls over Cu metal particles.

The further weak band observed around 2190 cm−1

(Figs. 10 and 11) is assigned to CO coordinated to the mix
oxide support. These data show how easy the redox cy
are for Cu species that are reduced to Cu+ and Cu0 too by
simple outgassing as well as by the reducing agents pre
in the atmosphere.

3.9. FTIR study of adsorption of ammonia on the catalyst

In order to gain information about the acid–base pr
erties of the catalyst, which could be relevant with resp
to methanol and water adsorption, we investigated the ad
sorption of ammonia by FTIR spectroscopy. InFig. 12a
the spectrum of the adsorbedspecies arising from ammo
nia adsorption at RT on the catalyst preactivated by out
gassing at 450◦C is reported. It shows two strong band
both quite broad, with the main maxima at 1614 a
1244 cm−1, respectively. Other weak absorptions are
servable at 1449 cm−1, and in the region 2200–2000 cm−1.
The strongest band with the main maximum at 1244 cm−1,
but with a tail toward its lower frequency side, is due to
symmetric deformation of coordinated ammonia,δsymNH3.
The higher frequency band is the corresponding asymm
deformation mode,δasNH3. As expected indeed, no ban
due to ammonium ion are observed, showing the absen
Brønsted acidity on the catalyst surface.

According to the sensitivity of the position of theδsymNH3
mode to the Lewis acid strength of the adsorbing cat
the IR data give evidence of the presence of cationic s
characterized by a medium-strong Lewis acidity, as predom
inant adsorbing sites. The width and position of this ba
are similar to those observed previously, e.g., over Mg
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Fig. 12. Adsorption of NH3 at RT over the 10-Cu/Zn/Al catalyst pretreat
under vacuum at 450◦C. Surface species (a) after contact with the g
(b) after evacuation at RT, (c) after evacuation at 100◦C, (d) after evacu-
ation at 200◦C, (e) after evacuation at 300◦C. The spectrum of the cataly
after thermal pretreatment was subtracted.

and Cu–Mg–Al mixed oxides produced by decomposit
of hydrotalcite-like precursors[46].

Evacuation at RT (Fig. 12b) causes a relevant decrease
the intensity of these bands. After outgassing at increa
temperature (Figs. 12c–12e) the bands due to coordinate
ammonia decrease even more, as expected, and the sym
ric deformation mode,δsymNH3, now shows the maximum
at 1233 with a shoulder at 1250 cm−1 (Fig. 12) which could
be assigned to ammonia coordinated over Zn2+ and Al3+
ions, respectively.

The weak sharp band at 1449 cm−1 has already bee
detected by us after ammonia adsorption over Cu-based
alysts and other transition metal oxide catalysts[44,47,48]
and has been assigned to species produced by amm
oxidation and likely intermediates in the formation of h
drazine, the likely precursor of N2. Also the bands in the
region 2200–2000 cm−1 have been detected frequently[49]
and are certainly due to N–O bond stretchings of amm
oxidation species.

Therefore these results clearly show that Lewis acid s
with medium-high strength, mostly due to the Zn–Al ox
“support,” are present on the surface of the catalyst. A f
tion of the adsorption sites, probably involving oxidized
centers, show noticeable oxidative properties, as sugg
by the formation of ammonia oxidation products; so t
shows their quite easy reducibility.

3.10. TPR/TPO measurements

The TPR profiles of 2-Cu/Zn/Al and 10-Cu/Zn/Al a
reported inFig. 13. The TPR curve of pure CuO is also r
ported for comparison. The TPR profile of pure CuO sho
a single peak with maximum at 342◦C. The Cu/Zn/Al ma-
terials give composite peaks, with two not resolved sign
in the same temperature range as pure CuO. The two p
t-

-

ia

d

,

Fig. 13. TPR profiles of 2-Cu/Zn/Al and 10-Cu/Zn/Al samples and Cu

Table 3
Results of TPR measurements

Sample Tmax
(◦C)

H2 consumption

mol g−1 mol mol−1
Cu

CuO 342 1.25× 10−2 1.00
2-Cu/Zn/Al 310, 344 1.98× 10−3 0.97
10-Cu/Zn/Al 290, 345 2.05× 10−3 1.00

with maxima at about 290–310 and 345◦C, appear of simila
intensity, although the single components cannot be ex
resolved. The TPR profile of the sample 2-Cu/Zn/Al a
pears sharper; however, the amount of consumed hydro
reported inTable 3, is the same for the two materials and c
responds to reduction of all Cu(II) to Cu(0). Composite T
peaks were also reported by other authors for Cu/Zn/Al
tems, either with high[12] or with low alumina content[13].
Different TPR components were explained by reduction
different Cu(II) species, such as CuO, CuAl2O4, and Cu2+
ions incorporated in octahedral sites of the Al2O3 phase
[12,13]. In our samples, besides the CuO phase detecte
XRPD, some Cu2+ ions are probably present in the surfa
sites of alumina and the two TPR signals could be relate
reduction of different Cu(II) species. However, it is expec
that the limited amount of surface Cu(II) species contrib
to TPR signals to a lower extent than bulk CuO. Theref
it seems more likely that the two TPR components are
lated to the two-step reduction: Cu(II)→ Cu(I) → Cu(0), as
suggested by[8]. A two-step reduction of Cu(II) was als
observed for CuO/ZnO catalysts by the XANES techni
[7,18], although in this case the two signals were not d



M. Turco et al. / Journal of Catalysis 228 (2004) 43–55 53

ent
ps
en

due
igh
ses
d re
uO

CuO
ec-

form
ur

rian
cies

CuO
rs at
e
than

posi
les
the

has
s (a
duc
n of
sed
ox
sam

he
ain

0

d-
O
)
te
-

e-

s
low-
f the
eat-

n the
ad,

ith a
in
ida-

0
ter
ore
nce
for

cal-
TPR
D

ple
two
l-
Fig. 14. TPO profiles of 2-Cu/Zn/Al and 10-Cu/Zn/Al samples.

tinguished by the TPR technique. From data by differ
authors[8,15,28,50]it seems that the two reduction ste
of Cu(II) are not distinguishable by the TPR technique wh
Cu(II) species are highly concentrated. This could be
to (i) a broadening of the peaks in the presence of h
amount of Cu(II), or (ii) the large heat release that increa
the temperature of the sample speeding up the secon
duction step. Some authors found that highly dispersed C
gave TPR signals at much lower temperatures than bulk
[15,50,51]; since such signals are absent in our TPR sp
tra, we can exclude the presence of a highly dispersed
of CuO. According to the XRPD and UV–vis analyses o
samples contain, besides CuO, Cu(II) species as vica
species in the zinc oxide and zinc aluminate: these spe
should be reduced at a temperature higher than that of
[13] and could be related to the small signal that appea
about 570◦C in TPR profiles. However, on the whole th
TPR profiles of these samples show less components
similar hydrotalcite-derived Cu/Zn/Al catalysts[29] and this
is probably related to a more homogeneous phase com
tion. The different shape of TPR profiles of the two samp
could be related to the different specific surface area:
sample 10-Cu/Zn/Al, obtained with a higher heating rate
a higher surface area and very likely is less homogeneou
regards crystals sizes), thus showing a wider range of re
tion temperature. This agrees with the higher dispersio
the Cu phase in the sample 10-Cu/Zn/Al, as above discus

In order to obtain more complete information on red
properties, TPO measurements were effected on the
ples after TPR tests, thus containing metallic Cu. InFig. 14
we report TPO curves of 2-Cu/Zn/Al and 10-Cu/Zn/Al. T
two samples show composite TPO peaks in which two m
components are well evident at about 240–250 and 30◦C
and a shoulder is also present at about 200◦C. The amounts
of consumed oxygen (Table 4) are close to that correspon
ing to oxidation of all Cu(0) to Cu(II). The two main TP
signals can be related to the two oxidation steps Cu(0→
Cu(I) → Cu(II). The formation of Cu(I) as intermedia
species during oxidation of Cu(0) at 250◦C was already ob
served in similar materials[18].
-

t

-

s
-

.

-

Table 4
Results of TPO measurements

Sample Tmax
(◦C)

O2 consumption

mol g−1 mol mol−1
Cu

2-Cu/Zn/Al 203 (sh), 254, 300 1.41× 10−3 0.67
10-Cu/Zn/Al 200 (sh), 245, 282 1.38× 10−3 0.63

Fig. 15. NH3 TPD spectra of oxidized 10-Cu/Zn/Al sample: (a) TCD d
tector; (b) MS detector.

It is worth noting that the sample 10-Cu/Zn/Al show
broader and less resolved signals with a more intense
temperature shoulder. This means that the properties o
Cu phase are appreciably influenced by the previous h
ing rate. As observed above, the CuO phase contained i
sample 10-Cu/Zn/Al is more heterogeneous: this could le
after reduction, to a more heterogeneous Cu phase, w
wider distribution of particle sizes. This effect can expla
the presence of broader TPO signals, due to different ox
tion rate of particles of different sizes.

The component that appears as a shoulder at about 20◦C
could be due to a surface oxidation that is kinetically fas
and precedes the bulk oxidation. This component is m
intense for the sample 10-Cu/Zn/Al, suggesting the prese
of particles with lower average dimensions, as expected
the sample obtained with higher heating rates.

3.11. NH3-TPD measurements

NH3 TPD measurements were carried out both on
cined samples and on samples reduced according to the
conditions. NH3 thermodesorption was monitored by TC
and MS detectors. InFigs. 15 and 16the corresponding
curves are reported.

TPD spectrum of not-reduced 10-Cu/Zn/Al sam
(Fig. 15a) shows a composite signal due to at least
components, with maximum at 129◦C and a broad shou
der at about 350◦C and a long tail extending up to 600◦C.
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Fig. 16. NH3 TPD spectra of reduced 10-Cu/Zn/Al sample: (a) TCD de
tor; (b) MS detector.

This is indicative of a wide strength distribution of ac
sites, varying from weak to strong. These acid sites
related to the contribution of the different metal oxid
Al2O3, ZnO, CuO, although the contribution of Al2O3 is
probably prevailing. The amount of desorbed ammoni
8.8 × 10−4 mol g−1 corresponding to surface site conce
tration of 4.7 × 1014 cm−2. In agreement with the abov
IR study, ammonia is adsorbed on Lewis acid sites, ide
fied above predominantly as Zn2+ and Al3+ cations. In the
MS spectra (Fig. 15b) the signals of mass 16 and 17 th
are due to ammonia closely correspond to the TCD sig
showing that NH3 is mainly desorbed as unreacted spec
The absence of peaks of mass 28 and 2 gives evidence th
ammonia undergoes no decomposition during therm
sorption. However, a well evident peak with maximum
580◦C appears in the spectrum of mass 44 correspon
to N2O species. This peak appears in correspondence o
tail of the ammonia signal and so is related to interactio
NH3 with strong and oxidizing adsorbing sites, which a
certainly associated with Cu2+ cations, in agreement wit
FTIR measurements.

On the sample reduced as described above a TPD
surement was performed and the results are reporte
Fig. 16. A composite peak is observed also under this c
dition (Fig. 16a), with a shape resembling that of the n
reduced sample in the low-temperature range, while a sw
ing signal is observed in the temperature range 400–60◦C.
The amount of desorbed ammonia is similar to that obse
for the not-reduced sample (7.6 × 10−4 mol g−1, corre-
sponding to surface sites concentration of 4.1× 1014 cm−2).
MS spectra of mass 16 and 17 (Fig. 16b) show no swinging
of the signal and are very similar to those of the not-redu
sample, showing shouldered peaks with maxima at a
150◦C and a long tail extending up to 600◦C. This indi-
cates that the reduced sample also shows a wide distrib
of acid strength, from weak to strong, and acidic prop
-

ties are not influenced by H2 reduction because they a
related to the metal oxide matrix in which the Cu(0) ph
is dispersed. The MS spectra indicates that NH3 is desorbed
mainly as unreacted species since no signals of mass 4
observed (Fig. 16b). This suggests that no oxidation of a
monia occurs in the entire temperature range, different f
the not-reduced sample. On the other hand, a well evi
peak of mass 2 appears in the same temperature range
the peak of mass 44 appeared with the not-reduced
ple. The presence of hydrogen explains the swinging of
TCD signal at high temperatures, since H2 can give nega
tive signals with TCD when He is employed as carrier g
The formation of H2 can be due to some decomposition
ammonia catalyzed by Cu(0). Therefore these results ind
cate catalytic dehydrogenating properties of metallic cop
formed by reduction of Cu(II).

The results of NH3 TPD measurements can be summ
rized as follows:

• the calcined sample has acid sites with a wide stre
distribution, from weak to strong; such acid strength d
tribution is retained after reduction with H2;

• Cu(II) species behave as strong adsorbing sites ch
terized by noticeable oxidant properties;

• the metallic copper, formed by reduction of the sam
exhibits dehydrogenating properties.

4. Conclusions

This study has dealt with the synthesis and charac
ization of complex materials in light of their use as ca
alysts for methanol reforming. It may be anticipated (
Part II of the work) that the catalysts obtained have sho
very interesting catalytic performance and this accounts
the efforts made in their wide characterization. In parti
lar, a Cu/Zn/Al hydrotalcite-like material has been prepa
with the urea method, modified to introduce Cu(II) into t
brucite sheets. This has allowed us to obtain a product
fairly high Cu content; however, the contemporary form
tion of a Cu/Zn oxychloride (paratacamite phase) could
be avoided. In comparison with literature data, precur
prepared by the urea hydrolysis method appear more ho
geneous and lead to catalysts with different redox proper

In this work the thermal behavior of the precursor h
been thoroughly investigated, and formation of a very
persed mixed oxide system has been observed above 32◦C.
Spectroscopic measurements have shown that, after
ment at 450◦C, besides CuO, ZnO, and amorphous Al2O3,
also Cu and Zn aluminates are probably present.

Acid and redox properties of calcined samples, that
play an important role in the catalysis of OSRM reactio
have been characterized. The presence of Brønsted
ity has been excluded, while Lewis acid sites with a w
strength distribution have been detected.
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Noticeable oxidizing properties of Cu(II) centers ha
been evidenced, while metallic copper has been shown t
possess catalytic dehydrogenating properties. It has bee
pothesized that reduction of CuO and reoxidation of Cu
occurs through the formation of Cu(I) intermediate spec
Cu(I) species are able to form stable complexes with
molecules, while Cu(0) and Cu(II) interact very weakly w
CO. Also this property could play an important role in t
mechanisms of the OSRM reactions.
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