JOURNAL OF CATALYSIS 179, 515-527 (1998)
ARTICLE NO. CA982252

Copper- and Silver—Zirconia Aerogels: Preparation, Structural Properties
and Catalytic Behavior in Methanol Synthesis from Carbon Dioxide

René A. Koppel, Carsten Stocker, and Alfons Baiker!

Laboratory of Technical Chemistry, Swiss Federal Institute of Technology, ETH-Zentrum, CH-8092 Zirich, Switzerland

Received March 31, 1998; revised June 10, 1998; accepted July 17, 1998

Copper- and silver-zirconia aerogels containing 10 at% IB metal
were prepared from tetra-n-butoxy zirconium(lV) and IB metal
acetates using the solution sol-gel method and ensuing high-
temperature (HT) and low-temperature (LT) supercritical drying,
respectively. The influence of preparation parameters and calcina-
tion on the structural and catalytic properties of the aerogels for the
synthesis of methanol from carbon dioxide and hydrogen was in-
vestigated. After calcination in air at 573 K, the catalysts had BET
surface areas in the range of 100143 m?-g~* (Cu/ZrO,) and 77-
125 m?-g~* (Ag/ZrO,), respectively. Due to the reductive alcoholic
atmosphere during high-temperature supercritical drying, metallic
copper and silver existed in all raw HT-aerogels. The mean size of the
copper crystallites was 30 nm. The silver crystallite size for the HT-
aerogel prepared with nitric acid was 10 nm, whereas for samples
prepared with acetic acid it was 5-7 nm. Calcination in air at 573 K
led to the formation of highly dispersed amorphous copper oxide
and silver. Comparing the catalytic behavior of the calcined copper—
zirconia aerogels with corresponding xerogels prepared by coprecip-
itation revealed highest activity for the LT-aerogel, whereas the HT-
aerogels were least active. In contrast, similar catalytic behavior was
observed for the differently dried silver-zirconia samples. Gener-
ally, CO,-conversion of the copper-zirconia aerogels was markedly
higher than that of the corresponding silver-zirconia aerogels,
whereas methanol selectivity was similar.  © 1998 Academic Press

Key Words: sol-gel; aerogel; copper/zirconia; silver/zirconia; me-
thanol synthesis; CO,-hydrogenation.

INTRODUCTION

The utilization of carbon dioxide as a starting material for
the manufacture of valuable fuels and chemicals has gained
considerable attention in view of the abundant availability
of CO; (1-6). Several studies have been concerned with
the use of CO; as a C1 building block for the production
of methanol, hydrocarbons, amines, or formic acid and its
derivatives (1-8). Methanol is currently produced on an
industrial scale from syngas (CO, CO,, and H,) employing

1 To whom correspondence should be addressed. E-mail: baiker@
tech.chem.ethz.ch.

copper based catalysts (3). However, using CO, in place of
CO for methanol synthesis remains an interesting challenge
for CO, utilization (9).

Among the metal oxides tested as support materials for
CO; hydrogenation catalysts, ZrO; is of special interest be-
cause of its mechanical and thermal stability, its high spe-
cific surface area, and its intrinsic catalytic properties (10—
12). In recent studies covering transition metal-zirconia
catalysts, copper-zirconia showed interesting properties for
methanol synthesis from carbon dioxide (13-30), whereas
silver exhibited surprisingly high selectivity to methanol,
although activity was generally lower than observed for
copper-containing catalysts (24, 25).

Various methods for preparing copper- or silver-zirconia
catalysts for the synthesis of methanol from CO,/H; have
been reported, among which coprecipitation yielded most
suitable catalysts (22, 25). It has been shown that the starting
salt used for coprecipitation (26) and the nature of the pre-
cipitant (22, 31) strongly influence the behavior of the cata-
lysts. Whereas precipitation with sodium- or ammonium-
carbonate gave dense materials of low catalytic activity,
gelatinous precipitates exhibiting high activity were ob-
tained for preparations with NaOH as precipitant (22, 31).
High dispersion of the metal constituent, resulting in a high
metal-to-oxide interfacial contact area in the catalysts, was
proposed to be crucial for high activity and selectivity in
methanol synthesis (22, 25). Recently, sol-gel chemistry,
combined with supercritical drying, has attracted consider-
able attention as an interesting method for the preparation
of supported metal catalysts, since it may produce homoge-
neous materials of high dispersion and uniform distribution
of the metal throughout the solid (17, 32-37). The potential
of aerogels for catalysis resides in their unique morpho-
logical and chemical properties, which originate from their
wet chemical preparation by the solution-sol-gel method
and the subsequent removal of the solvent via supercritical
drying. The advantages of the solution-sol-gel technique for
catalyst preparation comprise molecular-scale mixing of the
constituents, the control of the structure and composition
at amolecular scale, and the purity of the precursors, which
allows the preparation of materials without contamination
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by, e.g., alkaline compounds as often found for coprecipi-
tated catalysts.

Studies aiming at the preparation of zirconia based aero-
gels focussed on aspects of the preparation procedure and
the drying variables. With respect to copper-zirconia aero-
gels different attempts for the preparation of the catalysts
are reported, including impregnation of ZrO, aerogels with
the copper precursor followed by conventional drying (38),
impregnation of a zirconia aerogel with the copper pre-
cursor and ensuing high temperature supercritical drying
(17, 39), and the coprecipitation of the copper and zir-
conium precursor with KOH followed by washing with
ethanol and high temperature supercritical drying (40-42).

The aim of the present work was to prepare copper-
zirconia and silver-zirconia aerogels with high surface area,
which combine good metal dispersion with favorable textu-
ral properties. Sol-gel preparation was used to obtain cata-
lysts free of alkaline contamination. The influence of prepa-
ration parameters, drying method, and calcination on the
structural properties and the catalytic behavior in methanol
synthesis from carbon dioxide was investigated.

EXPERIMENTAL

Sol-Gel Aerogel Preparation

Analytical grade reagents were used throughout this
work. The sol-gel synthesis was carried out in an anti-adhe-
sive, closed Teflon beaker under nitrogen atmosphere and
at ambient temperature (297 + 2 K). Details of the prepa-
ration are listed in Table 1.

One-stage preparation (0s). Two different solutions
were prepared. Solution A consisted of 41.25-g tetra-n-
butoxy zirconium(lV) (80 wt% TBOZ in butanol), and
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1.72 g copper or 1.44 g silver acetate, dissolved in 90-ml
ethanol. Solution B (hydrolysant) contained doubly dis-
tilled water and 0.48 ml nitric acid (65 wt%) or 0.4 ml acetic
acid, diluted in 36 ml ethanol. The corresponding molar
ratios (Nn,o : NTBOZ : NACid) Were 4:1:0.08. The amounts of
metal precursors were adjusted to prepare catalysts with
atomic 1B metal-to-zirconium ratios of 0.1. After homog-
enization for 5 min, solution B was quickly added via a
dropping funnel to solution A under stirring (ca 500 rpm).
The resulting opaque gels (gelation time <1 min) were aged
for 23 h and then redispersed with 100 ml ethanol using a
glass rod.

Two-stage preparation (ts). In this case, solution A was
made up only of TBOZ diluted in 60 ml ethanol. After
mixing with solution B the sol-gel product was aged for 1 h.
Subsequently, a solution of copper or silver acetate in 30-ml
ethanol was added under vigorous stirring. The resulting gel
was aged for 22 h and then redispersed in 100 ml ethanol.

High-temperature (HT) supercritical drying.  Supercriti-
cal drying at high temperature was carried out following the
procedure described in detail in Ref. (43). The sol-gel prod-
uct was transferred into an autoclave. The high-pressure
system was flushed with nitrogen, pressurized with 5 MPa
nitrogen, hermetically closed, and heated at 1 K min~! to
533 K. After thermal equilibration for 30 min the pressure
(14 MPa) was isothermally released at 0.1 MPa min~1. Fi-
nally, the system was flushed with nitrogen and allowed to
cool to ambient temperature.

Low-temperature (LT) supercritical drying. Semiconti-
nous extraction of the alcogels with supercritical carbon
dioxide (T.=304 K, p.=7.38 MPa, (44)) was performed
in an autoclave system using 100-ml additional ethanol
and a turbine stirrer (60 rpm) to minimize temperature

TABLE 1

Chemical and Morphological Properties of Copper/Zirconia and Silver/Zirconia Aerogels Calcined at 573 K in Air

Metal/Zr ratio®

SOI'geI sBET Vp(NZ)a dpb dp,maxb dMelaI(XRD)C SCu(NZO)d
Aerogel process Acid (m?.g7h (cm®-g7Y) (nm) (nm) (nm) m?.g7h raw calcined
HT-Cu/ZrO, Two stage HAC 128 0.27 4174 33 0.8 0.005 0.04
HT-Cu/ZrO, One stage HAc 100 0.21 3/64 31 — 0.010 0.11
HT-Cu/ZrO, One stage HNO3; 143 0.81 23 23 28 13 0.007 0.07
LT-Cu/ZrO, One stage HNO3; 139 0.74 20 24 —f 5.0 0.030 0.15
HT-Ag/ZrO, Two stage HAC 99 0.24 4/76 5 0.090 0.10
HT-Ag/ZrO, One stage HACc 77 0.14 4/80 6 0.080 0.08
HT-Ag/ZrO, One stage HNO; 125 0.79 23 22 10 0.030 0.12
LT-Ag/ZrO, One stage HNO3; 112 0.76 25 26 7 0.030 0.08

2V, designates the BJH cumulative desorption pore volume of pores in the range 1.7-300 nm.
b Mean pore diameter, dp =4 Vp(N2)/SgiHdes; maximum of pore size distribution d, max derived from the desorption branch of the isotherm.
¢ Metal crystallite size of uncalcined (raw) aerogels calculated from the half-width of the corresponding (111) reflections.

4 Copper surface area measured by N,O-titration after catalytic testing.

¢ Atomic ratio of copper and silver, respectively, to zirconium calculated from the corresponding XPS data.

f Could not be resolved by XRD.



COPPER- AND SILVER-ZIRCONIA AEROGELS

inhomogeneities. At a temperature of 313 K, the autoclave
was pressurized with CO; to 24 MPa and the liquid—gas
separator to 1 MPa, which resulted in an overall amount of
2.3 kg of CO,. Subsequently, ethanol was semicontinously
extracted for 5 h at 313 K using a CO, flow of 20 g- min~1,
The pressure was then isothermally released with a mass
flow of 20 g - min~1. After cooling to ambient temperature,
the aerogel clumps were ground in a mortar.

Thermal treatment. To remove most of the organic
residues prior to calcination, the raw aerogel samples were
pretreated in flowing nitrogen (500 ml-min~!) by heating
at5K - min~—!to 573 K with a dwell time of 1 h. After cooling
to 353 K the samples were calcined in flowing air (500 ml -
min~1) by heating at 5 K- min~! to 573 K, followed by an
isothermal step of 4.5 h at 573 K.

Physicochemical Characterization

The physicochemical properties of the catalysts were
characterized by means of nitrogen physisorption, X-
ray diffraction (XRD), transmission electron microscopy
(TEM), X-ray photoelectron spectroscopy (XPS), thermal
analysis (DTA/TG), temperature-programmed reduction
(TPR), and nitrous oxide titration.

The specific surface areas (Sget) and the mean pore di-
ameters (dp) of the samples were determined by nitrogen
physisorption at 77 K using a Micromeritics ASAP 2010
instrument. Prior to measurements, the samples were de-
gassed for 5 h at 473 K. Pore size distributions were calcu-
lated applying the Barrett-Joyner-Halenda (BJH) method
to the desorption branch of the isotherms. The assess-
ment of microporosity was made from t-plot constructions
(0.3 <t < 0.5 nm), using the Harkins—Jura correlation. For
further details refer to Ref. (45).

X-ray powder diffraction patterns were measured on a
Siemens 0 /6 D5000 powder diffractometer in a step mode
(step size 0.01° 20) using Ni filtered Cu Ka radiation. The
patterns obtained were compared with JCPDS data files
(JCPDS Mineral Powder Diffraction Data Files, Park Lane,
PA). The mean crystallite sizes of Cu and Ag were calcu-
lated from the half-width of the corresponding (111) reflec-
tion, using the Scherrer equation and assuming spherical
crystallites.

Samples for transition electron microscopy (TEM) were
crushed and deposited on a holey carbon foil supported by
a copper grid. The Philips CM30 microscope, operated at
300 kV, was equipped with Supertwin lens (cs=1.2 mm,
point resolution <0.2 nm).

X-ray photoelectron spectra were recorded with
a Leybold-Heraeus LHS 11 instrument using MgKa
(1253.6 eV) radiation and a stainless steel sample holder.
The base pressure of the apparatus was lower than 5 x
1071% mbar. The hemispherical analyzer was set to a con-
stant pass energy of 38 eV at an energy scale calibrated
versus the Au 4f;; signal at 84.0 eV. The energy resolution
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was 0.9 eV (Ag 3ds,). Corrections of the energy shift due to
steady state charging effects were accomplished by assum-
ing the Zr 3ds, line of the ZrO; support as lying at 182.3 eV
(46). Due to the overlap of the C 1s signals, deconvolution
of the peaks was necessary. The fitting function used was a
mixed Lorentzian/Gaussian function with a Lorentz/Gauss
ratio of 0.8. The FWHM of the corresponding peaks was set
to a constant value of 2.4 eV. Constant binding energy val-
ues were used for the contributions due to C—H (285.0 eV)
(47),C-0 (286.4eV) (48),and C=0 (289.2eV) (49). Quan-
tification of the spectra was done by integration of the peaks
(Cu 2p3p, Ag 3d, O 1s, C 1s, Zr 3d) after subtraction of
a Shirley-type background (50) using empirically derived
cross section factors (51).

The apparatus used for the TPR studies has been de-
scribed in detail previously (52). TPR profiles were mea-
sured under the following conditions: heating rate 10 K-
min~1, flow rate 75 cm®- min—! 5% Hy/Ar.

Copper surface areas were determined by nitrous oxide
titration using a pulse technique similar to that reported
by Evans et al. (53). Samples were first reduced in flowing
Ho/Ar (5% Hy, 75 cm®-min~1) by heating at 5 K- min~!
from 373 to 493 K. Subsequently the samples were held at
this temperature for 30 min and then exposed to a flux of
75 cm?® - min~! of pure hydrogen for 30 min at the same tem-
perature. The hydrogen was purged with 50 cm®- min~! He
at 493 K. After cooling to 363 K under He, pulses of nitrous
oxide (0.5 cm®) were injected. Copper metal surface areas
were calculated assuming 1.46 x 10%° copper atoms per m?
(53) and an adsorption stoichiometry of Cug/Ogaqs=2.
Back titration of the oxidized copper surface was carried
out using pulses of CO (0.5 cm®) at 423 K.

Catalytic Tests

The apparatus used for the catalytic tests consisted of a
continuous tubular flow fixed-bed microreactor which was
operated at 1.7 MPa total pressure. Feed and product gas
analysis was performed using a Hewlett Packard model
5890A gas chromatograph equipped with a thermal con-
ductivity detector. Product separation was achieved with a
stainless steel column (5 m, 1/8 inch OD) containing 80-100
mesh Porapak QS.

Standard experiments in the temperature range 453 to
533 K were carried out using 1.0 g of catalyst (1.3 g in case
of raw LT-aerogels) under a reactant flow rate of 90 cm?®.
min~! (STP) CO,/H; (1/3). The reactant gas mixture, con-
taining CO, (99.9%) and H; (99.999%), was fed from a
high pressure cylinder without further purification, using a
Brooks mass flow controller. The prereduction of the cata-
lysts (50-150-um sieve fraction) was performed in the ap-
paratus used for activity measurements, according to the
following procedure: heating to 473 K at a heating rate of
15 K-min~t in 1.25 vol% H./N, at a pressure of 10° Pa.
The Hj-concentration was then increased stepwise (30 min
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acetic acid. Both samples were calcined in air at 573 K. Top: adsorption(1)/desorption(]) isotherms; bottom: pore-size distribution derived from the

desorption branch.

per step) in the sequence 2.5/5/10/20/50 to 100%. After
replacement of H, with reactant gas the temperature was
brought to 533 K under a pressure of 1.7 MPa and kept at
this temperature for 4 h.

Activities and selectivities were determined at steady
state after the catalyst had been on stream for 15 h at 493 K.
Conversions, typically in the range 0.5-10%, are defined as:
(moles carbon dioxide converted to all products)/(initial
concentration of carbon dioxide). The selectivity is defined
as: (moles carbon dioxide converted to product i)/(moles
carbon dioxide converted to all products).

RESULTS

The structural and chemical properties of the Cu/ZrO,
and Ag/ZrO, aerogels with 10 at% metal loading are sum-
marized in Table 1.

Nitrogen Physisorption

After calcination in air at 573 K all aerogels showed a
type-1V isotherm with a type-H3 desorption hysteresis ac-
cording to IUPAC classification (54), which is characteristic
of well-developed meso- to macroporous materials. Typ-
ical adsorption/desorption isotherms and pore-size distri-
butions of the copper-zirconia HT-aerogels prepared with

acetic acid, using the one-stage and two-stage preparation
procedure, are compared in Fig. 1. In addition to the ma-
jor hysteresis loop above p- pgl =0.9, both samples show
some indication of a minor hysteresis loop around a relative
pressure of p- pgl=0.5. Independent of the preparation
procedure, all aerogels prepared with acetic acid revealed
a bimodal pore-size distribution with maxima around 3 nm,
indicating small mesopores, and around 70 nm, character-
istic for macropores (Table 1). In addition, t-plot analysis
revealed a small contribution of micropores for these cata-
lysts.

The adsorption/desorption isotherms and pore-size dis-
tributions of the differently dried silver-zirconia aerogels,
prepared with nitric acid and calcined at 573 K in air, are
depicted in Fig. 2. Independent of the drying procedure, the
samples show a type-1V isotherm with type-H3 hysteresis
and a similar unimodal pore-size distribution with maxima
in the range 22-26 nm. In contrast to the aerogels prepared
with acetic acid no indication of micropores is discernible
from calculated t-plots.

A comparison between the differently prepared samples
calcined in air at 573 K revealed generally lower surface
areas, specific pore volumes and average pore-size diam-
eters for samples prepared with acetic acid (Table 1). In-
dependent of the drying procedure, highest surface areas
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(112-143 m?.g71) and specific pore volumes (0.74-
0.81cm?®- g~1) were observed for samples prepared with ni-
tric acid, but with the high temperature supercritically dried
aerogels showing slightly higher values. As concerns the in-
fluence of the metal component, it follows from Table 1 that
the silver-containing samples show lower SgeT, but simi-
lar porosity. Two-stage preparation resulted in higher sur-
face areas and specific pore volumes compared to one-stage
preparation.

X-ray Diffraction and Transition Electron Microscopy

The influence of acid used in the sol-gel process, drying
method, and calcination on the phase composition of the
aerogels is shown in Figs. 3 and 4 for copper-zirconia and
silver-zirconia, respectively. The XRD patterns of the raw
aerogels are almost independent of the metal component
and of the acid used. In agreement with previous observa-
tions on pure zirconia aerogels (43, 45, 55), the crystalline
fraction of all HT-aerogels consisted of predominantly
tetragonal ZrO; with a minor contribution of monoclinic
zirconia. As regards the metal component, characteristic re-
flections due to metallic copper and silver, respectively, are
observed for the raw samples. The mean size of the copper
crystallites (Table 1), estimated from the line broadening
of the corresponding (111) reflection, was similar for all

v monoclinic ZrO,
¢ tetragonal ZrO,
m Cu

e CuO

Intensity / arbitrary units

30 40 50 60 70 80
20/°

FIG. 3. XRD patterns of copper zirconia aerogels, raw (bottom se-
ries), and calcined in air at 573 K (top series). Effect of acid and drying
method on phase composition. (A) LT-aerogel prepared using nitric acid,
(B) HT-aerogel prepared using nitric acid, and (C) HT-aerogel prepared
using acetic acid (one stage preparation).
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v monoclinic ZrO,
+ tetragonal ZrO,
m Ag

M calc.

Intensity / arbitrary units

30 40 50 60 70 80
20/°

FIG. 4. XRD patterns of silver zirconia aerogels, raw (bottom series)
or calcined in air at 573 K (top series). Effect of acid and drying method
on phase composition. (A) LT-aerogel prepared using acetic acid, (B) HT-
aerogel prepared using nitric acid, and (C) HT-aerogel prepared using
acetic acid (one stage).

HT-aerogels (ca 30 nm). In contrast, the mean size of the sil-
ver crystallites was slightly higher for the sample prepared
with nitricacid (10 nm) as compared to the HT-aerogels pre-
pared with acetic acid (5-7 nm). Calcination at 573 K in air
resulted in the oxidation of copper to mainly X-ray amor-
phous copper oxide and in a slight increase of the mono-
clinic zirconia shares in all HT-aerogels, particularly for the
aerogels prepared with nitric acid. In contrast, the calcined
silver-containing aerogels showed only traces of silver and
no silver oxide was detectable (Fig. 4).

XRD patterns of the raw LT-aerogels indicated the pres-
ence of X-ray amorphous zirconia besides weak reflections
due to crystalline silver (Fig. 4), whereas no reflections due
to crystalline copper species were discernible (Fig. 3). Calci-
nation at 573 K transformed both samples to mainly tetrag-
onal ZrO,, which exhibits a clearly larger crystallite size (7—
9 nm), compared to the corresponding HT-aerogels (5 nm).
Reflections characteristic for Cu or CuO, and Ag or Ag,O
were not observed with the calcined LT-aerogels.

In agreement with X-ray line-broadening measurements
a mean size of the zirconia crystallites around 5 nm is ob-
served for the calcined HT silver-zirconia aerogel prepared
with nitric acid (Fig. 5). TEM showed primary particles,
which remain the same for all samples.

XPS Analysis

XPS analysis was performed to study the influence of
the preparation variables on the nature and the relative
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concentration of the surface species. Measurements were
carried out with raw aerogels and with samples calcined in
air at 573 K. XP-spectra of the C 1s region are shown in
Fig. 6 for the raw HT and LT copper-zirconia aerogel, re-
spectively, prepared with nitric acid. For analysis the XP
spectra were deconvoluted into three peaks with binding
energies characteristic for C-H (47), C-O (48), and C=0
(49). The signal at ca 283 eV originated from carbon frag-
ments on the uncharged sample holder. Clearly, the sample
dried at low temperatures contained a higher ratio of oxy-
gen containing carbon species, whereas on the HT-aerogel
predominantly C—H type species were present.

The semiquantitative analysis of the XP-spectra revealed
a high proportion (19-23 at%) of carbon on the surface
of the raw aerogels, which decreased substantially to 5.7—
7.4 at% upon calcination in air at 573 K. No significant ef-
fect of the drying procedure on the carbon content was evi-
dent. Except for the silver-zirconia aerogels prepared with
acetic acid, the metal/zirconium ratio on the surface of the
raw aerogels was significantly lower (0.005-0.03) than ex-
pected from the bulk composition of the samples (Table 1).
Calcination at 573 K resulted in an increase of the surface
concentration of the metal, affording metal/zirconium ra-
tios, which roughly resemble the bulk composition of the
samples. As can be seen from Table 1, the effect of calci-
nation is more pronounced for the copper-containing sam-
ples. As concerns the change in metal/zirconia ratio (XPS)
there are two factors which have to be considered, (i) oxida-
tion/redispersion of the metal particles and (ii) oxidation of
carbonaceous residues. Based on the data listed in Table 1
we suggest that segregation/redispersion is the dominating
factor.

Thermal Analysis

A high content of organic residues in the raw aerogels
was also evidenced by the thermal analysis performed in
flowing air. Representative for all samples, which showed a
comparable behavior, the thermoanalytical results for the
raw LT silver-zirconia aerogel prepared with nitric acid are
presented in Fig. 7. The observed weight loss originated
from the evolution of water (desorption of physisorbed wa-
ter, dehydroxylation) and from the oxidation of organic
residues. This emerges from relating the TG curve to the
monitored ion intensities of m/z =44 (COJ) and m/z =18
(H,O™). The evolution of water began at ambient temper-
ature and reached maxima at ca 420 and 563 K. The first
H,O evolution originated mainly from physisorbed water,
combined with a minor contribution from the oxidation
of organic species adsorbed on the aerogel surface, as evi-
denced by the weak CO, peak at the same temperature. At
higher temperatures the liberation of adsorbed water was
superseded by the contribution of H,O originating from the
oxidation of organic residues (strong peak at 563 K). Pro-
nounced CO; evolution started at ca 500 K and attained its
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FIG. 5.

High-resolution transmission electron micrograph of the HT silver-zirconia aerogel prepared with nitric acid and calcined at 573 K, after

catalytic testing, showing typical structure of zirconia as present in all samples.

maximum at 563 K. The oxidation of organic residues is also
evidenced by the exothermic peaks at 423 and 576 K in the
DTA curve. A weak signal at 773 K can be attributed to the
crystallization of amorphous zirconia in the LT-aerogels.
For the copper containing LT-aerogel crystallization took
place at 830 K.

In case of the high temperature dried aerogels no indi-
cation for the oxidation of organic species adsorbed on the
aerogel surface (peak at ca 410 K) was observed. More-

over, significantly less water evolved from these samples
up to 500 K. This is also indicated by the overall weight loss
of the samples in the thermoanalytical experiments, which
amounted to 11-13% for the HT-aerogels and to 26-30%
for the LT-aerogels for a temperature of 700 K.

TPR Measurements. The reduction characteristics of
the differently dried copper-zirconia aerogels are depicted
in Fig. 8. TPR profiles of the samples calcined in air at
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ZéO 2é5 2é0
Binding Energy / eV

295 275

FIG.6. XP-spectra of the C 1s region of the raw LT-Cu/ZrO; aerogel
(bottom) and of the raw HT-Cu/ZrO; aerogel prepared using nitric acid
(top). Details of deconvolution are given in the Experimental section. SH
indicates carbon fragments on the sample holder.

573 K exhibit two reduction peaks in the range 447-521 K,
characteristic for the reduction of copper oxide. The oc-
currence of two reduction peaks indicates the presence
of copper oxide species differently interacting with the zir-
conia matrix. Note that in case of the HT-aerogel higher
temperatures are required for complete reduction of CuO.
In contrast to the calcined samples reduction of the raw
LT copper-zirconia aerogel occurred at significantly higher
temperatures. The negative peak observed at 774 K can ei-
ther be assigned to the desorption of hydrogen from the
catalyst surface or, more probably, to the decomposition of
hydrocarbon residues in the catalyst originating from the
sol-gel process.

In case of the raw silver-zirconia LT-aerogel, a single
peak at 526 K was observed in the TPR profile (Fig. 9), indi-
cating the reduction of oxidized silver species. The negative
peak observed at 750 K can be again assigned to the decom-
position of hydrocarbon residues in the catalyst originating
from the sol-gel process. This is supported by the TPR pro-
file of the sample calcined at 573 K in air, which showed no
negative peak. Calcination, moreover, resulted in a shift of
the peak due to the reduction of silver oxide to 352 K. The
weak broad peak in the TPR profile at 753 K can be caused
by reduction of silver oxide species strongly interacting with
the zirconia matrix or by partial reduction of the zirconia
surface. Quantification of the hydrogen consumed in the
TPR indicated that only part of the silver was present as
silver oxide (Ag,QO) at the beginning of the measurement.
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Catalytic Behavior in CO, Hydrogenation

The catalytic performance of the aerogels was investi-
gated after drying as well as after calcination in air at
573 K. The only carbon-containing products found were
methanol and carbon monoxide, except for the calcined
silver-zirconia aerogels (LT, HT) prepared with nitric acid,
which produced traces of methane at 533 K.

Figure 10 illustrates the effects of preparation conditions,
calcination, and drying method on the temperature depen-
dence of CO,-consumption and methanol selectivity for the
copper-zirconia aerogels. As indicated by Fig. 10A (bot-
tom), the use of either acetic or nitric acid in the sol-gel pro-
cess did not significantly influence the catalytic behavior of
the calcined copper catalysts prepared by high temperature
supercritical drying. In contrast, the influence of calcina-
tion was significant for the initially X-ray amorphous LT-
aerogel, as indicated by the CO,-consumption and selectiv-
ity behavior shown in Fig. 10B (middle). CO2-consumption
was clearly higher for the calcined aerogel, but with increas-
ing temperature selectivity to methanol decreased more
pronounced for this sample, compared to the raw aero-
gel. Catalytic data for the low- and high-temperature su-
percritically dried and calcined aerogels are presented
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in Fig. 10C (top), together with corresponding data for a
xerogel calcined in air at 623 K (Sget = 213 m?.¢g74 V, =
0.13cm?. g~*; data taken from Ref. (25)). Whereas the tem-
perature dependency of methanol-selectivity was similar
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(C) drying method on CO,-consumption rate and selectivity to methanol.
Data for the xerogel are taken from (12). Conditions: 1-g catalyst (1.3 g
for dried sample), 90 cm®- min~?, Hy/CO, =3, 1.7 MPa.

for all catalysts, CO,-consumption decreased in the order
LT-aerogel > xerogel > HT-aerogel.

Catalytic data for the calcined silver-zirconia catalysts
are depicted in Fig. 11. Similar to copper-zirconia, the dry-
ing method had no significant influence on the methanol se-
lectivity. Moreover, no difference in CO,-consumption was
discernible for the LT- and HT-aerogels, which contrasts the
findings for copper-zirconia, where CO,-consumption was
substantially higher for the LT-aerogel. Catalytic behavior
comparable to that with aerogels was observed for the xe-
rogel at lower temperatures, whereas at higher tempera-
tures an increase in CO,-consumption was less pronounced
for the xerogel calcined at 623 K (Sger=170 m?.g~*
Vp,=0.21 cm®. g7%; data taken from Ref. (25)). As regards
the catalytic behavior of the raw LT-aerogel Ag/ZrO,,
no methanol formation and only a small amount of CO
(0.35 mol%) were found at 533 K. At higher temperatures,
where sintering of silver starts to occur, traces of methanol
and increasing CO-production were observed.
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Finally, comparing the catalytic behavior of the IB metal-
zirconia LT-aerogels, Fig. 12 reveals a markedly higher ac-
tivity for copper-zirconia, whereas selectivity to methanol
is similar for both catalysts.

DISCUSSION

Structural Properties of Aerogels

Independent of the drying conditions, the aerogels cal-
cined at 573 K possess similar BET surface areas, with the
silver-containing samples showing consistently lower val-
ues. Generally, the use of acetic acid in place of nitric acid,
as well as application of a two-step (ts) preparation proce-

-1

%)
e 100,
3) O\Z\D Py 80 0\
S 61 — i 2
E m Ag LT aerogel o -60 3
o 44 e culT aerogel o)
g . 140 @
- n !
§ 21 ./ /./ 20 é
LO) .41/. =
IN 0 T T T T T T T O
S ° 460 480 500 520 540

Temperature / K

FIG.12. Comparison of catalytic behavior of calcined copper-
zirconia and silver-zirconia LT- aerogels in carbon dioxide hydrogenation.
Conditions: 1-g catalyst, 90 cm®- min~%, Hy/CO, =3, 1.7 MPa.
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dure, results in lower Sget (Table 1). The results of nitro-
gen physisorption confirm earlier findings about the influ-
ence of the acid used in the sol-gel process on the pore-size
distribution of the aerogels (43, 45), showing substantially
lower specific pore volumes and a bimodal pore-size distri-
bution with a contribution of micropores for samples pre-
pared with acetic acid. Comparison of the BET surface area
of pure zirconia aerogels (43, 55) with aerogels contain-
ing IB metals reveals a marked decrease of Sger for the
HT-aerogels containing silver or copper, whereas no signif-
icant effect is observed for the LT-aerogels. The significantly
higher pore volume of the LT-aerogels compared to the HT-
aerogels can be traced back to the high content of organic
residues in the LT-aerogels, which evolve as gases (COy,
H,0) during calcination, thus expanding the material and
leading to a large-pore volume.

XRD-measurements reveal the presence of X-ray amor-
phous zirconia for raw LT-aerogels, whereas crystalline
ZrO, is present in the raw HT-aerogels. The appearance of
crystalline ZrO; in the HT-aerogels contrasts the findings
of Sun and Sermon (40-42), who observed X-ray amor-
phous zirconiafor similarly dried samples, which were, how-
ever, prepared from copper- and zirconyl-nitrate by gel-
precipitation with KOH at pH 10 in an aqueous media.
In this case, contaminants originating from the precursor
materials used, e.g. potassium residues, can stabilize zirco-
nia in its amorphous state (22). Benedetti et al. (56, 57)
recently demonstrated the importance of sodium ions for
stabilizing zirconia. The presence of metallic silver and cop-
per in samples dried at high temperatures can be explained
by the reduction potential of ethanol under the supercrit-
ical drying conditions applied. Comparison of the average
metal crystallite size shows substantially larger particles for
copper, which may be due to increased sintering effects oc-
curring with copper during supercritical drying. Another
reason could be that in the case of copper-zirconia particle
formation and reduction of copper ions occurred mainly
during supercritical drying, whereas the silver acetate con-
taining solution turned from milky-white into black within
minutes during sol-gel processing, indicating that formation
of metal oxide or metal particles took place already during
the wet-chemical preparation procedure. Thisassumption is
supported by the occurrence of metallic silver also in the LT-
aerogel and by analogous observations for platinum- and
palladium-titania aerogels, respectively, dried at high tem-
peratures (34, 35). In contrast, no evidence for the presence
of crystalline copper species is found in the XRD pattern
of the LT copper-zirconia aerogel. TPR indicated that this
sample predominantly contained copper oxide species.

As concerns the influence of the preparation conditions
(type of acid, one-step or two-step procedure, type of super-
critical drying) on the metal dispersion, they all have little
effect with Cu/ZrO,. Regardless of the conditions applied
the mean copper crystallite size varies only in the range
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28-33 nm. In contrast the mean silver crystallite size in-
creased significantly when HNO3 was employed instead of
HAc (Table 1). The reason for this behavior is not clear
yet.

DTA measurements show a stabilization of the amor-
phous zirconia phase in the presence of copper or silver,
as reported earlier (20, 22, 24). This is evidenced by the
temperature of crystallization of the X-ray amorphous zir-
conia, which is higher for Cu/ZrO, (830 K) compared to
AQ/ZrO; (770 K), and clearly higher than for pure ZrO;
(715K, (58)). As previously observed (55, 58), zirconia crys-
tallites are larger for the calcined LT-aerogels compared to
the calcined HT-aerogels, which are already crystalline after
drying. Taking into account data of the DTA experiments,
crystallization of the initially X-ray amorphous zirconia in
the LT-aerogels upon calcination at 573 K was not expected.
If calcination was carried out with a very low amount of
sample, the aerogels remained X-ray amorphous, indicating
that the high content of organic residues in the raw aerogels
probably results in hot spots and thus facilitates crystalliza-
tion. Calcination, moreover, transformed metallic copper
of the HT-aerogels to X-ray amorphous copper oxide, thus
indicating a high dispersion of the copper species. In case
of silver-zirconia, weak reflections due to metallic silver re-
main in the XRD spectra after calcination. TPR measure-
ments show a shift of the reduction peak for silver oxide to
lower temperature and a significantly lower hydrogen con-
sumption for the calcined LT-aerogel, indicating that silver
was predominantly redispersed as silver metal and not ox-
idized to Ag,O.

Catalytic Behavior in CO,-Hydrogenation

Copper- and silver-zirconia aerogels are active and
selective catalysts for the synthesis of methanol, but with
Cu/ZrO; being substantially more active, as has been shown
previously for coprecipitated catalysts (24, 25). Besides of
methanol formation, both catalysts facilitate the water—gas
shift reaction, thus producing carbon monoxide as a by-
product.

In contrast to Cu/ZrO,, no activity for methanol forma-
tion is observed for the uncalcined Ag/ZrO, LT-aerogel.
Calcination of the raw LT-aerogels in air at 573 K causes a
marked increase of activity for both 1B metals. Note that
the raw aerogels contain large amounts of organic residues,
which presumably block active sites and which are removed
upon calcination. Compared to methanol synthesis, activity
for the reverse water—gas shift reaction increased stronger
upon calcination, resulting in lower methanol selectivity.
The calcined copper-zirconia aerogels produced by low-
temperature supercritical drying was markedly more active
and similarly selective for methanol synthesis than the sam-
ple prepared analogously, but dried at high temperatures. In
case of silver-zirconia no such difference can be observed.
Both the LT- and HT-aerogels possess comparable textu-
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ral properties (Table 1). However, N,O-titration and XPS
measurements reveal a clearly higher copper surface area
for the Cu/ZrO; LT-aerogel, whereas in the case of the sil-
ver aerogels XRD indicates similar silver crystallite sizes
for the high- and low-temperature dried samples (Table 1).
The latter is supported by the comparable silver/zirconia
ratio observed with XPS. As regards the zirconia phase,
crystallite sizes remained almost unchanged upon catalytic
testing and are larger for the LT-aerogels compared to the
HT-aerogels. The present results indicate that for the simi-
larly prepared aerogel catalysts the activity is related to the
number of copper centers exposed. The assumption that the
copper surface area is solely responsible for catalytic activ-
ity has been disputed in the literature (18, 22, 59, 60) and it
has been proposed that catalytic performance in methanol
synthesis is strongly dependent on the interfacial metal-
oxide contact area (20, 22, 25, 60).

As concerns methanol synthesis the activity of silver,
which is usually regarded as inactive, Frost reported sub-
stantial activity for silver supported on thoria (60). This
contrasts the findings of Shaw et al. (61) who observed no
significant activity for catalysts derived from intermetallic
silver, copper, and cerium alloys. Nonneman and Ponec (62)
suggested that the different results concerning the activity
of silver catalysts for methanol synthesis may be related
to contaminants originating from the precursor materials
used. In previous studies on Ag/ZrO, xerogel catalysts pre-
pared by precipitation of metal nitrates with NaOH, an
influence of contaminants on methanol synthesis activity
could not be completely ruled out (24, 25). In the present
work, which uses silver-zirconia aerogel catalysts prepared
by a solution sol-gel procedure with pure alkoxide pre-
cursors, contamination by alkaline components can be ex-
cluded, thus indicating that activity is directly related to the
silver-zirconia system.

Comparing the catalytic data for the copper-zirconia
aerogel catalysts with previously reported results obtained
with xerogel-type catalysts prepared by coprecipitation (25)
shows superior activity in methanol synthesis for the LT-
aerogel, whereas the HT-aerogel is less active. Methanol
selectivity is similar for all samples. The superior perfor-
mance of the LT-aerogel can be explained by its favorable
textural properties, combined with a high copper surface
area. A high portion of micropores and a lower copper
surface area is found for the xerogel which, on the other
hand, contained amorphous zirconia. In the case of silver—
zirconia methanol production of both aerogels is slightly
higher for temperatures exceeding 500 K, compared to the
xerogel.

CONCLUSIONS

The performance of differently prepared copper-
zirconia and silver-zirconia aerogels in the synthesis of
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methanol from carbon dioxide and hydrogen has been ex-
amined. The influence of the wet chemical preparation
conditions, of the supercritical drying procedure, and of
calcination on the structural properties and on the catalytic
behavior was investigated.

Extraction of the alcogels with supercritical carbon
dioxide resulted in amorphous zirconia, whereas high-
temperature supercritical drying afforded mainly tetrago-
nal ZrO,. The highly reducing conditions during high tem-
perature drying led to the formation of copper crystallites
with a mean size of 30 nm. In contrast, X-ray amorphous
copper oxide existed in the LT-aerogels. N,O titration re-
vealed the highest copper surface for this catalyst, which
was also most active in CO, hydrogenation. In the case
of HT-aerogels the copper surface was much lower, lead-
ing to lower catalytic activity. For silver-containing sam-
ples, reduction occurred already during sol-gel processing,
resulting in comparable silver crystallite sizes for raw aero-
gels, independent of the drying conditions. Similar activ-
ity in methanol synthesis was found for the different silver
aerogels. With these catalysts, prepared by a solution sol-
gel procedure using alkoxide and acetate precursors, con-
tamination by alkaline components can be ruled out, indi-
cating that activity is directly related to the silver-zirconia
system.
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