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bstract

Cu0.23Ce0.54Zr0.23-mixed oxides were prepared by homogeneous co-precipitation with urea. The resulting materials exhibit high-surface area
nd nanocrystalline primary particles. The material consists of a single fluorite-type phase according to XRD and TEM. STEM–EDS analysis
hows that Cu and Zr are inhomogeneously distributed throughout the ceria matrix. EXAFS analysis indicates the existence of CuO-like clusters
nside the ceria–zirconia matrix. The pore structure and surface area of the mixed oxides are affected by preparation parameters during both
recipitation (stirring) and the following heat treatment (drying and calcination). TPR measurements show that most of the copper is reducible

nd not inaccessibly incorporated into the bulk structure. Reduction–oxidation cycling shows that the reducibility improves from the first to the
econd reduction cycle, probably due to a local phase segregation in the metastable mixed oxide with gradual local copper enrichment during heat
reatment.

2007 Elsevier B.V. All rights reserved.
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. Introduction

.1. Cu Ce Zr mixed metal oxides (MMO)

Mixed metal oxides (MMO) containing copper, cerium and
irconium are applied in several areas of heterogeneous catal-
sis. Ce Zr mixed oxides are extensively used in three-way
atalysts [1a,2]. Cu Ce Zr-based mixed oxides are applied
ithin the field of hydrogen production: water-gas shift [3–5],

team reforming of methanol [6–9] and selective oxidation of
O [10–17]. In addition, they are used as NO reduction catalysts

18], for oxidation of methane [19,20], wet oxidation of phenol
21] and acetic acid [22], methanol synthesis [23,24], direct oxi-
ation of hydrocarbons in solid-oxide fuel cells (SOFC) [25–27],
nd storage of reactive hydrogen for alkadiene hydrogenation

28].

Copper – in its reduced state – is typically regarded as the
ctive catalyst component in MMO materials (except for SOFCs,
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here copper the main function is electronic conductivity [25]).
eria acts as a reducible oxide support, enhancing the catalytic
ctivity via metal–support interaction and/or improved disper-
ion of the active metal component [7,29]. An important property
f ceria is the oxygen storage capacity (OSC), i.e. the abil-
ty to adsorb and release oxygen under oxidizing and reducing
onditions, respectively, according to the reaction [30]:

eO2
red. (H2/CO)

�
ox. (H2O/CO2)

CeO2−x (1)

n addition, ceria is found to stabilize the catalyst against deac-
ivation [7,29] due to a higher thermal stability and/or better
ispersion of the active metal. ZrO2 is also known to improve
he activity and stability of MMO-based catalysts [8,31]. Zir-
onium added to ceria to form Ce Zr mixed oxides inhibits
he thermal sintering of CeO2 [2,30,32,33]. Incorporation of Zr
nto the ceria lattice enhances the reducibility of ceria [34–36],
hich may improve the catalytic activity of MMO catalysts rel-

tive to single oxides [37,38]. The amount of Zr dopant also

ffects surface area and crystallite size of the MMO [37,39], in
onjunction with the calcination temperature [40]. In addition
o its presumed function as an active catalytic species, Cu as a
opant in the fluorite lattice is found to improve the reducibil-
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ty of ceria [41,42], and affect particle size and surface area
24,43].

The activity and stability of MMO catalysts therefore depends
n the interaction between the single components, for which
homogeneous distribution of the components throughout the
aterial without pronounced segregation is a pre-requisite. The

atalytic activity often scales proportionally with the surface
rea of the active components [4,44] since the reaction takes
lace at the surface of the catalyst. A homogeneous distribution
f the components and a high-surface area of the material have
o be assessed simultaneously during catalyst preparation.

Co-precipitation of metal (hydrous) oxides in aqueous
olution at high pH has successfully been applied for prepar-
ng different metal oxide catalyst formulations. It has been
tated that co-precipitation results in more active and stable
atalysts than impregnation methods [17,20,45–47], because
f a more homogeneous distribution of the elements. For
mpregnation–deposition methods, the interaction between the
ifferent components depends on the surface area of the support
aterial and the amount of material impregnated or deposited.
he existence of separate phases at higher loadings is likely [4].

.2. Homogeneous co-precipitation with urea (HCP)

Homogeneous alkalinization via urea hydrolysis is an effi-
ient co-precipitation procedure for preparation of MMO with
igh-surface area and well-defined particle size and shape
3,19,48–51]. Urea decomposes at elevated temperatures in a
wo-step reaction releasing ammonium and carbonate ions into
he metal salt solution accompanied by a simultaneous increase
n pH, which leads to the precipitation of basic carbonates
48,50,52]:

O(NH2)2 + 2H2O → 2NH4
+ + CO3

2− (2)

he decomposition rate strongly depends on the temperature
52], the rate constant increasing by a factor of about 200 as the
emperature increases from 60 to 100 ◦C [50,52]. The kinetics
f the metal ion hydrolysis, and hence the nucleation rate, can
e tuned through controlled release of hydroxide ions to obtain
ell-defined particle shapes with a narrow particle size distri-
ution [48–50]. Constant-pH co-precipitation procedures with
ther hydroxide ion sources, such as NaOH, are claimed to facil-
tate stronger agglomeration of primary particles into irregularly
haped clusters, resulting in a broader particle size distribution
50,51].

In terms of synthesizing MMO solid solutions, co-
recipitation in general has to be regarded as a heterogeneous
rocess. Because of different hydrolytic properties of the metal
ons in aqueous solution, simultaneous nucleation is rarely the
ase. A phase containing only one cation usually nucleates to
erve as site for the heterogeneous nucleation of a second solid.
urther growth proceeds incorporating both cations at differ-

nt rates [49]. As a result, the internal local composition of
uch composites usually varies from the centre to the periph-
ry of each particle [48]. The detection of a homogeneous solid
olution inside the MMO material depends on the characteri-

c
p
[
f
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ation technique used. The detection of single-phase MMO by
onventional XRD techniques does not exclude the presence of
anodomains of single-component-rich phases [2], since XRD
verages properties over a macroscopic scale as well as being
nsensitive to amorphous phases and ordered structures below
bout 2 nm [53,54].

.3. Effect of synthesis parameters

Synthesis parameters that may affect the resulting catalyst
aterial properties such as surface area, particle size and mor-

hology are [21,48,50]: type of precursor salt, organic additives
from simple organic solvents to surfactants), total metal concen-
ration, ratio between the metals in solution, urea concentration,
rocedure of urea addition (at ambient or high temperature),
H, procedure of mixing, synthesis temperature, aging time and
ost-treatment (drying and calcination conditions).

Nitrate precursor salts can easily be decomposed (an exother-
ic reaction), are inexpensive and have high solubility in

queous media. Sulphates and chlorides are usually excluded
ince their residue in the catalyst material might accelerate cat-
lyst deactivation [57,58]. The type of anion present in the
olution can, however, have an impact on the precipitated parti-
les [48].

The urea concentration (and initial ratio of urea to total metal
n the solution), synthesis temperature and initial ratio between
he metals in solution can affect the pH evolution rate, and hence
he nucleation and growth. Small particles with a narrow par-
icle size distribution have been obtained for high urea–total

etal ratio and high reaction temperature [48,50]. Total metal
oncentration and acidic/basic additives affect pH and hence
ctual metal contents and phases present in the final product
48,49]. A high total metal concentration in the solution may
esult in enhanced particle agglomeration that reduces the sur-
ace area [48]. The aging time can affect crystallinity, particle
ize [50] and phase changes [49–59] and influence the final
etal content [48,49]. All the parameters mentioned in this para-

raph affect the nucleation and growth of mixed metal (hydrous)
xides/carbonates at different stages in aqueous solution, and
ay be highly correlated.
The effect of calcination temperature is well established for

eria-based systems. As for many systems, the particle size gen-
rally increases with a corresponding decrease in the surface area
ith increasing calcination temperature. As a consequence, the
xygen storage capacity of ceria and the catalytic activity of the
aterial decrease [4,21,33,40,43,60–63].
There appears to be an optimum range for the metal loading

f ceria-based mixed oxides, irrespective of preparation method
20]. The best redox properties and highest OSC for Ce Zr solid
olutions have been obtained within the range 0.2 ≤ x ≤ 0.4,
here x is the atomic fraction of Ce atoms replaced by Zr relative

o pure CeO2 [1b]. A maximum activity for water-gas shift [38]
nd for CO2 reforming of methane [64] on Ce Zr supported Pt

atalysts was found with x = 0.5. A maximum methanol decom-
osition activity was reached at x = 0.3 for a Pd Ce Zr system
37]. For the same components, a maximum at x = 0.2 was found
or CO and C3H8 oxidation [40].
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A roughly linear relationship between the rate constant and
u content up to 20 at.% was found for Cu Ce mixed oxide
atalysts for wet oxidation of phenol [21]. During selective CO
xidation over Cu Ce catalysts, the highest reaction rate was
btained for a Cu content of 14 at.% as compared to 7 and
1 at.% [15]. This catalyst was also the one exhibiting the highest
urface area. For the same reaction, catalyst system and prepa-
ation method, albeit higher surface areas, Kim and Cha [12]
btained the highest activity at 20 at.% Cu as compared to 10
nd 50 at.%, but state that the difference between the three cat-
lyst formulations is not large. Tang et al. [17] reported the CO
onversion at low temperatures to be higher for 24 at.% Cu than
or 7 and 13 at.% Cu in co-precipitated catalysts. In methanol
team reforming over Cu Ce catalysts, the highest methanol
onversion was observed for about 50 at.% Cu [46]. The maxi-
um TOF was obtained for about 10 at.%. Shen et al. [24] found

he initial maximum space–time yield in the methanol synthe-
is for 47 at.% Cu, but after about 25 h on stream the maximum
hifted to the Cu Ce catalyst with 23 at.% Cu. The difference
etween the 12, 23 and 47 at.% catalysts decreased with time on
tream. For oxidation of CO and CH4 over Cu/ZrO2, the cata-
yst containing 20 at.% Cu in ZrO2 was found to be most active
65]. Kundakovic and Flytzani-Stephanopoulos [19] achieved
igher methane oxidation reaction rates for 15 at.% than for
at.% Cu in a Cu Ce La catalyst containing 4.5 at.% La. For

he water-gas shift reaction, the highest CO conversion was
easured for 15–20 at.% Cu in Cu Ce La catalysts contain-

ng 10 at.% La, but the difference is not large between catalysts
ith 5–40 at.% under the reaction conditions used [3]. In a more

ecent study of the same system [5], a 10 at.% Cu catalyst was
ound to perform slightly better than 5 and 15 at.% catalysts,
nd all were better than a 40 at.% catalyst. All these catalysts
ontained 8 at.% La in ceria, and the reaction conditions were
imilar in the two studies. Investigating the impact of the third
etal component, they observed increased activity in the order

0 at.% La > 24 at.% Zr > 8 at.% La, and conclude that this effect
s of chemical origin and not scalable with the surface area [5].
n improvement in the long-term stability and suppressed CO

ormation during methanol steam reforming over Cu Ce Zr
atalysts by increasing the amount of Cu from 4 to 12 at.%
as also been reported [66]. No significant enhancement was
bserved above 12 at.%, and this could be related to the detec-
ion of a separate CuO phase for samples with higher loading.
he molar composition (Cu:Ce:Zr) of the 4 and 12 at.% catalyst
ere 4.4:51.0:44.6 and 12.1:44.3:43.6, respectively. Usachev

t al. [14] achieved the best selectivity for selective oxida-
ion of CO in excess hydrogen on Cu Ce-based catalysts for
u:Ce:Zr = 0.23:0.54:0.23. Interestingly, an optimum composi-

ion for Co Ce Zr catalysts for hydrogen production by ethanol
team reforming was found at Co:Ce:Zr = 0.225:0.500:0.275
67].

Qualitative conclusions that can be drawn from the brief lit-
rature review above with regard the Cu Ce Zr composition

re

1) A Ce:Zr ratio between 3:1 and 2:1 appears to be a reasonable
choice.

m
c
d
t
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2) The optimum amount of copper incorporated into the ceria
structure lies in the range 10–20 at.%, probably limited by
the amount of Cu that can be dispersed in ceria (or zirconia)
without forming separate CuO phases.

3) In three-component-mixtures, good performance is
achieved with 40–50% of the Ce atoms replaced by
Cu and Zr in equimolar amounts, i.e. an atomic ratio
Cu:Ce:Zr ≈ 1:2:1.

The studies suggest that the catalytic properties of these
MO are insensitive to variations in the Cu content within
range of 10–25 at.%. In a study dealing with the prepara-

ion method, an experimental optimization of the composition
ay thus not be first priority, and reasonable values taken from

iterature should be adequate. An optimization of the metal com-
osition has to be established for the specific application under
elevant reaction conditions.

When using urea for precipitation of copper salts, the
mmonia complexes (NH4

+/NH3) released during urea decom-
osition (Eq. (2)) interact with copper ions to form the
eep blue copper–ammonia complex cations, [Cu(NH3)4]2+ or
Cu(NH3)6]2+, depending on the ammonia concentration. These
omplexes retain the copper ions in solution and decrease the
mount of Cu in the final mixed metal precipitate. In a closed
ystem (reflux conditions), an equilibrium will be established
etween precipitated copper hydroxide–carbonate phases and
omplex copper ions in solution. In an open system, this equilib-
ium can be shifted in favour of copper precipitation by releasing
mmonia into the gas phase at elevated temperatures.

.4. Description of the surface area of MMO

When characterizing the surface area of a certain material,
he interesting parameter is the surface-to-volume ratio (stv,

2/m3), i.e. the fraction of the material exposed to the sur-
ounding gas. The BET-deduced surface area (m2/g) is useful
or comparison of solids of equal composition. For materials
ith varying composition, however, the effect of the density has

o be taken into account [68]. If the structure remains more or less
naffected by varying composition, the molar mass can simply
e used to eliminate the mass effect, resulting in a mole-based
ET value (m2/mole). The BET results obtained by Kapoor et
l. [37], for mesostructured Ce Zr mixed oxides, and Hirano
t al. [39], for non-ordered microporous Ce Zr mixed oxides,
re useful for exemplifying the effect of the metal composition
n the surface area (Fig. 1). The stv (m2/m3) curves show the
rue impact of varying metal composition on the surface area of
he materials. The densities used to calculate the stv from the
ET data are based on a linear combination of tabulated values.
he use of measured densities in such evaluations would fur-

her increase the precision. Comparing the surface-composition
ependence for the specific BET (m2/g) and the mole-based
ET (m2/mole) indicates the impact of the change in molar

ass (with varying metal composition) on the BET surface-

omposition dependence. Comparing the surface-composition
ependence for mole-based BET and stv shows the impact of
he change in lattice spacing (with varying metal composition)
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Fig. 1. Effect of material density and composition on BET data on Ce Zr mixed
oxides. Reported in the literature [37,39]. The surface area data of Kapoor et al.
[37] (left axis) and Hirano et al. [39] (right axis) are given as surface area ratio
normalized with the values of the pure CeO2 samples (Ce mole fraction x = 1). M-
BET denotes the BET surface area normalized with the molar mass (m2/mole).
The surface-to-volume ratio (stv, m2/m3) is calculated using densities based on
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is operated in an open mode, i.e. water evaporating during oper-
ation is compensated by continuous refilling. The glass beaker is
partly covered to limit the evaporation. The second set-up con-
sists of a 500-ml five-neck glass flask immersed in a stirred oil
linear combination of tabulated values [100] for CeO2 (7650 kg/m3) and ZrO2

monoclinic for pure ZrO2: 5680 kg/m3, tetragonal for Ce Zr mixed oxides:
100 kg/m3, according to the Ce Zr phase diagram [1c,2,30]).

n the mole-based BET surface-composition dependence. In
his simplified re-evaluation, the effect of a change in lattice
pacing and hence the volume of the crystal unit cell by vary-
ng the metal composition affects the BET surface area only
o a minor degree. A considerable contribution to the change
n specific BET surface area with variation of the metal com-
osition arises from the different molar mass of cerium and
irconium.

The effect of copper loading on the surface area of Cu Ce
ixed oxides can be evaluated in a similar way, for example by

sing data from Refs. [24] and [43]. Here, however, the surface
rea decreases with increasing Cu loading after an initial strong
ncrease at very low Cu level. These curves (not shown) contain
ocal minima and maxima, and the overall trend depends on the
esolution of the experimental points. The same might be true
or the Ce Zr system. The BET data obtained for a series of co-
recipitated Cu Zr mixed oxides can be used in a similar way
o evaluate these binary MMO [69].

.5. Aim of the study

The aim of the present study is to determine relevant
aterial properties of Cu Ce Zr mixed oxides prepared by

omogeneous co-precipitation. This includes the actual cata-
yst composition relative to the nominal composition, as well
s particle morphology, surface area, pore structure, metal dis-
ribution or degree of homogeneity, local atomic structure, and
nally redox behaviour.

The initial concentration of the metal salts in aqueous solution
= nominal MMO composition) is kept constant. The nominal
olar metal ratio used is: Cu:Ce:Zr = 0.23:0.54:0.23. This ratio
s based on the literature, as described above. The parameters
tudied, in terms of their effect on surface area/particle size
nd pore structure, are: synthesis set-up with (a) two types of
tirring/heat transfer configurations and (b) reflux conditions
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ersus open system, drying conditions and heating rate during
alcination.

An elementary analysis of the actual catalyst composition is
arried out with inductively coupled plasma atomic emission
pectroscopy (ICP-AES). Morphology and particle shape are
xamined with transmission electron microscopy (TEM). The
article size of the MMO is estimated with X-ray diffraction
XRD) and TEM. The homogeneity of the MMO is investigated
sing XRD (phase identification) and scanning-TEM (STEM,
apping of metal composition on a nm-scale). X-ray absorp-

ion spectroscopy (XAS) has been applied for elucidation of
he oxidation state of bulk copper and its local environment
first coordination shell). The redox behaviour is characterized
y means of temperature-programmed reduction and oxidation
TPR-TPO) cycles. The pore structure of the MMO is deduced
rom nitrogen adsorption–desorption isotherms. The specific
urface area is estimated by the Brunauer–Emmet–Teller (BET)
ethod.

. Experimental

.1. Synthesis

Copper(II)–nitrate–trihydrate (>99%), cerium(III)–nitrate–
exahydrate (>99.5%) and zirconyl(IV)–nitrate–hydrate
>99.5%) were purchased from Acros Organics. Urea (>99.5%)
as purchased from Merck. Ethylene glycol (EG) (>99.5%)
as purchased from Fluka. Ethanol was purchased from Arcus.
ll chemicals were used as-received. Deionised water was used

or all catalyst preparations.
The two different set-ups used for catalyst preparation are

hown in Fig. 2. The first set-up consists of a hot plate equipped
ith a magnetic stirrer (Fig. 2A). The precursor solution is stirred

n a 600-ml glass beaker with a magnetic stirring bar rotating
t approx. 1200 rpm. The temperature of the mixture is moni-
ored with a thermometer immersed in the solution. This set-up
ig. 2. The two different set-ups used for catalyst preparation. (A) Hot plate
quipped with a magnetic stirrer and (B) 500 ml five-neck glass flask stirred
ith a blade agitator and immersed in a stirred oil bath.
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ath (Fig. 2B). The temperature is monitored with an immersed
hermometer, and the aqueous mixture is stirred with a blade
gitator at approx. 750 rpm. In the closed mode, a reflux con-
enser is connected to the flask, and the unused flask necks are
lugged. In the open mode, the three unused flask necks are left
pen to allow the evaporation as well as the continuous refilling
f water.

A total amount of 0.1047 mole of Cu-, Ce- and Zr-salt (nom-
nal composition: Cu:Ce:Zr = 0.23:0.54:0.23) were dissolved in
50 ml of water at ambient temperature. 0.9037 mole of urea
ere then added to the solution. After all solid components
ere dissolved to give a pH of approx. 1.8 at 20 ◦C, the light
lue, transparent solution was placed on the hot plate/in the
ot oil bath and heated up to 95 ◦C (unless otherwise noted)
nder stirring. It took about 30 min to reach the final tempera-
ure for both set-ups. The mixture was kept on the hot plate/in the
il bath for a period of 8 h, including precipitation and aging.
he precipitation started after approx. 30 min in both set-ups.
he colour of the suspension then changed from light blue to
reen over the next 45 min and then remained unchanged for the
est of the time. In the open mode, water at ambient tempera-
ure was added continuously to the suspension to compensate
he evaporation. Ethanol was added instead of water in a sin-
le experiment, and in total 1.5 l of ethanol was added during
ynthesis.

The suspension was removed from the hot plate/oil bath after
h, and cooled to room temperature using water. The solid
recipitate was filtered off and washed twice with 200 ml of
eionised water (40–50 ◦C) under stirring (20– 30 min). Finally,
he precipitate was dried (about 11 h at 100 ◦C, unless otherwise
oted) and calcined in a muffle furnace for 2 h at 350 ◦C, either by
lacing the sample directly into the hot furnace (normal method)
r by increasing the calcination temperature at 2 ◦C/min up to
50 ◦C.

In two preparations, an ethylene glycol–water mixture
18 mole% or 40 vol.% EG) was used instead of pure water,
hereby increasing the boiling point of the mixture by about 5 ◦C.
he synthesis temperatures were 95 and 100 ◦C. The result-

ng samples were used for studying the effect of the drying
onditions. The pore size distribution of the sample synthe-
ised at 100 ◦C was different from the typical distribution of
he other samples. For more information on this matter, we refer
o Adachi-Pagano et al. [50].

The sample notation takes into account deviations from
he typical synthesis conditions given above and is clas-
ified as follows: HP = hot plate, B = oil bath, c = closed
ystem, o = open system, EG = ethylene glycol–water mixture,
th = ethanol refilling, s98 = synthesis temperature raised to
8 ◦C, d150 = drying temperature 150 ◦C, N = drying in nitro-
en, dry = dried, not calcined, 2C = calcination rate 2 ◦C/min,
edox = after reduction and reoxidation.

.2. Characterization
Inductively coupled plasma atomic emission spectroscopy
ICP-AES) was used to determine the actual amount of copper,
erium and zirconium after calcination of the precipitated mate-

o
3
b
c

g Journal 137 (2008) 686–702

ials. The samples were dissolved in hydrochloric acid before
nalysis without any visible residues.

Nitrogen adsorption–desorption isotherms were measured
sing a Micrometrics TriStar 3000 instrument. The data were
ollected at −196 ◦C. The BET surface area was calculated
y the BET equation in the relative pressure interval rang-
ng from 0.01 to 0.30. The pore volume was estimated by
he Barrett–Joyner–Halenda (BJH) method [70] as the adsorp-
ion cumulative volume of pores between 1.7 and 300.0 nm
idth. This method is based on the assumption of cylindri-

al pores, and the capillary condensation in the pores is taken
nto account by the classical Kelvin equation. The pore size
istributions were calculated by non-local density functional
heory (NLDFT, Original DFT model with N2 [71], DFT Plus
oftware package [72]) assuming a slit-like pore geometry.
or comparison, pore size distributions were also determined
ith the Harkins–Jura model (cylindrical geometry), a classi-

al method based on the Kelvin equation [73]. Although the
odels gave different absolute values for the total pore vol-

me, the trends were essentially the same for the samples
nvestigated. For more details on the comparison of DFT and
lassical models based on the Kelvin equation, we refer to Rou-
uerol et al. [74] and Chytil et al. [75], and the references cited
herein.

XRD data were recorded on a Siemens diffractometer D-5005
dichromatic Cu Kα1+α2-radiation). Average crystal size esti-
ates and crystal size distributions for the MMO powders were

btained from a software-based X-ray line broadening analy-
is (XLBA). The analysis was performed in two steps. Selected
xperimental XRD fluorite peaks [(1 1 1), (2 0 0) and (2 2 0)]
ere simulated by means of the software package Profile [76]
sing the Pearson VII model function. The contribution of Cu
�2 to the peak intensities is removed in this step. The program
in-crysize [77], utilizing the Warren–Averbach method [78],
as then used to estimate the crystallite size taking into account

ontributions from microstrain (scaled as mean square root of
he average squared relative strain). Contributions from instru-

ental line broadening were removed using LaB6 as reference
selected peaks: (1 1 0) at 30.38◦, (1 1 1) at 37.44◦ and (2 1 0) at
8.96◦).

Thermogravimetric analysis (TGA) was performed with a
hermogravimetric analyser (Perkin-Elmer TGA 7). The device
as used to check the metal oxide content in the nitrate pre-

ursors, the weight loss of the calcined samples assigned to
ater/carbonates adsorbed on the oxide powders, and small

esidues of precursor species not removed after calcination at
50 ◦C (approx. 1 wt.% at temperatures up to 500 ◦C). TGA was
lso used for temperature-programmed reduction and reoxida-
ion (redox). The redox procedure was conducted as follows
sing crushed oxide powders: (1) pre-oxidation in air up to
00 ◦C (heating rate: 10 ◦C/min, dwell: 10 min) in order to
emove water/carbonates and precursor residues; (2) cooling
own to ambient temperature in air, flushing and stabilization

f the baseline, (3) reduction in 7 vol.% H2 in nitrogen up to
00 ◦C (5 ◦C/min); (3) cooling down in H2/N2, flushing and sta-
ilization; (4) reoxidation in air up to 350 ◦C (5 ◦C/min, 1 h); (5)
ooling down in air, flushing and stabilization; (6) reduction in
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3.1.1. TEM
TEM images of a calcined Cu Ce Zr mixed oxide sample

are shown in Fig. 3. Co-precipitation of copper, cerium and zirco-
nium ions results in the formation of nanocrystalline Cu Ce Zr
F. Huber et al. / Chemical Engin

vol.% H2 in nitrogen up to 300 ◦C (5 ◦C/min). The gas flow
ate was 80 N ml/min in all steps.

Transmission XAS data were collected at the Swiss-
orwegian Beam Lines (SNBL) at the European Synchrotron
adiation Facility (ESRF), France. Spectra were obtained at the
u K-edge (8.979 keV) using a channel-cut Si(1 1 1) monochro-
ator. Higher order harmonics were rejected by means of a

hromium-coated mirror aligned with respect to the beam to
ive a cut-off energy of approximately 15 keV. The maximum
esolution (�E/E) of the Si(1 1 1) bandpass is 1.4 × 10−4 using a
eam of size 0.6 mm × 7.2 mm. Ion chamber detectors with their
ases at ambient temperature and pressure were used for measur-
ng the intensities of the incident (I0) and transmitted (It) X-rays.
he catalyst powder sample was diluted with boronitride. A cop-
er foil, and Cu2O and CuO powders diluted with boron nitride
ere used as reference materials. The recorded XAS spectra
ere energy calibrated, pre-edge background subtracted (linear
t) and normalised using the WinXAS software package [79].
or extended X-ray absorption fine structure (EXAFS) analy-
is the data were converted to k-space using WinXAS, and the
east-square curve fitting was performed with the EXCURVE 98
rogram [80] based on small atom approximation and ab initio
hase shifts calculated by the program.

TEM data were recorded on a JEOL 2010F transmission elec-
ron microscope. Small amounts of the catalyst samples were
ut into sealed glass containers containing ethanol and placed
n an ultrasonic bath for a couple of minutes to disperse the
ndividual particles. The resulting suspension was dropped onto

holey carbon film, supported on a titanium mesh grid, and
ried. Conventional TEM images were recorded onto a CCD
amera. Samples were also examined in scanning transmission
lectron microscope (STEM) mode, with a nominal probe size
f ∼0.7 nm. Bright field and dark field STEM images were
cquired. Energy-dispersive X-ray spectroscopy (EDS) analy-
is and mapping were performed using an Oxford Instruments
NCA system. Drift compensation was employed to correct for
ovement of the sample during the time taken for the acquisition

f maps.

. Results and discussion

.1. General features of the synthesized Cu Ce Zr mixed
xides

The colour change from light blue via dark blue/green to
reen observed during the first 45 min of precipitation is an
ndication of the heterogeneous nature of the co-precipitation
f different metal ions. The pH at which the precipitation of the
ingle metals begins depends on temperature, concentrations and
he anions present (see e.g. the titration experiment performed
y Lamonier et al. [43] for Cu Ce mixtures). With urea as the
ource for hydroxide ions, the formation of carbonate precip-
tates, which depends on the solubility of the corresponding
etal carbonates in aqueous solution as well as the interac-
ion of Cu cations with NH3, has to be taken into account.
his holds especially for rare-earth metals whose carbonates
re insoluble in water [81]. In addition, the metal ions may

F
(
(
5
L

g Journal 137 (2008) 686–702 691

ffect each other in respect of their precipitation behaviour. A
etailed experimental study, similar to the one performed by
oler-Illia et al. [49] on Cu Zn basic carbonates, would be
ecessary to elucidate the reaction path of the nucleation and
rowth process in the temperature-dependent phase diagram of
he Cu/Ce/Zr–nitrate–urea system.

The total (not optimized) yield of precipitation was approx-
mately 80 wt.% based on the nominal oxide composition,
ncluding losses due to the post-synthesis treatment.
ig. 3. TEM images of a representative Cu Ce Zr mixed metal oxide powder
sample Bo). (A) As calcined sample (scale bar 50 nm). (B) After pre-oxidation
heating rate: 10 ◦C/min, dwell: 10 min at 500 ◦C), reduction (up to 300 ◦C,
◦C/min) and reoxidation (5 ◦C/min, 1 h at 350 ◦C). Scale bar: 5 nm. (Inset)
attice Fourier transform.
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Fig. 4. XRD spectra of Cu Ce Zr mixed metal oxide powders at different
stages in the preparation: (a) Bo-dry; dried at 100 ◦C for about 11 h, not cal-
cined. (b) Bo-s98; aging temperature approx. 98 ◦C. (c) Bo; sample of (a) after
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ixed oxide particles. Primary particles formed through nucle-
tion and growth have agglomerated to larger clusters (Fig. 3A),
erhaps already during the aging of the precipitate in solution.
ccording to Matijevic [48], the degree of particle agglomer-

tion in solution increases with initial metal concentration. By
sing lower concentrations of the nitrate precursors, the degree
f agglomeration could be reduced and the total surface area of
he powder possibly improved. However, particle agglomeration
ill also occur during drying and calcination. Zhang et al. [82]

uggested the addition of an anionic surfactant before drying in
rder to reduce the degree of agglomeration during drying and
alcination.

Fig. 3B displays the crystalline nature of the nanoparticles. A
ough particle size estimate lies in the range 3–5 nm. The lattice
pacing is visible, and nanocrystalline particles are randomly
riented. The d-spacing mainly observed in the individual par-
icles is approximately 3.1 Å, corresponds to the (1 1 1) spacing
f the fluorite structure for the CeO2 and Ce Zr mixed oxides.
he lattice constant is thus estimated to 5.4 Å, in accordance
ith literature data for Ce Zr mixed oxides [2,83]. The image
f Fig. 3B is obtained after reduction and reoxidation of the cal-
ined sample in Fig. 3A. Comparable images (not shown here)
ere obtained for the calcined sample, displaying similar fea-

ures. The fluorite-type structure is therefore preserved upon
edox treatment.

.1.2. XRD
Representative XRD spectra of the Cu Ce Zr mixed oxides

fter different steps in the synthesis are included in Fig. 4. Fig. 4a

s recorded after drying at 100 ◦C. The characteristic peaks of
he fluorite-type structure show that this structure is present
lready after drying. This is in agreement with Hirano et al. [39],
ho observed the fluorite structure in as-precipitated Ce Zr

t
a
T
9

able 1
urface area, pore volume and primary particle size for the Cu Ce Zr mixed metal

BETa (m2/g) stv (m2/mm3)

c 121.13 0.86
Po 89.24 0.62
Po-2C 89.26 0.62
o 154.42 1.08
o-d120b 145.20 1.01
o-2C 163.79 1.15
o-dry
o-redox 141.69 0.99
o-d150 109.34
oEth 110.49 0.78
oEth-dry
oEG-s100 170.65 1.19
oEG-s100-dry
oEG-s100-d250 120.76 0.85
o-s98 115.29

he densities used for calculation of the surface-to-volume ratio (stv) and the pore
ombination of tabulated densities for CeO2 (7650 kg/m3), ZrO2 (5680 kg/m3, tetrag
a Estimated error of BET smaller than 5% of the total value.
b Catalyst Bo-d120 suffered a temporary temperature hot spot in the initial period o
different type of drying furnace applied. XRD profile (fluorite structure only), N2 is
alcination at 350 ◦C for 2 h. (d) Bo-redox; sample of (c) after reduction (up to
00 ◦C, 5 ◦C/min) and reoxidation (5 ◦C/min, 1 h at 350 ◦C).

hydrous) oxide samples after drying at 60 ◦C. Lamonier et al.
43] made a corresponding observation for Cu Ce mixed oxides
ried at 90 ◦C. No significant change in the fluorite structure
an be observed upon calcination (Fig. 4c) and redox treatment
Fig. 4d), in accordance with the TEM images. Fig. 4b will be
iscussed in Section 3.3. Particle size estimation from XRD data
Table 1, Bo-samples) shows that the particles present after dry-
ng of the precipitate are preserved in size after calcination and
edox treatment, with a slight tendency towards sintering. Fig. 5
hows the crystal size distribution and the microstrain as a func-
ion of crystal size for sample Bo as obtained by XLBA. The

verage crystal size for this sample is approx. 3 nm (Fig. 5A,
able 1). The primary crystal XLBA size estimate reaches up to
nm, with 90% of the particles being smaller than about 6 nm

oxide catalysts

Pore volume XRD crystal size (nm)

(cm3/g) (cm3/cm3)

0.1347 0.96
0.1288 0.90 3.1
0.1352 0.95
0.2678 1.87 3.3
0.2720 1.90 3.8
0.2632 1.84 3.4

3.1
0.2464 1.72 3.6
0.2344
0.1943 1.37 5.1

4.2
0.3345 2.34 3.1

2.8
0.2201 1.54 3.5
0.1893 3.6

volume in cm3/cm3 (based on the sample volume) are estimated by a linear
onal phase) and CuO (6310 kg/m3).

f the precipitation, and the drying temperature was approximately 120 ◦C with
otherm and pore size distribution all similar to those obtained for Bo.
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Fig. 5. Crystal size distribution and microstrain (RMS = root mean square) for
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Fig. 6. Normalized Cu K-edge XANES spectra of a typical calcined Cu Ce Zr
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oxygen shell to the copper central atom, E0 = energy shift to cor-
rect for deviations from the theoretical edge value). The initial
values for the fitting were taken from the crystallographic data
for CuO (E0 = 0, �σ2 = 0.01). The variance takes into account

Table 2
Structural parameters of the first oxygen coordination shell around the Cu central
atom in nanocrystalline Cu Ce Zr mixed metal oxide (sample Bo-d120, fitting
interval: �k = 3–9 Å−1) and the reference compound CuO (k3 weighting, fitting
interval: �k = 3–12 Å−1) obtained from a standard EXAFS analysis at the Cu
K-edge

AFAC 0.94

E0 (eV) R1 (Å) N1 �σ2 (Å2)

Bo-d120 −10.5 ± 1.0 1.92 ± 0.01 2.5 ± 0.5 0.003 ± 0.002
CuO −15.2 ± 0.8 1.96 ± 0.01 3.9 ± 0.2 0.008 ± 0.001
CuOa 1.96 4.0
CeO2

a 2.34 8.0

The EXCURVE parameter AFAC reflects the amplitude reduction factor. The
AFAC value used for fitting the oxide sample was obtained by fitting the reference
material CuO with k3 weighting of the EXAFS function, but deviated only
he Cu Ce Zr mixed metal oxide (sample Bo) as estimated from XRD data by
eans of a software-based X-ray line broadening analysis (XLBA). (A) Relative

requency, (B) cumulative frequency and (C) RMS strain.

Fig. 5B). The XLBA and TEM results are thus in good agree-
ent. The particles (10%) with size ≤1 nm may, however, be

uestionable. This is further discussed in Section 3.1.4.

.1.3. XAS
The XANES profile of a typical calcined Cu Ce Zr mixed

xide (sample Bo-d120) at the Cu K-edge is compared with the
rofile of reference materials: Cu foil, CuO and Cu2O powder
n Fig. 6. The XANES fingerprint of Cu in the MMO resembles
hat of bulk CuO, indicating a major fraction of the Cu atoms to
ave a similar structure and oxidation state. The spectral features
n the 8978–8985 eV region, namely dipole-allowed 1s ⇒ 4p
ransition and 4p–3d hybridization, are indicative of the local

ymmetry and oxidation state of the average Cu. The position of
hese transitions is determined from the first inflection point and
hifts to increasing energies for higher Cu oxidation state, and
ang et al. obtained from an XANES analysis of Ce0.8Cu0.2O2

s
f

[

ixed metal oxide powder (sample Bo-d120) and reference materials (Cu foil,
uO and Cu2O powder). The spectra of Cu2O and Cu foil are shifted upwards
long the ordinate axis for visualisation.

hat the average Cu in this mixed oxide has a somewhat higher
xidation state than bulk CuO cations [88]. This is similar to
ig. 6, where the energy of the inflection point increases in the
rder bulk Cu < bulk Cu2O < bulk CuO < Cu–MMO.

A standard EXAFS analysis (i.e. k ≥ 3 [54,84]) was per-
ormed on the XAS spectra of the same sample. The structural
odel is limited to the first oxygen shell around the copper

toms. The fitting was carried out in different ways to check
hether the structural parameters obtained are sensitive to the
tting procedure: the k-intervals used for fitting were [3;8], [3;9]
nd [3;12]. For the range k = [3;9], the analysis includes both
tting with k1- and k3-weighting in order to account for the
igh correlation between the coordination number N and the
ebye–Waller factor �σ2 [84]. In Table 2, the structural param-

ters obtained by fitting the structural model for the first oxygen
hell to the experimental data are shown (R = distance of the
lightly from the theoretical value 1. The parameters given for Bo-d120 result
rom fitting with both k1 and k3 weighting.

a Crystallographic data obtained from literature for CuO [101] and CeO2

102].



694 F. Huber et al. / Chemical Engineering Journal 137 (2008) 686–702

Fig. 7. (A) Cu K-edge EXAFS spectra and (B) corresponding Fourier trans-
forms of a Cu Ce Zr mixed oxide catalyst (sample Bo-d120, k3 weighting,
fi
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Table 3
Nominal and ICP-AES composition of Cu Ce Zr mixed metal oxide catalysts

Catalyst composition–molar fraction of metals

Cu Ce Zr

Nominal comp. 0.23 0.54 0.23
Bc 0.10 0.63 0.27
HPo 0.22 0.55 0.23
Bo 0.23 (5) 0.54 0.22 (6)
Bo-d120 0.23 0.54 0.23
Bo-TPR 1 0.16a

Bo-TPR 2 0.20
BoEth 0.19 0.58 0.23
BoEG-s100 0.22 0.55 0.23

The deviation between the parallel runs was within 5%, and the estimated detec-
tion limit is 2000 mg/kg for Ce, 300 mg/kg for Cu and 200 mg/kg for Zr (based on
the mass of the sample). The amount of Cu in Bo determined by integration over
the TPR peaks obtained in the TGA is also included, assuming as stoichiometry
o
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tting interval: �k = 3–9 Å−1), containing both the experimental and the fitted
heoretical curve based on small atom approximation. The structural model takes
nto account the first oxygen shell around Cu.

he uncertainty given by EXCURVE as well as the variation
f different fitting approaches. Fig. 7A shows the experimental
nd theoretical EXAFS spectra in k-space with k = [3;9] and k3-
eighting. The Fourier transform profile indicates that the first
xygen shell is the dominant shell in the experimental EXAFS
pectra (Fig. 7B). This is consistent with spectra reported by
hen et al. [24] for Cu Ce mixed oxides. It is thus reasonable

o limit the fitting to the first shell. No significant improvement
as obtained by inclusion of further shells.
Table 2 also includes the structural parameters obtained for

he CuO reference powder. Here, the coordination number was
ot included in the fitting procedure (initial value: 4), but was
imply refined at the end of the fitting. The structural parame-
ers for the first oxygen shell around the Cu atoms in the mixed
xide are similar to the ones in CuO, in accordance with the
ANES comparison. It can therefore be concluded, that the
ajor part of the Cu atoms in the MMO exhibits a similar

tructural environment as Cu in bulk CuO. Ramaswamy et al.
85] and Lamonier et al. [43] identified different Cu species in
lectron paramagnetic resonance (EPR) studies on sol–gel pre-
ared, nanocrystalline Cu Zr oxides and co-precipitated Cu Ce
xides, respectively. They distinguished framework-substituted
u ions and extra-lattice species, such as interstitial copper ions
r copper dimers, dispersed ions bound to the surface and CuO-
ype clusters or small particles. The ratio between these species
as reported to depend on the amount of Cu in the samples

nd the temperature pre-treatment. Crystalline CuO, which is
ot visible to EPR but is to XRD [43], was reported to form at
igh Cu loadings. Consistent with our XAS results, Lamonier

t al. [43] conclude from their EPR studies on co-precipitated
u Ce mixed oxides calcined at 400 ◦C, that a major part of
opper exists as CuO-like clusters well dispersed in the solid
atrix.

d
i
g
e

f Cu:O = 1.
a The first TPR was reproduced for three freshly calcined samples of catalyst
o, with the deviation between obtained reduction degrees within 1%.

The reduced coordination number (N1) of oxygen atoms com-
ared to CuO (Table 2) may relate to the small size of the
uO-like clusters, with a significant number of low-coordinated
u atoms at the particle surface [53–56]. Neglecting other pos-

ible effects [54], a rough estimate for the size of spherical CuO
lusters would be 8 Å (with error deviation: 5–15 Å) [55], i.e.
n the range of the STEM resolution. However, defects in the
xide structure, such as oxygen vacancies, cannot be excluded.
tandard EXAFS analysis tends to underestimate coordination
umbers, especially for small particles [54]. Applying the cor-
ection function developed by Clausen and Nørskov [54] in a
odified form (N-bulk = 4 instead of 12) to our system, the

oordination number does not increase significantly. This is
nly a rough indication, since the correction was developed for
etallic copper with fcc structure and not for copper oxide. A
ulti-data-set EXAFS analysis [56] including asymmetric pair

istribution functions for nano-sized particle clusters [54], could
urther minimize correlation effects.

.1.4. STEM–EDS
As a result of the nucleation and growth process, the syn-

hesized material should exhibit gradient in composition at the
anoscale. Fig. 8 shows the STEM–EDS elemental mapping of
ample Bo-redox. Cu, Ce and Zr are distributed over the whole
apping area (approx. 30 nm × 50 nm), and the average metal

omposition is close to the ICP-AES-measured composition
Table 3). Within the mapping area, regions of a few nanome-
res high in Cu or Zr concentration relative to the surroundings
ould be observed (Fig. 8C and E). This is in agreement with
he XAS results (Section 3.1.3) that suggested the existence of
uO-like clusters. As mentioned above, initially formed nuclei
robably serve as sites during co-precipitation for the heteroge-
eous nucleation of a second phase, which grows incorporating

ifferent cations at different rates [49]. Thus, the particles should
ncorporate the three metals in an inhomogeneous way, although
overned by their hydrolytic behaviour. Ce and Zr do not nec-
ssarily precipitate simultaneously or at the same rate under the
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Fig. 8. STEM–EDS elemental mapping of a calcined Cu Ce Zr mixed oxide powder (sample Bo-redox) after reduction (up to 300 ◦C, 5 ◦C/min) and reoxidation
(5 ◦C/min, 1 h at 350 ◦C). (A) Mapping area, marked with white frame. (B) EDS metal ratio of the mapping area, (C) Cu K�1, (D) Ce L�1, (E) Zr K�1, (F) O K�1

and (G) EDS spectrum of the mapping area. Scale bar: 30 nm in all images.
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onditions used here (in contrast to the findings in reference [39])
nd/or the formation of single element clusters might be more
avourable than a homogeneous distribution of all components.

A similar elemental mapping was conducted for sample Bo,
.e. the same material, calcined but before any redox treat-

ent. Inhomogeneous metal distributions at the local scale were
ound similar to those shown in Fig. 8. Therefore, the redox
reatment itself does not significantly change the metal distri-
ution. In situ EXAFS studies on reduction and reoxidation of
e0.8Cu0.2O2 at 300 ◦C concluded that the Cu redox process is
ssentially reversible after one redox cycle [88]. Qi and Flytzani-
tephanopoulos [5] found by XPS analyses of Cu Ce La mixed
xides that the amount of surface Cu increased after water-gas
hift reaction as compared to the freshly calcined material. Lam-
nier et al. [43] observed enrichment of Cu at the surface of
u Ce mixed oxide particles with increasing temperature. For
discussion on the phase segregation in Ce Zr mixed oxides

nder high temperature treatment we refer to Di Monte and
ašpar [2] and references cited therein.
It is known that the lattice parameters (a/b/c) of the crys-

alline fluorite phase change upon doping of ceria with other
etals [2,6,43,46,86]. The corresponding 2Θ-shift in the XRD

eaks depends on type and amount of dopant. A powder sample
an be considered as a collection of crystallites with different
-spacings with a broadening of the XRD peaks as a result of
he bandwidth of the d-value within the powder. An inhomo-
eneous composition therefore introduces uncertainty into the
etermination of particle size from XLBA analysis, since the
eak broadening in locally inhomogeneous phases no longer
nly stems from particle size, strain or the instrument. Based
n the TEM images in Fig. 3, it may be assumed that the error
ntroduced is not significant, but the XLBA crystallite size dis-
ribution appears to produce somewhat smaller diameters than
bserved in TEM, down to 1 nm. This phenomenon should not
e ignored in quantitative analyses of materials inhomogeneous
omposition by XRD, and the use of complementary character-
zation techniques, such as TEM, is advisable.

.1.5. TGA-TPR
The calcination temperature was chosen low enough to avoid

intering of the mixed oxide particles, and high enough to
nsure the removal of most of the synthesis residue as gaseous
ecomposition products (N2/NOx, CO2 and H2O) from the basic
ydrous oxides. The freshly calcined samples were examined
y TGA. Temperature-programmed oxidation (TPO, data not
hown) confirmed that most synthesis residues were removed
pon calcination. A weight loss observed at 100–150 ◦C can be
ssigned to adsorbed water and carbonate species [29]. A second
eight loss of about 1 wt.% close to 500 ◦C may correspond to

he amount of synthesis chemicals remaining after calcination
t 350 ◦C. Prior to further redox experiments in the TGA set-up,
he mixed oxide samples were therefore calcined at 500 ◦C to
liminate disturbances to the reduction quantification.
Fig. 9 shows the TPR profiles of the calcined Cu Ce Zr
ixed oxide obtained during redox cycling in the TGA. The
aximum of the reduction peak lies at approx. 170 ◦C with the

eak of the second TPR slightly shifted to higher temperatures.

M
T
t
s

ig. 9. TPR profiles of a Cu Ce Zr mixed metal oxide (sample Bo) obtained
uring the first (TPR1) and second (TPR2) in the TGA. Between TPR1 and
PR2 the catalyst was reoxidized in air (5 ◦C/min, 1 h at 350 ◦C).

his could be caused by densification during the redox treat-
ent, also in agreement with changes in BET and pore volume

f samples Bo and Bo-redox in Table 1. Reoxidation of the
educed catalyst after the first TPR step results in a temperature
ncrease of 50–100 ◦C for 1 g of sample in flowing air at ambient
emperature, due to the pyrophoric properties of reduced copper.
he temperature range for the reduction peaks observed coincide
ith reduction temperatures obtained for Cu Ce mixed oxides
repared by conventional co-precipitation [11,12,46]. The main
eduction peaks are found at similar temperatures as for classical
u Zn Al mixed oxide catalysts [29]. While Cu Ce Zr mixed
xides have the fluorite structure as the only XRD/TEM-visible
rystalline phase, the Cu Zn Al systems usually exhibit differ-
nt oxide phases; Cu/CuO, ZnO, according to XRD as well as
sometimes amorphous) Al2O3. Ce Zr mixed oxides are known
o be reducible, but the degree of reduction is low for T < 200 ◦C
ccording to Overbury et al. [87]. A major contribution to the
ow-temperature reduction stems from the formation of OH-
roups at the surface [35]. This can be neglected in TGA because
f the marginal weight of hydrogen atoms. The formation of oxy-
en vacancies by H2O release would be more TGA sensitive,
ut plays a significant role above 500 ◦C only [35]. Addition of
educible metals may improve the low-temperature reducibility
f Ce Zr mixed oxides, but this is also mainly related to the
ormation of OH-groups [35]. Cu has a moderate effect on the
educibility of ceria [41] that is dependent on the Cu content
42]. In agreement with Overbury et al. [87] and Norman and
errichon [35], who studied the impact of noble metals, Wrobel
t al. [42] found the Cu-promoted reduction of Ce4+ to Ce3+ in
u Ce mixed oxides with Cu/Ce < 0.5 to occur mainly above
00 ◦C. No quantitative discrimination between the formation
f OH-groups and oxygen vacancies was made in this study.

With reference to the literature summarized above, we
ssign the observed reduction of the Cu Ce Zr mixed oxide
t T < 200 ◦C mainly to the reduction of copper oxide, not tak-
ng into account the possible higher oxidation state of Cu in
MO compared to bulk Cu(2+)O discussed in Section 3.1.3.
he small, constant weight loss at T > 200 ◦C may originate from

he reduction of Ce and possibly to a fraction of less reducible Cu
pecies. The existence of a broad TPR peak with a pronounced
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keep a significant amount of copper in solution, while the ratio
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houlder may be related to a stepwise reduction of Cu(2+)
ia Cu(1+) [42], as well as to the inhomogeneous distribution
f copper in the mixed oxide sample, as observed by STEM
Fig. 8). The reducibility of single Cu atoms incorporated in the

MO bulk could be lower than that of surface Cu or Cu parti-
les due to accessibility and/or stability of the oxide state. This
nterpretation of varying reducibility of different copper species
ncorporated in the Ce Zr mixed oxide is in accordance with
esults obtained by Ramaswamy et al. [85] for nanocrystalline
u Zr oxides. They found the extra-lattice species to be reduced
ore easily than the framework-substituted ions. Consistently,
robel et al. [42] reported Cu clusters in Cu Ce oxides to be
ore reducible than isolated Cu(2+) ions. However, based on the

ssumed heterogeneous mechanism of the co-precipitation, also
terical hindrances, i.e. encapsulation of in principal reducible
opper species by the Ce Zr matrix, probably causes variations
n the reduction behaviour of copper.

The degree of reduction was quantified by integrating over the
ow-temperature reduction peaks and assuming a stoichiometry
f Cu:O = 1, not taking into account (possible) partial reduction
o Cu(1+) [42] or a potentially higher oxidation state of Cu in

MO compared to bulk Cu(2+)O as discussed in Section 3.1.3.
he obtained copper content in Bo is given in Table 3 (Bo-TPR-1
nd BoTPR-2). Systematic errors may result from the choice of
aseline and the simplified reduction stoichiometry. The devia-
ion between the fraction of Cu obtained from TPR-1 (0.16) to
hat determined by ICP-AES (0.23(5)) indicates that Cu is not
ompletely reduced upon the first TPR. Accordingly, Wang et
l. observed an incomplete reduction of Cu in Ce0.8Cu0.2O2 at
reduction temperature of 300 ◦C [88]. The reduction degree

ncreases upon reoxidation and a second TPR, but even then
small amount of Cu seems to remain in the oxidized state. A

imilar increase in the extent of Cu reduction from the first to the
econd TPR was observed for a sample prepared according to the
ame procedure and, in addition, aged in ethanol under reflux
onditions, with a somewhat higher overall reduction degree
TPR-1: 0.18, TPR-2: 0.22). The improvement in accessibility
nd reducibility of the Cu could be related to changes in the
anostructure of the primary particles upon redox cycling. The
egregation of copper atoms to the surface of the mixed oxide
articles would be in agreement with XPS results reported by Qi
t al. [5] for a used Cu Ce La catalyst sample and Lamonier et
l. [43] for a high temperature treated Cu Ce sample. Cu segre-
ation is not necessarily in conflict with our STEM–EDS results,
ince a slow structural change is not as easily quantified as with
PS. Changes in the local structure around Cu were observed by

n situ EXAFS studies on Ce0.8Cu0.2O2 after reduction and reox-
dation at 300 ◦C, but this change was only of a minor extent and
he overall redox process was considered essentially reversible
fter one redox cycle [88].

The enhanced reducibility upon redox cycling was not
bserved in a Cu Ce Zr mixed oxide prepared by a nitrate
ecomposition method that resulted in two XRD-visible phases

CuO and fluorite, data not shown). Cu Zn Al mixed oxides
ith separate phases (CuO, ZnO, and presumably XRD-

morphous Al2O3) also usually reach complete reduction after
single TPR [89]. It may therefore be concluded that the

b
i
p
c

ig. 10. N2 adsorption–desorption isotherm of a Cu Ce Zr mixed metal oxide
sample Bo) and the corresponding pore size distribution estimated from the
dsorption isotherm by NLDFT.

ain part of copper in Cu Ce Zr mixed oxides prepared by
o-precipitation has similar reduction behaviour as in Zn Al
upported systems, whereas a certain part of the Cu is incorpo-
ated in the fluorite structure (and/or interacting with Ce atoms
42]) and hence more difficult to reduce. The key factor for such
eduction properties appears to be the existence of the fluorite
tructure, with the improved reducibility interpreted as a sign of
egregation within the metastable MMO phase.

.1.6. N2 adsorption–desorption isotherm
Fig. 10 shows a N2 adsorption–desorption isotherm rep-

esentative of the Cu Ce Zr mixed oxides prepared by
o-precipitation. The isotherm exhibits a type-IV character [90]
ith a hysteresis loop commonly interpreted as a consequence
f capillary condensation in the mesopores present in the mate-
ial [91]. The inset in Fig. 10 displays the pore size distribution
f sample Bo obtained by NLDFT analysis of the adsorption
sotherm indicating which pore sizes that contribute to the over-
ll pore volume. The pore sizes in the MMO material mainly lie
n the mesoporous range (2–50 nm).

.2. Effect of ammonia

Table 3 shows the composition of some of the prepared
u Ce Zr mixed metal oxides determined by ICP-AES. Bo is

epresentative of an open system (set-up with oil bath) prepara-
ion with evaporation and refilling of water. The measured metal
omposition of Bo corresponds well with the nominal composi-
ion based on the amount of precursor salts used. Bo-d120 and Bo
ere prepared similarly and represent an indication of the repro-
ucibility of the preparation in terms of elemental composition.
c was prepared under reflux conditions in the same apparatus.
mmonia formed after urea decomposition was not evaporated
ut remained in the solution under these conditions. As a con-
equence, ammonia reacts with copper to form complexes that
etween Ce and Zr is not significantly affected. An open system
s therefore preferred for an optimal utilization of the copper
recursor, as well as a straightforward control of the catalyst
omposition via the initial precursor concentrations.
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.3. Effect of synthesis temperature

Spectrum (b) in Fig. 4 belongs to sample Bo-s98, similar to
o except the temperature during precipitation and aging being
radually increased to approximately 98 ◦C. The colour of the
recipitate gradually changed from green to dark green/grey.
opper hydroxide is known to decompose to black CuO when
oiling in aqueous solution, and may also do so at lower
emperature at a lower rate [92,93]. This explains the dark-
ning of the solution when approaching the boiling point of
ater. The additional XRD peaks could not be ascribed to one,

pecific compound. Instead, the peaks can be assigned to a
ixture of basic copper hydroxide and hydroxynitrate phases,

ncluding tenorite (CuO), malachite (CuCO3·Cu(OH)2), azurite
2CuCO3·Cu(OH)2) and gerhardtite (Cu2(OH)3NO3) ([93]).
hese additional phases disappeared after calcination of the
ried sample (spectrum not shown), to retain the typical peaks
f the fluorite-type structure (such as spectrum (c)).

Sample Bo-s98 has suffered loss of surface area and pore
olume compared to Bo (Table 1). This indicates a larger extent
f agglomeration of the primary crystallites, since these are of
imilar size. One may suspect that the formation of intermediate
u hydroxide species results in a higher degree of Cu segregation

n the final MMO, even if a separate CuO phase could not be
etected in XRD after calcination at 350 ◦C. Lamonier et al. [43]
nvestigated Cu Ce mixed oxides with different Cu loading and
elated the existence of intermediate copper hydroxynitrates at
igher Cu loadings to the appearance of a CuO phase in the
alcined MMO.

Sample BoEth (Table 1) was precipitated in the standard way
as Bo), except the gradual addition of ethanol instead of water
bout 1 h after the onset of the precipitation. The synthesis tem-
erature was simultaneously reduced to the boiling point of the
ater–ethanol mixture (approx. 83 ◦C at the end of the syn-

hesis). The aging of the precipitate thus proceeded in boiling
olution, and the colour of the suspension changed from green
ia grey to red-brown in the course of precipitation. This colour
hange was also observed for precipitation in the water–ethylene
lycol solution at 100 ◦C (BoEG-s100). During washing with
thanol and filtration in contact with air, the colour of the precip-
tate changed from red-brown to (light) green. The XRD spectra
f the dried as well as calcined samples contained only the typi-
al fluorite peaks and no additional phases related to Cu species.
oEG-s100 has lower surface area and smaller pore volume than
o, as well as a larger primary crystallite size.

The lower Cu content of BoEth (Table 3) is probably caused
y the less efficient removal of ammonia at reduced tempera-
ure, or a change in the decomposition rate of urea with a change
n temperature and solvent. McFadyen and Matijevic [94] also
bserved a red-brown precipitate during precipitation of col-
oidal copper hydrous oxide sols from copper nitrate solutions
t 75 ◦C and high pH. The red-brown material, with larger par-
icle size than a blue-coloured mixture of copper hydroxide and

ydroxynitrate, was assigned to CuO. Alternatively, the colour
hange to red-brown could be related to reduction of Cu2+ to
u1+, accompanied by oxidation of ethanol, in analogy with
hemical reduction of transition metals by alcohols or polyols.

K
u
t
h
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he colour change during washing may thus be interpreted as
he reverse redox process.

Synthesis temperatures too close to the boiling point of the
olvent apparently have an undesirable effect on surface area
nd pore volume, and possibly also the homogeneity of the
u Ce Zr mixed oxides. Increasing the temperature during
ging enhances the agglomeration of the primary crystallites
o give lower pore volume and accessible surface area. Too
igh temperature during the early stage additionally results
n larger crystallites. An optimal MMO preparation requires
ptimization of synthesis temperature and aging time, param-
ters that are connected to the pH of the solution via urea
ecomposition. An elucidation of the reaction path of the pre-
ipitation in the temperature-dependent phase diagram of the
u/Ce/Zr–nitrate–urea system may explain the appearance of
dditional copper phases in the dried precipitate under some
onditions.

.4. Effect of set-up

According to the ICP-AES data in Table 3, the use of different
reparation set-ups had no significant effect on the resulting
atalyst composition. HPo was prepared in the simple set-up
ith the hot plate (Fig. 2A), and exhibits within experimental
ncertainty the same metal composition as Bo that was prepared
n the oil bath (Fig. 2B).

In terms of structural characteristics (Table 1), Bo has a higher
urface area and pore volume than HPo, while the size of the
rimary crystallites is comparable. Both catalysts have pores
n the mesoporous range (2–50 nm, Fig. 10, pore size distribu-
ions of HPo not shown), but pores around 20–30 nm are more
bundant in Bo than in HPo. The higher mesoporosity of Bo
s in agreement with the trend obtained by the BJH method
Table 1). The synthesis set-up therefore affects the agglom-
ration of the primary particles during aging rather than the
ormation of the primary particles. Since the time scale for tem-
erature increase, onset of precipitation and change of colour
ere similar in both set-ups, heat management and hence urea
ecomposition should be comparable. This may explain why the
rimary particle formation is unaffected by the choice of set-up.

The agglomeration of the primary particles is presumably
ffected by the flow field of the synthesis reactor. Different types
f stirrers are used in the two set-ups (Fig. 2) that probably create
ifferent flow patterns. The flow pattern controls the fluid shear
ate acting on the primary crystallites in the solution and hence
ffects the rate of collisions between the particles. An increase
n the average fluid shear rate may decrease the aggregation rate
ue to reduced contact time between two colliding particles [95].
ocevar et al. [21] observed an increase in the catalytic activity
f Cu Ce mixed oxides with increasing stirring velocity during
o-precipitation. The BET surface area of these oxides was not
eported, but beside the effect of enhanced metal distribution,
he surface area of the final oxide powder may also be affected.

unz et al. [96] showed that ultrasonic vibration (US) can be
sed to enhance mixing during precipitation to give small par-
icles and high-surface area. Thus, an increase in the disruptive
ydrodynamic forces acting on the particles in the flow field of
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ig. 11. Effect of the drying temperature on the pore size distribution esti-
ated from the adsorption isotherm by NLDFT. BoEG-s100 was dried at 100 ◦C
hereas BoEG-s100-d250 was dried at 250 ◦C in air.

he synthesis reactor, by increased stirring, application of ultra-
ound or use of a set-up with more efficient mixing (increased
verage fluid shear rate), should slow down the agglomeration
f primary particles and lead to a more open pore structure.

.5. Effect of drying and calcination conditions

Several samples were calcined under identical conditions but
ried under different conditions. The comparison of sample Bo
drying in static air at 100 ◦C) to Bo-d150 (drying in static air at
50 ◦C), as well as BoEG-s100 (drying in static air at 100 ◦C)
o BoEG-s100-d250 (drying in flowing air at 250 ◦C, heating
ate: 5 ◦C/min) in Table 1 indicates that the drying temperature
ffects the surface area and pore structure of the subsequently
alcined MMO. Increasing the drying temperature to 150 or
50 ◦C decreases the BET surface area approximately 29% rel-
tive to Bo and BoEG-s100, respectively. Fig. 11 shows the
ore size distributions of BoEG-s100 and BoEG-s100-d250. The
igher drying temperature has resulted in a collapse of pores
arger than 10 nm. Pei et al. [97] observed a substantial reduc-
ion in pore volume and surface area when increasing the drying
emperature from 90 to 250 ◦C for mesoporous silica prepared
y spray drying. A similar, ultrasonic-treated mixed oxide exhib-
ted a decrease of the surface area of about 13% upon drying at
50 ◦C (flowing air, heating rate: 5 ◦C/min) relative to 100 ◦C
static air, 113 m2/g). The treatment in an ultrasonic bath for 2 h
ence resulted in a more dense material with lowered pore vol-
me and surface area already before drying. For more details on
ltrasonic treatment we refer to [96].

The pore structure formed by agglomeration during aging in
olution is presumably fragile with weak bonds between the pri-
ary particles (probably OH-bridge and a few O-bridge). Too

igh drying temperature may then cause collapse of the structure
ecause of thermal stress and onset of precursor decomposition.
he extent of structural collapse depends on the type of mate-

ial and the preparation conditions prior to drying. Materials with

igh initial surface area and large pore volume may be more brit-
le in this context than samples with a dense structure. Drying the
recipitates at lower temperature (e.g. 90–100 ◦C) may facilitate
onsolidation of the pore structure by strengthening of the bonds

t
e
s
f
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etween primary particles through a condensation-type reaction
hat forms oxygen bridges [98], while thermal stress and pre-
ursor decomposition are kept at a minimum. The densification
uring following heat treatment is less pronounced.

The gas atmosphere during drying may also affect surface
rea and pore volume of the calcined mixed oxide. For the
ixed oxide subjected to ultrasonic treatment before drying,

rying in flowing nitrogen at 250 ◦C resulted in 12% higher
urface area than drying in flowing air under equivalent condi-
ions. Samples prepared with ethylene glycol and water at 95 ◦C
ere dried both in static air at 100 ◦C (BoEG) and in flowing
itrogen at 250 ◦C (BoEG-d250N; analog to BoEG-s100-d250,
eating rate: 5 ◦C/min in flowing air). The surface areas were
imilar despite the different drying temperatures, in contrast
o BoEG-s100 versus BoEG-s100-d250. The pore volume of
oEG-d250N is 13% lower than BoEG (0.3031 cm3/g), as com-
ared to 34% lower for sample BoEG-s100-d250 in flowing air
elative to in static air BoEG-s100 (Table 1). The same trend was
lso found for a sol–gel prepared Cu Ce Zr mixed oxide cata-
yst dried at 150 ◦C. Drying in flowing nitrogen resulted in 29%
igher surface area than flowing air. Xu et al. [99] observed a sur-
ace area increase of about 23% for nitrogen-dried ZrO2 powder
re-calcined at 270 ◦C compared to the air-dried sample.

The effect of the gas atmosphere should be related to
recursor decomposition. For the mixed oxides prepared by co-
recipitation, the main decomposition peak in air lies around
00 ◦C. Using nitrogen instead of air or oxygen may retard the
recursor decomposition under elevated temperatures and allow
onsolidation of the pore structures. At temperatures below the
ecomposition temperature of remaining precursor compounds,
he impact of the gas atmosphere is negligible. This was con-
rmed by Cu Ce Zr precipitate samples dried at 100 ◦C in
tatic air, flowing air and flowing nitrogen. Approximately the
ame surface area was measured within experimental uncer-
ainty for all three drying conditions: 123, 119 and 118 m2/g,
espectively.

Bo and HPo were placed directly in a muffle furnace at 350 ◦C
o calcine, whereas Bo-2C and HPo-2C were heated at 2 ◦C/min
p to 350 ◦C the muffle furnace. Table 1 shows that the heating
ate during calcination has a minor effect on pore volume and
urface area. Drying at 100 ◦C for about 11 h seems to suffi-
iently consolidate the structure to tolerate the different heating
ates without significant impact. An increase in the heating rate
nd hence in thermal stress and rate of precursor decomposition
an possibly induce a slight densification of the materials [98].
his would depend on the initial pore structure, however, since

arge surface area materials with open pore structure appear more
usceptible to structural collapse.

.6. Comparison with conventional co-precipitation

Conventional co-precipitation is normally carried out with
aOH or Na2CO3 as base. Precursor solution and alkaline solu-
ion are prepared separately and then mixed in the precipitation,
ither by successively adding the alkaline solution to the precur-
or solution or the other way around. Some selected examples
rom the literature are
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1) Hocevar et al. [21]: 10 at.% Cu in ceria, base: Na2CO3,
pH < 5.5, ambient temperature, calcination at 500 ◦C for 1 h,
surface area: 22.5 m2/g or 0.17 m2/cm3 (with the densities
given in Table 1).

2) Liu et al. [6,46]: 10 at.% Cu in ceria, base: NaOH, pH 10,
ambient temperature (then 1 h at 90 ◦C), calcined at 450 ◦C
for 3 h, surface area: 96 m2/g or 0.72 m2/cm3.

3) Kim and Cha [12]: 20 at.% Cu in ceria, base: NaOH, pH 10,
70 ◦C, calcined at 500 ◦C for 5 h, surface area: 91 m2/g or
0.67 m2/cm3.

4) Shen et al. [24]: 12 at.% Cu in ceria, base: Na2CO3, added to
precursor, 70 ◦C, calcined at 350 ◦C for 12 h, surface area:
191 m2/g or 1.43 m2/cm3.

5) Lamonier et al. [43]: 17 at.% Cu in ceria, base: NaOH, pre-
cursor solution into NaOH solution, start pH 14, 60 ◦C,
calcined at 400 ◦C for 4 h, surface area: 80 m2/g or
0.59 m2/cm3.

The surface area strongly depends on the method used and
ot only the calcination conditions. According to the study of
hishido et al. [51] on Cu Zn oxide catalysts, homogeneous
o-precipitation yields catalyst materials superior to the ones
btained by conventional co-precipitation. Conventional co-
recipitation can under certain conditions result in surface areas
omparable to those obtained by homogeneous co-precipitation
see example (4)). Homogeneous co-precipitation with urea as
ase precursor allows premixing of all components in the initial
olution, and no dosing system is required. Salt and base pre-
ursors are mixed on a molecular level in the solution, whereas
fficient mixing of salt and alkaline solution during dosing is
ecessary to minimize concentration gradients for conventional
echniques [96]. The use of urea (or ammonia for the conven-
ional technique) as alkaline source facilitates easy removal of
he decomposition products, while metal cations from ordinary
ases, such as NaOH or Na2CO3, might be incorporated into the
recipitate and hence affect the properties of the final material.

. Conclusions

Homogeneous co-precipitation with urea as base precur-
or results in a Cu Ce Zr mixed oxide of composition close
o the nominal (0.23:0.54:0.23), as given by the amount of
recursor salts in solution. The material exhibits high-surface
rea (>100 m2/g) and nanocrystalline primary particles (3–5 nm)
omposed of a single fluorite-type phase according to XRD
nd TEM. STEM–EDS elemental mapping shows that Cu
nd Zr are inhomogeneously distributed throughout the ceria
atrix as a result of the heterogeneous nature of the co-

recipitation process, and the EXAFS analysis indicates the
xistence of CuO-like clusters, i.e. similar first oxygen coor-
ination shell distance but lower coordination number, well
ispersed in the ceria–zirconia matrix. The XANES results indi-

ate a somewhat higher oxidation state of the average Cu in the
MO compared to bulk Cu(+2)O. We thus assume that both

ramework-substituted Cu and extra-lattice CuO-like clusters
tructures exist within the MMO materials.
g Journal 137 (2008) 686–702

The amount of CuO-like clusters is dependent on the prepara-
ion method and increases with Cu content as well as under heat
reatment (sintering). This type of mixed metal oxide materials
hould therefore not be referred to as homogeneous solid solu-
ions on basis of XRD-based characterization methods, such as
LBA or conventional Rietveld profile fitting, before comple-
entary characterization techniques such as TEM and EXAFS

ave been applied to confirm that this is actually the case.
Temperature-programmed reduction (TPR) experiments find

ost of the Cu atoms to be reducible and not inaccessibly incor-
orated into the bulk, which is important since reduced copper is
he active catalyst component in most cases. The reducibility of
he mixed oxide improves from the first to the second reduction,
etween which the catalyst was re-oxidized. We attribute this
o improved accessibility of the reducible components (mostly
opper) upon heat treatment, as a result of gradual, local phase
egregation in the metastable mixed oxide, leading to copper
nrichment at the surface. Both XRD and TEM confirm that the
rystal structure of the mixed oxide was preserved upon reduc-
ion and reoxidation. No phase separation could be detected
sing these two techniques, which have limitations with respect
o local variations in compositions and structure.

The pore structure and surface areas of the mixed oxide
atalysts are affected by preparation parameters related to the
recipitation stage and the subsequent heat treatment, i.e. dry-
ng and calcination. The surface area is governed by the degree
f agglomeration of the primary crystallites.

The results and discussion given in this paper are not
ecessarily limited to Cu Ce Zr mixed oxides, but can to
ome degree apply to other catalyst formulations prepared
y co-precipitation, e.g. other single-phase materials such as
o Ce Zr, or multi-phase materials such as Cu-, Ni- or Fe-
ased mixed oxides.
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