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SURFACE AND INTERFACE ANALYSIS, VOL. 18, 412-416 (1992) 

Preparation and Surface Characterization of 
Silica-supported ZrOz Catalysts ; Comparison of 
Layered Model Systems with Powder Catalysts? 

A. M. de Jong,' L. M. Eshelman,',* L. J. van IJzendoorn' and J. W. Niemantsverdriet',* 
Schuit Institute of Catalysis, Eindhoven University of Technology, 5600  MB Eindhoven, The Netherlands 

* Department of Physics, Eindhoven University of Technology, 5600  MB Eindhoven, The Netherlands 

Model supports consisting of a thin layer of SiO, on a silicon single crystal have been used to study ZrO,/SiO,/Si 
model systems made by the same wet chemical preparation methods as used in the preparation of technical cata- 
lysts. Tbe results obtained with the models are in good agreement with those on ZrO, catalysts on porous silica 
supports. 

INTRODUCTION 

Identification of factors in the preparation that influ- 
ence the surface structure of a catalyst, is an important 
goal of catalyst characterization. In principle, surface- 
sensitive spectroscopies such as XPS, static SIMS and 
AES are able to yield relevant information on this 
subject. However, their applicability on oxide-supported 
insulating catalysts is often limited by inhomogeneous 
charging. Sample charging can be avoided with model 
catalysts by using a silicon or aluminium crystal with an 
oxidized layer of a few nanometres thick as a model 
support.'-5 The active phase is usually deposited onto 
the support by e v a p ~ r a t i o n ' ~ ~  or by adsorbing metal 
carbonyls, which are then dec~mposed .~ .~  However, the 
active compound can also be applied by the common 
wet chemical techniques that are used in the prep- 
aration of technical In this contribution we 
illustrate this for the catalyst system ZrO,/SiO, . 

Zirconium oxide is of interest as a catalyst for iso- 
synthesis, methanol synthesis and catalytic c r a ~ k i n g ~ ~ ' ~  
and as a support for other catalysts. Highly dispersed 
zirconium oxide on a silica support is of special interest, 
because this combines the chemical properties of zir- 
conium oxide with the mechanical stability and high 
surface area of the silica Recently we have 
reported on the preparation of such a ZrO,/SiO, 
system by means of two methods: incipient wetness 
impregnation from an aqueous solution of zirconium 
nitrate; and a surface reaction between zirconium eth- 
oxide and hydroxyl groups of the silica support. The 
zirconium oxide is formed by heating in air. The cata- 
lyst prepared by the surface reaction has a higher dis- 
persion and is more thermostable than the catalyst 
prepared by incipient wetness impregnati~n.'~ In this 
paper we use the same two wet chemical preparation 
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techniques to make a ZrO, model catalyst on a 
SiO,/Si(l00) support, and we concentrate on the char- 
acterization of those model systems. 

EXPERIMENTAL 

Catalyst preparation 

Two 16 wt.% ZrO,/SiO, catalysts were prepared by 
pore volume impregnation and by letting zirconium 
ethoxide react with the OH groups of the silica surface, 
as described in detail e1~ewhere.l~ 

As a model support we used a silicon single crystal 
(10 x 10 x 1 mm) of (100) surface orientation. First, the 
crystal was sputter-cleaned with 6 keV Ar' ions and 
then oxidized at 500°C in air for 12 h. The impregnated 
model catalyst was prepared by placing a drop of a 
0.015 g 1-' aqueous solution of zirconium nitrate on the 
oxidized silicon crystal. The excess solution was 
removed by holding a paper tissue against the edge of 
the crystal. In this way we obtained a very thin film of 
solution on the model support. The model for the zir- 
conium ethoxide-derived catalyst was prepared by 
soaking the silicon crystal in a solution of 0.1 g zir- 
conium ethoxide in 50 ml ethanol p.a. and 0.5 ml con- 
centrated acetic acid. The solution was stirred slowly 
and heated to 70 "C. After 15 min the sample was taken 
out of the solution and rinsed with ethanol p.a. at room 
temperature to remove unreacted zirconium ethoxide. 
The samples were dried at 40°C and calcined in air at 
temperatures up to 480 "C. 

Techniques 

X-ray photoelectron spectra were obtained with a VG 
Escalab 200 spectrometer equipped with a monochro- 
matized A1 Ka source, a hemispherical analyser con- 
nected to a five-channel detector and a manipulator 
that enables the take-off angle to be varied between 0 
and 90". The XPS spectra of the model support and the 
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model catalysts were measured with 20 eV pass energy 
and those of the powder catalysts at 50 eV pass energy. 
Measuring the powder catalysts at lower pass energy 
did not result in narrower peaks. Charging was cor- 
rected for by using the C 1s peak at 284.6 eV as a refer- 
ence. 

Static SIMS spectra were measured with a Leybold 
SSM200. We used a 2 keV Ar' primary ion beam with 
a current density of 10 nA ern-,. 

Auger depth profiling was performed in a Physical 
Electronics 550 spectrometer equipped with a double- 
pass cylindrical mirror analyser collecting the electron- 
excited Auger spectra while the surface was bombarded 
with 5 keV Ar' ions. The argon beam was rastered over 
an area of 6 x 6 nun around the point of impact of the 
electron beam (energy 3 keV, diameter - 1 mm). 

Rutherford backscattering spectra were measured 
with an incident beam of 3.94 MeV He' produced with 
the AVF-cyclotron at the Eindhoven University of 
Te~hnology.'~ Details concerning the He beam optics 
and detectors have been published elsewhere.' The 
resulting overall energy resolution was measured to be 
18 keV. As the energy of the beam (3.94 MeV) is higher 
than the 2 MeV that is usually employed for RBS, the 
scattering behaviour of Si and Zr has to be assessed. 
The energy threshold for non-Rutherford behaviour 
of scattering cross-sections can be estimated 
theoretically16 and for Zr corresponds to an energy of 
11.9 MeV at a scattering angle of 100". The situation for 
Si is more critical. In this case, the theory predicts a 
deviation of 4% from the Rutherford cross-section at an 
incident ion energy of 4.4 MeV at loo" scattering angle. 
Experiments, however, revealed deviations above 3.7 
MeV at a 165" scattering angle." In view of the 
restrictions imposed by Si, we adopted a scattering 
geometry with an angle of 30" between the incoming 
beam and the surface normal and a scattering angle of 
100". We assume that the cross-sections are accurate 
within 5%. 
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Figure 1. X-ray photoelectron spectra of the Si 2p region meas- 
ured on the SiO,/Si(lOO) model support for different oxidation 
temperatures. 

becomes more pronounced. This means that the silicon 
oxide layer grows with increasing oxidation tem- 
perature. The dashed lines in Fig. 2 are the fitted theo- 
retical curves of the Si4'/Si ratio as a function of the 
take-off angle, assuming that the SiO, forms a homo- 
geneously thick layer. These profiles are calculated 
using the following relation 

(1) 

in which Zsioz and ZSi are the XPS intensities of the 
Si 2p peaks for the Si and SiO, components, hi0,(0.036 
mol and nsi (0.083 mol cm-') are the atomic den- 
sities, o is the cross-section, equal for Si4+ and Si, ASi 
(31.4A) and AiOz (37 A) are the inelastic mean free 

-- lsioz chi02 &.ioJl - exPt-d/&ioz cos 811 - 
Isi IZSi exp( - d/IZsioz cos 0) 

RESULTS AND DISCUSSION 

,: + 
1 + 480 "C 6 

Characterization of the SiO,/Si(lOO) model support 

First we address the question of whether a thin layer of 
SiO, on Si( 100) is an acceptable model for high-surface- 
area SiO,. The Si 2p XPS peaks of the model support 
are shown in Fig. 1. One can clearly see the oxidic Si 2p 
peak grow upon higher oxidation temperature as the 
oxide layer becomes thicker. At the same time, the 
oxidic Si 2p peak shifts from 102.8 eV to 103.4 eV. The 
latter is the binding energy of a Si4' peak in amorph- 
ous silica.'* From this we conclude that it is important 
to oxidize the model support at a high enough tem- 
perature, e.g. 500"C, in order to obtain a type of oxide 
that gives at least the Si 2p binding energy of a silica 
support. 

Figure 2 shows the Si4'/Si intensity ratios from 
angle-resolved XPS spectra of the SiO,/Si(lOo) model 
support for several oxidation temperatures. The initial 
SiO,/Si ratio increases with higher oxidation tem- 
perature and at the same time the angle dependence 

0 10 20 30 40 50 60 70 80 90 

take-off angle  
Figure 2. Angle-resolved XPS data of the SiOJSi(lO0) model 
support for different oxidation temperatures together with theoreti- 
cal fits (- - -). 
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paths of electrons at the prevalent kinetic energy 
through Si and SiO, , respectively, with values taken 
from Tanuma et al.," 0 is the take-off angle with 
respect to the surface normal and d is the thickness of 
the SiO, layer. When we use d = 29 A we get the upper- 
most curve, which agrees well with the measured values 
for the oxide layer formed at 500°C. Thus, the 
SiO,/Si(l00) model support formed during 12 h of oxi- 
dation at 500°C in air has an SiO, layer of -3 nm 
thick. 

The surface of technical silica supports contains 
hydroxyl groups that desorb upon heating above - 450 "C. Static SIMS spectra (not shown) confirm that 
the surface of the SiO,/Si(l00) model support also con- 
tains SiOH groups. After heating at 500°C in air most 
of the OH groups have disappeared. This means that, 
regarding hydroxyl groups, the SiO,/Si model support 
behaves in a similar way to the porous silica support. 

ZrO,/SiO, powder catalysts 

Figure 3 shows XPS spectra of the Si 2s and Zr 3d 
region of a 16 wt.% ZrO,/SiO, catalyst prepared by a 
condensation reaction from zirconium ethoxide and 
also by the common impregnation method from a zir- 
conium nitrate solution. The large charge shift is caused 
by the use of a monochromatic x-ray source. The Zr/Si 
intensity ratio is a measure of the extent to which the 
silica surface is covered by zirconia. From these inten- 
sity ratios, the dispersion can be calculated using 
Kuipers' modeL2' The ethoxide-derived catalyst has a 
dispersion of 75 f 15% and the nitrate-derived catalyst 
has a dispersion of only 8 f 1%. Thus, with respect to 
dispersion, the preparation route via ethoxide yields 
ZrO, catalysts that are far superior to the catalyst pre- 
pared by impregnation. 

ZrO,/SiO ,/Si( 100) model catalysts 

The XPS spectra of the model system are much better 
resolved than those of the powder catalyst (Fig. 3). The 

A ex n i t r a t e  
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Figure 3. X-ray photoelectron spectra of the Si 2s and Zr 3d 
region of the silica-supported catalysts derived from zirconium 
nitrate and zirconium ethoxide. The lower part shows an XPS 
spectrum of a nitrate-derived model catalyst. The spectra have not 
been corrected for charging. 

line width of the Zr 3d5,, peak, as determined by curve 
fitting, drops from -3.3 eV in the spectrum of the 
powder catalyst to 1.4eV for the model catalyst.8 
Charging is reduced to a few tenths of an electron-volt 
in the latter. The spectrum shows two Si 2s peaks; one 
at 155 eV of Si4+ in the oxide layer and one at 151 eV 
of the uncharged silicon underneath. The peak at 168 
eV is a plasmon loss peak of Si 2s from the Si substrate 
crystal. At 183.5 eV is the resolved Zr 3d doublet. 

Since the models are flat samples, angle-resolved XPS 
and Auger depth profiling become feasible. Figure 4 
shows the Zr 3d/Si4' intensity ratio of an ethoxide- and 
nitrate-derived model catalyst after calcination at 100, 
350 and 480 "C. The ethoxide-derived model catalyst 
shows a more pronounced angle-dependent behaviour 
of the Zr/Si ratio than the nitrate-derived model cata- 
lyst, as illustrated in Fig. 4. From this we conclude that 
the ethoxide-derived ZrO, covers the SiO, surface to a 

0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 

take-off angle 
Figure 4. Zr 3d/Si 2p,, intensity ratios as a function of the take-off angle of the ZrO,/SiOJSi(lOO) model catalyst derived from zirconium 
ethoxide and zirconium nitrate for calcination at 100, 350 and 480°C. The solid lines are the theoretical fits of the Zr 3d/Si 2p intensity 
ratios. 
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greater extent than the nitrate-derived ZrO, . This is not 
caused by a higher loading of ZrO, of the ethoxide- 
derived model catalyst, since the values of the Zr 3d/ 
Si 2p ratio at perpendicular take-off angle of the 
nitrate-derived model catalyst are higher, which implies 
that it is the catalyst prepared from nitrate that has the 
higher loading. 

The angle-dependent Zr/Si4 + ratios have been fitted 
with a model in which we assume that ZrO, forms 
layers of thickness d, which covers a fraction cp of the 
support, and that photoemission from the edges of the 
layers can be ignored. Under these conditions we obtain 
the following relations 

IZr  3d = TVnZr02 *Zr AZrOz cos 

x c1 - ~ ~ P ( - ~ z r o z / ~ z r o z  cos ell (24 

lsioz = TqnSi02 *si &ioz cos ~{e~~(-dzroz/&ro2 cos 0) 
- ex~C(- &ioz dZr02 - & r ~ z  dsioz) 

/&roz &i02  cos Kt1 
+ (1 - cp)nsio, *si &ioz cos 0 

x C1 - exP(-~~ioJ&ioz cos 011 (2b) 

in which I,, 3d is the intensity of the Zr 3d peak, Isioz is 
the intensity of the Si 2p peak of the SiO, component, 
nzIOz (0.047 mol cm-3) and nsio2 (0.036 mol cm-3) are 
the atomic densities, oZr (7.4) and oSi (0.865) are the 
cross-sections, 8 is the take-off angle with respect to the 
surface normal, dzrOz and dsio, (30 A) are the thicknesses 
of the ZrO, and SiO, layer, respectively, cp is the cover- 
age of SiO, by ZrO, and AZrO2 (31 A), ,Izro2 (32 A) and 
lsioz (37 A) are the inelastic mean free paths at the 
prevalent kinetic energy through ZrO, and SO,.  As far 
as we are aware, values for the inelastic mean free paths 
for ZrO, are not known. We have estimated that AZrOz 
is - 20% higher than for Zr, analogous to SO, .19 The 
spectrometer transmission functions T for both kinetic 
energies diverge for only -3%.” This difference is 
neglected in the calculations. The curves in Fig. 4 are 
fits based on Eqns 2(a) and 2(b); the corresponding 
parameters are given in Table 1. The data indicate that 
the ZrO, deposited on the support via the ethoxide 
preparation has significantly smaller dimensions and 
covers the SiO, to a higher extent than the ZrO, par- 
ticles made via impregnation. 

As the model systems are conducting, Auger spectro- 
scopy becomes applicable. Auger depth profiles confirm 
that the ZrO, derived from the ethoxide is well dis- 
persed whereas the ZrO, derived from nitrate is not.* 
Figure 5(a) shows the Auger depth profile of a calcined 
ethoxide-derived ZrO, model catalyst (a different but 
similarly prepared sample to that used for XPS). The 
feature to note is that the zirconium intensity decays 
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Figure 5. Auger sputter depth profiles of a calcined ZrO, model 
catalyst derived from zirconium ethoxide (a) and from zirconium 
nitrate (b). The following magnification factors were used: Si, x l  ; 
0, x2; C, x4; Zr(a), x24; Zr(b), x20. 

with a much shorter half-life than the oxygen intensity. 
The oxygen originates from both ZrO, and SO,.  Thus, 
when the zirconia phase is removed by sputtering, the 0 
Auger signal monitors the SiO, layer and hence Fig. 
5(a) indicates that ZrO, forms a thin well-dispersed 
phase on the SiO, layer. 

The sputter profile of the model system prepared by 
impregnation from nitrate, on the other hand, does not 
exhibit the sequential disappearance of Zr and 0 [Fig. 
5(b)]. This profile is in agreement with the presence of 
larger ZrO, particles, which leave a considerable frac- 
tion of the SiO, uncovered, so that sputtering removes 
most of the SiO, simultaneously with the ZrO, par- 
ticles. 

The conclusions from the Auger sputter profiles are 
in qualitative agreement with those from the angle- 
dependent XPS. The half-life of the Zr signal for the 
ethoxide-derived model system is -20% of the half-life 
for the 0 signal, which-when we assume equal sputter 
yields for SiO, and Zr0,-implies that the thickness of 
the ZrO, layer is approximately one-quarter of the 
thickness of the SiO, layer. The simultaneous decrease 
of the Zr and 0 signal for the nitrate-derived model 
suggests that the SiO, surface is only partially covered 
by ZrO, and the size of the ZrO, particles is compar- 
able with the thickness of the SiO, layer. 

Preparing supported model systems by wet chemical 
methods has the disadvantage that the amount of 
deposited zirconia, whether from nitrate or from eth- 
oxide is not known. Although Zr concentrations can be 
estimated indirectly from angle-dependent XPS, as we 
have shown above, RBS offers a more direct way to 
determine the Zr concentration. Figure 6 shows the 

~ ~~~~ 

Table 1. Effective thickness, support coverage and surface concentration of Zr as used in the 
fits of Eqn (2) to tbe angledependent Zr/Si XPS intensity ratios (Fig. 4) 

Calcination From ethoxide From nitrate 
temperature (“C) d ( A )  f# N,,(atoms cm-’) d(A) P N,,(atoms cm-’) 

100 5.3 0.40 6 x 1014 15 0.30 1.3 x 1015 
350 5.2 0.37 6 x 1014 15 0.29 1.2 x 1015 
480 7.5 0.26 5.5 x 1014 17 0.26 1.2 x 10’5 
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responds to incident He ions which have slowed down 
to an energy of < 3.1 MeV just before scattering, which 
is the empirical limit for Rutherford scattering in Si.17 
In this way the Zr concentration can be calculated from 
the Zr and Si cross-sections and the stopping power of 
SiZ2 without the need to measure the ion dose with a 
Faraday cup. The concentration of Zr thus determined 
is 5.7(+0.2) x 10'' atoms cm-Z, while Hf corresponds 
to 7(+1)  x 1013 atoms cm-*. The Zr areal density is 
appreciably higher than the 1.3 x 10'' Zr cm-' derived 
from XPS. However, direct comparison is not appropri- 
ate, as RBS and XPS were done on different although 
similarly prepared samples. 

Figure 6. Rutherford backscattering spectrum of a ZrOJ 
SiO,/Si (1 00) model catalyst prepared by impregnation from an 
aqueous solution of zirconium nitrate, measured with an incident 
beam of 3.94 MeV He+ ions. 

RBS spectrum of a ZrO,/SiO,/Si(100) model prepared 
by impregnation from zirconium nitrate in water (a dif- 
ferent sample to that used for XPS or for AES). The 
spectrum shows sharp peaks at 3.554 MeV correspond- 
ing to Zr and at 3.738 MeV corresponding to Hf (a 
known impurity of Zr; see, for example, Ref. 13) and a 
broad continuum below 2.8 MeV due to the Si sub- 
strate. The structure between 2.5 and 2.8 MeV is attrib- 
uted to a nuclear re~onance.'~ 

The amount of Zr on the sample has been calculated 
from Fig. 6 from the ratio of the integrated Zr peak and 
the Si signal height below channel 350. This region cor- 

The results in this paper on ZrO,/SiO,/Si and in an 
accompanying paper on Rh/Al,O,/AllS demonstrate 
that flat conducting model catalysts can successfully be 
prepared by the same wet chemical procedures as used 
in the preparation of powder catalysts. Although it has 
not been proved yet that these systems are indeed cata- 
lytically active, we think that this is important because 
it offers the possibility to study surface chemical aspects 
of catalyst preparation by means of surface spectro- 
scopies that are either not applicable or not applicable 
to their full potential on powder catalysts. 
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