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Abstract

The general principles of X-ray photoelectron spectroscopy (XPS) as applied in the field of heterogeneous catalysis are
reviewed. In particular, the use of this technique in the determination of chemical and physical changes of catalysts upon
exposure to gaseous molecules and upon different thermal treatments is examined. Furthermore, examples of methods usefu
in obtaining the dispersion of supported catalysts are described and, for this purpose, theoretical models of the particle-support
distribution are also discussed. The XPS characterization of supported Pd—Ag catalysts is reported, emphasising the advantage:
of using XPS to investigate surface segregation processes. In the case of supported Pd/Pt bimetallic catalysts it is shown how
both, Auger and photoelectron peaks, characterized by different kinetic energies, allow to get depth profile non-destructive
analysis. Finally the surface behaviour of CoMo catalysts, used for hydrodesulfurization reactions, is investigated on different
supports and under different pre-treatment and reaction conditions.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction electrons, are the most suitable methods for the anal-
ysis of surfaces because they probe a limited depth
Heterogeneous catalysis is based on reactions oc-of the sample[2,3]. A limit of these techniques for
curring on active sites located at the surface of the applications in heterogeneous catalysis is represented
catalyst. The reaction proceeds by a sequence of ele-by the high vacuum environment required rather than
mentary steps including adsorption, surface diffusion, real catalytic working conditions such as atmospheric
chemical rearrangements of the adsorbed reactionor even high pressure environments. Nevertheless,
intermediates and desorption of the prodigis For the analysis of the surface during exposure to low
the development of new catalytic systems it is ex- pressure gases gives important information on the
tremely important to investigate the changes of the precursor stages of a chemical procg$]. In the
surface electronic, chemical and structural properties following, the information obtained by this technique,
during a particular process. Analytical techniques, relevant to the field of catalysis will be outlined.
such as X-ray photoelectron spectroscopy (XPS
or ESCA) and X-ray excited Auger electron spec-

troscopy (XAES), based on the detection of ejected 2. General background

* Tel.: +39-91-6809372; fax:-39-91-6809399. XPS is based on the photoelectric effect arising
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hit a material with the consequent emission of elec- the core electron of the 1s (K) level followed by a con-
trons (photoelectrons). The photoelectron kinetic temporary filling of the hole by an electron from the
energy, Ex, which is the measured quantity in the 2p;/» (L,) level and the emission of an electron from
experiment, is given by Einstein’s law the level 2@/, (L3) or vice versa. The energy of the
Ex = hv — Ep (1) Auger transition is given by:

wherehv is the energy of the incident radiation and EkL,L; = Ex — EL, — EL3 — F(Lal3; X)
Ep the binding energy of the electron in a particular +R(LsL3) 2)
level. If the incident photon is sufficiently energetic,
many different levels in the Samp|e may be ionized whereE indicates the blndlng energies of the involved
and thus a spectrum is produced displaying all acces- l€Vels, F(LzL3; X) the Coulombic interaction energy
sible energy levels as a distribution of photoelectrons between the two holes in the final staXeandR(L 2L 3)
with kinetic energies governed iq. (1) [6] is a relaxation term referring to the collapse of the pas-

Photoelectron peaks are labelled according to the sive electron orbitals in the dOUb'y ionized state. As
quantum numbers of the level from which the elec- showninEg. (2) the kinetic energy of the Auger elec-
tron originates. The electron is characterized by a total trons is related only to the binding energies of the three
momentum numbeyj = [ + s, wherel is the orbital levels involved in the transition and is independent on
momentum number anslthe Spin momentum num- the incident energy. Therefore Auger peaks can be dis-
ber which is equal to 1/2 or1/2. Therefore, when-  tinguished from photoelectron peaks by changing the
ever/ > 0, the peak is split into a doublet, with an ~ €Xcitation photon energy which affects only the posi-
energy difference callespin-orbit splitting which in- tion of the photoelectron peaks. Both binding energies
creases withz roughly asZ® [6,7]. The intensity ra- and Auger energies give information on the chemical
tio of the two components is determined by the ra- environment of the emitting atom.
tio of the multiplicity (2j + ) of the corresponding The XPS technique yields quantitative and qualita-
levels. Additional peaks due to the so called electron tive information. Quantitative information arises from
Shake.up process sometimes appear on the h|gh bind- the element Specificity of the blndlng energies and
ing energy side of a photoelectron peak. These featuresthe relation between the intensity of the photoelec-
correspond to photoelectrons emitted from an atom in tron peaks and the element concentration. Qualitative
which a second electron in a given orbital goes into information are obtained from the energy position
an excited state as consequence of the sudden chang€f @ photoelectron peak with respect to the energy
in the atom central potential produced by the photo- Position of the same level in a reference compound
electron ejection. The presence of these types of peaks(chemical shift).
may be quite useful for chemical state determinations.

As a consequence of the primary ionization pro- 2.1. Qualitative information
cess, a hole in the core level is created and the excited
ion tends to relax by photoemission or by emission = Chemical shifts of binding energies of a certain el-
of electrons through the Auger decay. The latter is ement level are due to different oxidation states and
the favourite mechanism for core levels with binding different chemical environments. They are interpreted
energies below 2 keV. The Auger effect is a multiple interms of a simple electrostatic theory, called “charge
ionization process in which an electron from an exter- potential model’[8,9]. According to the model, the
nal level fills the vacancy created in the core level and energy of the atom is divided into two terms, one as-
the difference between the two energy levels is carried sociated with the net charge on the probe atom and the
away by the ejected Auger electron. The final state is other term associated with the charge distribution of
therefore a doubly ionized state with two vacancies in the surrounding atoms. Both terms are considered as
the levels involved in the process. The notation used “initial state effect” since they refer only to the electro-
for the identification of Auger peaks considers all the static potential experienced by the core electron in the
levels involved in the process. For example, an Auger ground state before ionization. A more realistic the-
process referred as KL 3 arises from a ionization of  ory takes into account the relaxation effects involved
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in the redistribution of the electronic charge during whereF is the intensity of the incident photonis,s
ionization, and referred to as “final state effect”. The an instrumental factor an8 is the sample analysed
binding energy chemical shift of a level of the atom  area. All three parameters are constant for a given
in a molecule with respect to a reference can then be instrumental configuration. The parametes is the

expressed as cross-section for the emission of the photoelectron.
Ag Y Ag Cross-sections for the various elements and for the

AEp=—" —=—" _AR 3) different excitation energies have been tabulated by
Iy V|J

Scofield[13]. L(9) is the angular asymmetry factor,
The first term on the right represents the electrostatic depending on the angle between the direction of
potential due to the valence charge on atbmith propagation of the photons and the direction of the
an average valence orbital radiys The summation outgoing electrons, which describes the intensity dis-
term is the sum of the potentials at atdrdue to the tribution of the photoelectrons. When thick materials

surrounding atom§ considered as point chargesR are probed, the inelastic mean free path (IMFP) of

is the relaxation term. the electrons, indicated with, and representing the
Like the binding energy chemical shifts, the Auger distance that the electrons can travel inside the solid

peak shifts are related to chemical properties. Accord- Without suffering inelastic collision, should be con-

ing to the relaxation potential model (RPNI)0,11] sidered.Eq. (7)is corrected by an attenuation factor

the chemical shiftAEy, and the Auger shiftAEy, are taking into account the angle of the electron detection

equal to: with respect to the surface (take-off angl® Then,
the XPS peak intensitl; from a layer of material of

AEp= AV — AR, (4) thicknesdd is given by the following equation

AEx = —AV +3AR, (5) Iy = Iso (1 — e 4/7sing) (8)

whereAV corresponds to the first two termsked. (3), wherel is the intensity from an “infinitely’ thick

it represents the change in the electrostatic potential layer for electrons of IMFP= A and sing is referred

felt by the K (1s) core electron of a particular atomic to as “effective escape depth”. Valuesjofrersus ki-
species;AR) is the extra-atomic relaxation energy netic energy have been experimentally determined for
representing the electronic response of the molecular many solids. It was found a minimum value for ener-
environment of the atom to the creation of the core gies around 100eV above which the IMFP varies as
hole in level K. The combination dEgs. (4) and (5)  the square root of the electron enerfdy]. Accord-
gives the “Auger parameter” shift ing to Eqg. (8) the surface sensitivity of the photo-
electron spectroscopy can be enhanced by changing
the detection angle. This feature is exploited to per-

Binding energy shifts and Auger energy shifts may form depth p_rofile ina non.—'destructi\{e way. Another
be of opposite sign. Variations in Auger parameters non—destrugtlve depth profiling technlqge is based on
are usually larger than Auger and chemical shifts and, the comparison of two photoelectron lines or Auger
since they are not affected by charging and energy ref- lines, one at low and the other at high kinetic energies,

erence problems, are often used for electronic chargeProbing different depths. o
determinatior{12]. Because of its surface enhanced sensitivity, XPS

represents a valid tool for particle size determination.
Indeed XPS intensity ratios of particle related peaks
Ip and support related peaksare strongly dependent
on the catalyst dispersion. Qualitatively, catalysts with
the same loading of metal over the same support ex-
hibit high 1p/I5 values in the case of small particles as
compared to large particles.

The estimate of size from XPS data is not sim-
Ipn = FKSoACAL(6) @) ple and modelling of the supported catalyst is needed.

Aa = AEp+ AEy = 2AR ) (6)

2.2. Quantitative information

The use of the technique for sample composition
analysis is based on the linear relation between the
intensity of the signdls from element A and its atomic
concentratiorCa. Thus, for a surface layer
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Several approaches exist which take into account the the monolayer intensity ratio calculated according to

morphology of the supports in terms of surface area
and porosity. Angevine et glL5] considered a catalyst
as formed by crystallites on a semi-infinite support.
This assumption was too simple and the predicted val-
ues oflp/ls were too high especially in the case of
a high surface area support. A more realistic model
for high area supports was proposed by Kerkhof and
Moulijn [16] who considered the catalysts as a series
of slabs with cubic particles of sizesn between. The
thicknesst of the slabs are estimated from the den-
sity p and the specific surface ar&a of the support,
according to

2
t=—3So
P

9)

Eqg. (12)is the following

l1-e¢
o

(Ip/ls)crystallite _

= (13)
(Ip/ls)monolayer

By plotting this relation for different value af, an
estimate of the crystallite sizes is obtained. Reliable
values of the sizes are dependent on cross-section val-
ues, on electron IMFPs and on support surface areas.
Calculated ScofielflL 3] cross-sections and IMFPs ob-
tained according to an empirical formula by Seah and
Dench[14] have given satisfactory results.

3. Experimental apparatus

The model assumes that the electrons leave the sample

in a direction perpendicular to the surface. The dimen-
sionless size®1, B2 anda of the support thickness
and of the crystallite are defined as

t t

B2=—,
)\,ps

C
o= —
App

= )
)“SS

B1 (10)
where A being the IMFP for the electrons from the
support s or from the metal particle p escaping through
the support or through the metal. Then, in the case
of supported metal crystallites, the relation between
the intensity ratio of metal over support photoelectron
peaks [y/ls) and the bulk atomic concentratiop/§),

is the following:
” J=]

()=, (3)] (i

whereo andos are the photoelectron cross-sections

1-e¢
o

1+eh
l-eF

The main components of a XPS instrument are
the X-ray source, the electron energy analyser, the
electron detector and an efficient pumping system for
the high vacuum requirement. The laboratory conven-
tional source consists of a X-ray tube where X-rays
are generated by electron bombardment of magne-
sium or aluminium from which the &; » radiation
is produced. Moreover synchrotron radiation can be
used to provide a continuous source of photons in the
range 0.1-10keV. The analysis of the electron energy
spectrum is performed by an electron velocity anal-
yser, called spectrometer, of the electrostatic type. The
concentric hemispherical analyser (CHA) is one of the
most used in commercial spectrometers. An impor-
tant parameter of the analyser is its energy resolution
which can be referred to as absolute or relative. The
absolute resolutionAE) is defined as the full width at
half maximum height (FWHM) of a given peak. The
relative energy resolution is defined as the ratie-

of the considered photoelectron peaks. In the case of AE/Ey betweenAE and the kinetic energ¥g of

a monolayer distribution of the supported metal, the
dimensionless size is so small that the last factor of
Eq. (11)is equal to 1 and the following expression is
obtained

(2) -2 (3)]

by substituting all the known parameterski. (12)
the intensity ratio of the monolayer catalysts can be
calculated. The relation between the experimeptal
which, according to the model is givenkiy. (11)and

1+eh

-t (12)

the peak position. The FWHM depends on the X-ray
source line width, the analyser broadening and the in-
trinsic line width of the considered level. Itis common
practice to retard the electrons at the entrance of the
analyser to a constant energy called “pass energy”, in
order to have the smallest absolute resolution. Analy-
sers generally operate in the constant (or fixed) anal-
yser energy (CAE) mode where the absolute energy
resolution does not depend on the analyser contribu-
tion and is constant for a determined value of pass
energy.
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Since the kinetic energy of the outgoing electron Table 1 [12] The relaxation energy shifts and the po-

is affected by the charge accumulated on the sampletential shifts were calculated usitigs. (4)—(6) The

during the ejection of photoelectrons, calibration with charge term A q) was calculated according Ex. (3)

respect to the energy of a reference peak is needed.The first term represents the chemical effect due to
When dealing with supported catalysts, electrons change in the charge distribution of the valence shell
from the support can be used as internal reference. If of the photoemitting atom and the second term is the
not available, the C 1s binding energy, set at 284.4— variation of the inter-atomic potential and represents
285.0eV, arising from carbon contamination can be the matrix effect. For large metal particles, with elec-
used. tronic properties similar to palladium powder, the first

Careful data analysis can assist in obtaining the
maximum amount of information. The peaks are gen-
erally fitted by a non-linear least square fitting routine
using a weighted sum of Lorentzian and Gaussian
component curves after removal of background. De-
tails on data processing can be found in RHéf.

term of theEq. (3)was neglected. Therefore from the
potential shift of the catalyst labelled as W7 it was
possible to obtain the potential term relative to the sup-
port effect which was assumed to be the same for all
catalysts. The excess of negative charge on the small
palladium clusters was calculated.Higs. 1 and Zhe

Auger parameter and the catalytic activity, expressed
as turnover frequency (TOF), versus particle size are
reported. The two sets of data show a dependence of
the catalytic activity on the electronic charges.

4. Application of XPSto catalysis

4.1. XPS study of pumice supported palladium
catalysts 4.2. Determination of supported particle sizes

The XPS technique has been applied for the charac- One of the most important properties of supported
terization of several pumice supported catalysts used metal catalysts, which allows to compare the catalytic
in the hydrogenation of 1,3-cyclooctadiene to cy- activities, is the dispersion of the active species de-
clooctend12,17] The catalytic activities of palladium  termined by particle sizes. Chemisorption and X-ray
catalysts with different metal loading and different diffraction methods are commonly used in the deter-
metal particle sizes, as obtained from X-ray diffrac- mination of the particle dimensions. Both methods,
tion (XRD) measurements, have been analylded. however, have their limitation since the former de-
The Pd 3d,»> chemical shifts AE 3ds,2), the Auger pends on the adsorption capability of the particular
parameter shifts A«) obtained from Pd 3¢, and metal and requires an accurate knowledge of the ad-
Pdunn Auger shifts Eqg. (6), the relaxation energy  sorption stoichiometry, the latter does not allow to
shifts (AReg), the potential shifts4V) and electronic detect particles of sizes below 2-5nm. The applica-
charge variationsAq) for Pd/pumice catalysts with  tion of Kerkhof and Moulijn’s[16] method to Pt/SiQ
respect to the palladium powder reference are given in catalysts allowed to determine catalyst dispersion in

Table 1
Palladium (wt.%), XRD metal particle diametat§A), Pd 36,2 chemical shifts AE 3ds,2), Auger parameter shifts\w), relaxation energy
shifts (AReg), potential shifts AV), and electronic charge variationad) for Pd/pumice catalysts with respect to palladium metal powder

Samples Pd (wt.%) d A AE 3d5/2 (eV) Aa (eV) ARga (V) AV (eV) Aq (a.u.)
Wo 0.05 1 -1.0 -2.0 -1.0 -2.0 —0.148
w1 0.20 22 -0.6 -1.2 -0.6 -1.2 —0.072
W2 0.11 29 -0.3 -0.9 —0.45 -1.15 —0.07
w3 0.39 35 -0.4 -0.5 —0.25 —0.65 —0.02
w4 0.61 35 -0.6 -0.2 -0.1 -0.7 —0.02
W5 0.86 40 -0.4 -0.2 -0.1 -0.5 —0.005
W6 0.30 50 -0.5 -0.2 -0.1 —0.6 —0.015
w7 1.05 81 -0.4 -0.1 —0.05 —0.45 0
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Fig. 1. Palladium Auger parameter of the catalysts versus palladium particle sizes.
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Fig. 2. TOF of the selective hydrogen reduction of the 1,3-cyclooctadiene to monoene versus palladium particle sizes of the catalysts.

agreement with chemisorption measurements. The re-properties of the catalysts such as surface area and
liability of this model and other related ones lies on supported phase loading and distribution. According
the assumption of a sample homogeneity and crystal- to the model, the final expression for the particle size
lite size uniformity. of cubic crystallites is obtained by iteration of the fol-

A different approach, using the experimental inten- lowing equation
sity ratio for two core levels with different kinetic en-
ergies arising from the same dispersed phase has beery _ _, |, [1 _ (0’2T2?~212) <1 B exp(_—d>>}
developed by Davi$18]. The advantage of this ap-
proach is a certain independence from the physical (14)
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where T represents the instrumental detection effi- Table 2

ciency, depending on the kinetic energy of the pho- XPS derived and bulk atomic ratios along with metal particle

toelectron. and the other parameters are as definedSizeS determined by X-ray diffraction spectroscopy and normalized
b "1th ind 1 d 5 ferri to t diff intensity ratiol(Pd 3d,2)/I(Pdunn) for pumice supported Pd/Pt

above, with index 1 an referring to two differ- iyt

ent core level processes. In the case of a 3.3wt.%

Pd/ALO3 sample, prepared by impregnation, the sin- SamPles  (Pd/Pbs  (Pd/Ptux  d (A) :EEQMSQ‘/)Z)/
tering behaviour after calcination treatments at various , =

. Pd foil 0.26
temperature was followed by collecting the Pd 3d and . 18 0.45
Pdunn Auger spectrgl8]. The particle sizes obtained Peh/y n.d. n.d. 42 0.44
from the XPS data were in good agreement with elec- Pd/Psss  13.2 317 27 0.41
tron microscopy results. Discrepancies arose in the Pd/Pby0 7.0 17.3 24 0.43
case of large particles due to the loss of sensitivity of PPt 4.0 4.2 28 0.37
the XPS intensity ratio for particle sizes above 3 Pa/Pty2 16 L8 % 0-35
A Yy parti °  PdiPy; 1.0 08 50 0.31
Within the approaches mentioned above, a limit to PdPigeo 0.3 0.2 52 0.21

the accuracy of particle size estimation from photoe-
mission data is represented by the presence of con-
taminant over-layers, which would attenuate the peak palladium distribution. Comparison of the atomic ra-
with lower kinetic energy. For this reason, particular tios of Pd/Pt, obtained from the quantitative analysis
care should be taken to obtain clean surfaces. of the areas of the Pd 3g and Pt 4f peaks, with the
bulk atomic ratios allowed to determine the preferen-
tial surface segregation of the metals. The component
Pd 3@, was not considered because it overlapped
with the tail of the Pt 4¢/> peak. According to the

4.3. Determination of surface segregation
processes on bimetallic catalysts

In particular reactions, supported bimetallic sys-
tems show superior catalytic performance in terms of
activity and selectivity with respect to monometallic
catalysf20,21] In most cases the surface composition

results, the palladium enriched samples were surface
depleted in palladium, whereas the platinum rich ones
had similar surface and bulk composition. The inten-

sity ratio of the two palladium peaks, the Pdz3d

of the patrticles is different from the bulk composition.
Therefore bulk methods like X-ray diffraction do not anode), probing deeper layers, and the AugeyinRd
provide helpful information. Chemisorption measure- with kinetic energy~325 eV, probing shallower lay-
ments can help to discriminate the metal sites at the ers were normalized with respect to the size of the
surface, however its use is limited to the chemisorp- particles. Therefore, they were divided by the term
tion capability of the particular metals and cannot [1 —exp(—d/A3%]/[1 — exp(—d /AMNN)], whered is
be of general use. With XPS analyses, by exploiting the size of the metal particles, as obtained by X-ray
changes in the sampling depths of photoelectrons diffraction of the metal particles ani®® and AMNN
ejected from different core levels of the same ele- are the mean free paths of the two different ejected
ment, it is possible to detect concentration gradients electrons. From the intensity ratios of the two palla-
in metal aggregates. As examples of application of dium lines listed inTable 2among the platinum rich
this method the study of two series of bimetallic cat- samples it was possible to ascertain surface segrega-
alysts, pumice supported Pd/Pt and pumice supportedtion of palladium. The observed difference between
Pd/Ag catalysts, will be illustrate 9,22]. the corresponding ratios for Pd metal foil and for the
Concerning the first series of samples, the inten- monometallic Py was attributed to matrix effects.
sity ratios,|(Pd 3d,2)/I(Pdvunn), along with the XPS In the same study negative chemical shifts of 0.5eV
derived atomic ratios, the bulk atomic ratios and the of Pd 3d and Pt 4f with respect to standards of both
particle sizes, for a series of pumice supported Pd/Pt metals were attributed to the metal-support interaction
catalysts are reported fable 2 [19] The correspond-  through the basic OH sites of the suppf®]. The
ing intensity ratio for palladium foil is reported since XPS characterization of the pumice supported cata-
it represents the reference value for a homogeneouslysts allowed to correlate the decreased hydrogenation

with kinetic energy of~1150 eV (with the aluminium
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Table 3
Ag 3ds2 and Pd 3¢)2 binding energies (eV) and XPS derived atomic ratios, Ag/Si, Pd/Si and Ag/Pd, of the various pumice supported
catalysts after different treatments

Catalyst Ag 3¢)2 Pd 3d,2 Ag/Si Pd/Si Ag/Pd
0.6Ag as prepared 368.2 3.3

Oxidized 368.2 0.0

Reduced 367.7 5.9

0.27Pd as prepared 334.5 1.6

Oxidized 336.6 1.2

Reduced 335.1 2.7

0.27Pd0.13Ag as prepared 367.0 334.7 0.8 11 0.7
Oxidized - 337.2 0.0 0.5 0
Reduced 367.0 3344 2.3 0.9 25
0.3Pd0.6Ag as prepared 368.2 335.2 2.2 0.8 2.7
Oxidized 368.3 337.0 0.6 0.6 1
Reduced 367.5 334.8 35 0.6 5.7
0.6Ag0.3Pd as prepared 368.2 336.0 1.8 0.8 2.3
Oxidized 368.4 336.7 14 1 14
Reduced 367.6 334.8 4.4 1 4.4
0.6Ag0.5Pd as prepared 368.0 335.0 2.8 0.8 3.3
Oxidized 368.0 336.6 0.6 0.8 0.8
Reduced 367.5 334.8 3.2 0.7 4.4

activity of the bimetallic catalysts with respect to binding energy after reduction treatment with respect
monometallic Pd catalyst with both electronic and to the “as received” sample. The possible explanation
structural effect$21]. can be a larger interaction with the pumice support
A series of supported Pd/Ag catalysts, with different due to an increased dispersion of the metal particles
metal loadings prepared from organometallic precur- caused by the high temperature air treatment followed
sors, has been tested in the catalytic oxidation of CO by H». This statement is supported by the increased
at 523 K[22]. The samples were used “as received”, Ag/Pd atomic ratio derived from XPS measurements.
after oxidation and after reduction at 623 K. Adetailed = The photoelectron spectra of the bimetallic
XPS analysis of the samples before each catalytic test0.3Pd0.6Ag/pumice catalyst, after in situ gas treat-
was performed. ITable 3the binding energies along ments, are shown iRig. 3. From the relative intensity
with the XPS derived atomic ratios are listed. The Ag ratio of the Ag 3d and the support K 2s photoelectron
3d and Pd 3d binding energies in the “as received” peaks occurring in the same energy region, it appears
and reduced samples are indicative of metallic statesthat silver, in air environment at 623 K, diffuses away
for both elements. The Ag 3¢ negative shift found  from the surface and reappears after treatment with H
in the “as received” 0.27Pd0.13Ag/pumice could be atthe same temperature. According to the XPS derived
explained by electronic effect arising from the close- Ag/Pd atomic ratios, all the analysed samples exhib-
ness to palladium atomg3]. The Pd 3d binding ited silver enriched surface in the “as received” and re-
energies obtained after the oxidation treatments are duced states and silver depleted surface in the oxidized
indicative of the formation of PdQ24]. On the con- state. The surface enrichment of silver in bulk Pd—Ag
trary, as indicated from the Ag 3d binding energies, systems is well known and is attributed to the lower
the oxidation state of metallic silver is not changed. It surface energy of silver with respect to palladi[#8].
is known that silver oxides are quite unstable and the The CO oxidation activity decreased with the in-
two silver oxides, AgO and AgO, decompose at 503 creased amount of silver in the bimetallic catalysts
and 373K, respectively, even in oxygen atmosphere as compared to the monometallic Pd catalyst. Addi-
[25]. It is worth mentioning the decrease of Ags3gl tion of silver was detrimental for any pre-treatment
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(Pd/Sixps ratio were dispersed on the support rather
than covering the palladium particles. The presence

Ag 3d 5/2 of silver particles could contribute to the increased
conversion of CO by oxygen activatiga5].

Ag 3d 3/2 o
4.4. Characterization of Mo based HDS catalysts

CoMo catalysts supported on silica with and with-
out sodium, prepared with different procedures, such
as the sol-gel route, the classic wet impregnation and
the co-impregnation of commercial silica or sol—gel
prepared silica were tested in the hydrodesulfurization
of thiopheng27]. According to the X-ray diffraction
analyses most of the samples were amorphous except
those calcined at temperatures higher than 773K ex-
hibiting crystalline 3-CoMoO; sodium molybdates.
No correlation between the structure and the activ-
ity could be found. The XPS technique, through the
detection of the Co 2p, Mo 3d and Si 2p photoelec-
trons allowed to determine the oxidation states of
the precursor oxides and of the spent catalyst after

K2s (c)

Intensity (arb. units)

@) HDS reactions. Moreover the effect of sodium on the
molybdenum electron properties was evidenced. As

a0 365 370 75 380 385 390 indicated from the spectra &fg. 4, a better resolution
Binding Energy (eV) of the Mo 3d doublet with the consequent narrowing

of each component was found for the sodium con-
taining samples. Such effect, independent from the
preparation procedure, depended on the amount of
sodium. According to a recent stuf®8] and to pre-
conditions. For each sample, the CO conversion in- vious work on CoMo catalysts supported on alumina
creased after air treatment at 623 K. In this case, the [29], the presence of sodium in the support, favours
catalyst surface consisted mainly of partially oxidized the adsorption of Mo via the monomeric species
palladium and some metallic silver particles. After MoO,2~ rather than polymeric species by increasing
reduction at 623K, the catalysts were always more the local pH. Moreover sodium might inhibit the for-
active even if the silver to palladium surface ratio mation of Mo(V) caused by reducing the action of
increased as shown ifable 3 According to the XPS  NH3 formed by decomposition of the ammonium salt
analyses, the catalyst treatments determined the fol-deposited in the pord80]. The combination of these
lowing structures: (i) the “as received” samples were two effects would result in narrower Mo 3d spectra
formed mainly by particles of palladium partially for the sodium containing catalysts.

covered by silver which diminished the activity with A typical Mo 3d spectrum, after HDS reaction is
respect to the Pd monometallic sample; (ii) the oxida- shown in Fig. 5 for the sol-gel prepared catalyst,
tion treatment drove the silver into the bulk, in accord CoMo/SiG. The spectral region contara S 2peak
with the decreased (Ag/Pgbs ratio, exposing the  and three Mo 3d doublets. The unreduced Mo(VI)
palladium surface which was in a partially oxidized component is found at-232eV. The doublet with
state and exhibited higher activity; (iii) the reduction the main Mo 3d,, peak at~228.4eV is typical of
treatment produced active palladium metal particles in Mo(IV), in oxidic or sulfidic forms[31,32] The addi-
proximity of inert silver particles which, as indicated tional doublet characterized by Mo g3d at 229.6 eV

by the increased (Ag/Pghs ratio and the unchanged s attributed to the intermediate reduced state Mo(V).

Fig. 3. Ag 3d XPS spectra of 0.3Pd0.6Ag/pumice catalyst in the:
(a) as received; (b) oxidized; (c) reduced state.
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alyst CoMo/SiQ in Fig. 6a and b, respectively. The
spectra contains the spin-orbit components Cg2p

Intensity (arb. units)

Intensity (arb. units)
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Mo 3d 5/2
Mo 3d 3/2
224 229 234 239
Binding Energy (eV)
Mo 3d 5/2
Mo 3d 3/2
(b)
T T T T T T T T T T T T T 1

224 229 234 239

Binding Energy (eV)

Fig. 4. Mo 3d spectra of the CoMo/Si(prepared by sol-gel: (a) without sodium; (b) with 2.8 wt.% Na.

Typical XPS spectra of Co 2p before and after the at 780.3eV and the Co 2p at 796.2eV. On the ba-
HDS reaction are shown for the sol-gel prepared cat- sis of the binding energies, spin-orbit coupling and

Intensity (arb. units)

satellites (shake-up), the peaks are attributed t6'Co
present as CoO or CoMa@33]. Upon HDS reaction,

230
Binding Energy (eV)

225

Fig. 5. S 2s and Mo 3d spectra of CoMo/SiPrepared by sol—gel after HDS reaction.



AM. Venezia/ Catalysis Today 77 (2003) 359-370 369

Co2p3/2
0
'c
=
£
8 Co2p 1/2
2
‘@
c
o
E
770 780 790 800 810
(a) Binding Energy (eV)
Co2p 3/2
@ \
s
=]
£
&
2
]
<
[
£ b
A\
770 780 790 800 810
(b) Binding Energy (eV)

Fig. 6. Co 2p spectra of CoMo/Siprepared by sol-gel: (a) calcined at 823 K; (b) after HDS reaction.

Co 2p spectra modified as shownkhig. 6b. Sharper mixed Mo(V) oxysulfide contributed. The least active
Co 2p components, found at lower binding energies catalyst contained hard to reduce MpO

(777-778 eV) are attributed to sulfided cobalt species

or to reduced cobalt Copractically indistinguishable

[34]. The comparison of Co2p/Mo 3d intensity ratio 5. Conclusive remarks

of the samples before and after reaction, indicates that

cobalt has tendency to segregate to the surface during The XPS technique allows an analytical and chem-
HDS reaction. The presence of sulfur after reaction ical characterization of solid materials. Due to the
is confirmed by the peaks of S 2p at 161.5eV and S limited escape depth of the photoelectrons, and in
2s at 225.6 eV Kig. 5. Upon HDS reaction, surface consideration of the fact that the part of catalysts
enhancement of sodium occurs on alkali ion doped most involved in the catalytic reactions is limited
catalysts. Moreover, a 50% decrease of the intensity to the topmost layers, the technique is particularly
of the carbon peaks is observed in the sodium doped suitable for the understanding of the electronic and
samples as compared to the undoped catalysts. Suchmorphological structure of heterogeneous catalysts.
decrease indicates a beneficial effect of sodium in re- Moreover XPS is an important tool for studying
ducing the “coke” formation, one of the main cause the dispersion of supported catalysts, especially
of catalyst poisoning. A relation between the catalytic when other techniques such as X-ray diffraction or
activity and the surface S/Mo(IV) atomic ratio after chemisorption fail to give meaningful results. How-
the HDS was found. Accordingly, the most active cat- ever, development of good theoretical models for par-
alyst had the largest ratio to which Mp@&nd some ticular catalyst systems are needed in order to extract
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from the XPS measurements information on particle
sizes.
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