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Abstract. A fundamental approach to the development of
heterogeneous catalysts consisting of the study of the struc-
ture—activity relationships using surface science methods and
techniques is proposed. According to this approach, a study
should start with an investigation into well-ordered single
crystals under ultrahigh vacuum conditions and then move
along the way of both increasing the gas phase pressure (to
address the ‘pressure gap’ problem) and complicating the
samples under study from single crystals to supported clusters
(to address the ‘material gap’ problem). The case studies cited
in the review prove the efficacy of the proposed approach to
investigations into the reactivity of active component particles
for the subsequent molecular design of catalysts with improved
performance (activity, selectivity and stability) and demon-
strate that it conforms with the modern trends in the develop-
ment of surface science as applied to heterogeneous catalysis.
The bibliography includes 198 references.

I. Introduction

Traditionally, the term ‘Surface Science’ implies the applica-
tion of specific instrumental techniques that are intrinsically
surface sensitive to studies of the surface structure and compo-
sition of solids. In contrast to standard analytical techniques,
such methods yield information on a few surface layers (with a
thickness of up to 10 nm) of a sample rather than on its total
bulk. The tremendous progress in this field started in the 1970s
when serial ultrahigh vacuum spectometers equipped with one
or several surface science techniques appeared on the market.
That time, Auger electron spectroscopy (AES), low-energy
electron diffraction (LEED), X-ray and UV photoelectron
spectroscopy (XPS and UPS, respectively), electron energy
loss spectroscopy (EELS) were among the most popular
techniques. Their wide utilisation in the practice of the expe-
rimental studies of solid surfaces enabled the retrieval of
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important information at the atomic or molecular level.
Fundamentals of instrumental techniques for surface studies
(ITSS) as well as specific examples of their application, which
demonstrate general trends in this field by the end of the 20th
century are nicely described in a series of reviews published in
1994 in a special issue of the journal ‘Surface Science’ devoted
to its 30th anniversary.!

As applied to catalysis, it is the interactions between simple
gases (e.g., CO, Oz, NO, CyHy, etc.) and clean single-crystal-
line metal surfaces (Pt, Pd, Ag, Cu) that were the central
problem of surface science in that period (see Refs 2—4 and
references therein). These studies gave rise to the identification
of a large number of adsorbed species, which helped to
rationalise diverse surface phenomena, such as physical and
chemical adsorption, lateral interactions in adsorbed mono-
layers and chemical interactions on surfaces.

The results obtained were immediately appreciated by
specialists in catalysis such that the knowledge gathered on
the ‘intimate’ life of atoms and molecules became a basis for the
improvement on the performance of catalysts. Since then,
attempts at the molecular design of catalysts with improved
characteristics were often preceded by in-depth elucidations of
the interactions between the reaction media and smooth solid
surfaces in order to understand the nature of the catalytic
action of specific active components in specific catalytic
reactions. Recently, such an approach referred to as the
fundamental one in contrast to the empirical approach became
very popular.

Despite the fact that ITSS provide detailed information
at the atomic and molecular levels, their efficient application
to the description of real catalytic processes is hindered by
two major factors commonly referred to as ‘pressure gap’
and ‘material gap’. The former problem consists of the dif-
ference in pressures typical of the majority of surface science
studies (P < 10~ mbar) and of real catalytic processes
(P = 1 mbar). As a result, concentrations of important inter-
mediates as well as rates of certain reaction steps under the
measurement conditions can appear substantially lower than
the sensitivity threshold of the instrumental techniques
applied. In this case, the information gathered often inad-
equately reflects the chemistry behind the processes on the
surface of a functioning catalyst.

Yet another problem encountered by many surface science
researchers refers to the use of metal single crystals as subjects
of catalysis-related studies instead of small metal particles
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supported on an inert matrix, which represent real catalysts in
most cases. Since all heterogeneous reactions proceed on the
surface of a solid, the surface/volume ratio has to be increased
in order to enhance the utilisation coefficient of the active
metal. Therefore, metal particles in real practically applicable
catalysts are often so small (3—5 nm) that deviations in their
properties from those of the bulk metal have to be taken into
account, which is referred to as the size effect and gives rise to
the ‘material gap’ problem.

Starting from the end of the 1980s, these two problems were
seriously addressed. In particular, high-pressure reactors and
cells integratable into standard ultrahigh vacuum (UHYV)
equipment were designed, which enabled measurements of
catalytic reaction rates at atmospheric pressures followed by
an ex situ analysis of the catalyst composition avoiding its
contact with air. Thus it became possible to systematically
compare the surface composition and morphology of catalysts
before and after the reaction with the respective changes in the
catalytic activity. Such a combined ex situ approach was
applied by Over et al. >~ 7 to address the ‘pressure gap’ problem
in the case of CO oxidation on the Ru(0001) surface. By using
temperature-programmed desorption (TPD), scanning tunnel-
ing microscopy (STM), LEED and XPS, they demonstrated
that the clean Ru(0001) surface, which is inert under UHV
conditions, is oxidised to RuO, under the action of the reaction
medium. The latter proved to be even more reactive with
respect to the CO oxidation than platinum, which is a proto-
typical catalyst for this reaction. Such an oxidised surface
cannot to be formed spontaneously under UHV conditions.
Another example of the efficiency of this approach to the
studies of model catalytic systems was demonstrated by Camp-
bell ez al.3~1° for the oxygen and ethylene adsorption on single-
crystalline (111) and (110) faces of silver. In this study, a special
design of the electron spectrometer was used, which made it
possible to transfer samples from a high-pressure microreactor
to an UHV analytical chamber for the characterisation of the
preprocessed surfaces with various instrumental techniques
very fast (in less than 20 s). Still, such experiments are not free
form the major drawback of the post-reaction analysis: evac-
uation of the reaction medium effectively eliminates weakly
bound adsorbed species that could act as key species governing
the catalyst reactivity under the reaction conditions.

A different in principle approach to address the ‘pressure
gap’ problem was utilised by the British company ‘Vacuum
Generators’, which is a recognised world-leading manufac-
turer of UHV equipment. This company designed and put into
production a ‘high-pressure’ electron spectrometer,” which
enabled the in situ registration of photoelectron spectra at
pressures of up to 1 mbar,!! i.e., 6 orders of magnitude higher
than in serial spectrometers. With such spectrometers that
operate at pressures close to that of typical catalytic reactions,
the quantitative determination of the relationships between the
composition of the surface layer of a sample and its catalytic
performance became possible. It is apparent that this approach
to the solution of the ‘pressure gap’ problem is very promising.

The necessity to address the size effects within the context
of the ‘material gap’ problem became apparent in the end of the
20th century, when studies of catalytic properties of supported
metal catalysts as a function of the size of the active component
(see Refs 14, 15 and references therein) revealed that the rates
of many catalytic reactions normalised to the number of
surface atoms vary upon changes in the size of supported
metal particles. Boudart!'# introduced the term structure-
sensitive reactions to designate this phenomenon and distin-
guish it from structure-insensitive reactions, the rates of which

+ Two such spectrometers were purchased by Cardiff University (UK) !2
and G K Boreskov Institute of Catalysis (Novosibirsk, Russia).!?

were independent of the size of catalytic metal particles.
Interestingly, the size effect can be both positive (i.e., the
reaction rate increases with a decrease in the size of supported
metal particles) and negative (i.e., the reaction rate decreases).
It was size effects that encouraged extensive investigations into
the electronic, structural and adsorption properties of small
metal clusters in comparison with those of bulk metals.

However, only low efficiency and slow progress in this field
were achieved with traditional supported catalysts. Indeed,
real catalysts that are usually prepared by impregnation of a
support with a large specific surface area with aqueous
solutions of salts of the active component followed by the
drying and reduction of the salt to the metal state refer to
colloidal systems. The collection of fully reproducible data on
such systems is naturally very difficult. This fact together with
possible contamination of the catalytic systems by undesired
admixtures either coming from the substrate material or
introduced at the steps of catalyst synthesis likely explain the
large contradiction in data on catalytic activities of nominally
identical catalytic systems reported by different authors.!®
Poor reproducibility of the results can be overcome if the
synthesis of supported catalysts and their subsequent charac-
terisation are repeated many times. Furthermore, it has to be
taken into account that the preparation of a series of catalysts
with a systematically varying mean size of metal particles is a
time-consuming procedure by itself.

As an alternative, model supported catalysts can be pre-
pared in a reproducible way by vacuum deposition of disperse
metal particles onto the surface of a planar substrate. Thin
oxide films grown on the surface of metal single crystals or
surfaces of oxide single crystals can be used as the sub-
strates.!®17 Indeed, the preparation of metal nanoparticles
directly in a UHV spectrometer makes it possible, first, to
carefully pre-clean the substrate and deposition system and,
second, to transfer the sample into an analytical chamber
without its contact with air. This preparation scheme avoids
introduction of undesired contaminants and enables quick
production of series of samples with variable sizes of metal
clusters. This way of the simulation of real catalysts is widely
applied to the analysis of the electronic properties and mor-
phology of metal nanoparticles as a function of their size (for
example, see Refs. 16—20). Several attempts have been under-
taken to study the specificity of adsorption on disperse metal
particles.!8=21 It is of note that the inconcistency between the
model and real substrates intrinsic to the preparation method
has not only negative, but also positive aspects, since it allows a
wider choice of the substrate material. For instance, an oxide
substrate can be replaced by a carbon-based one. This makes it
possible to appeal to supplementary instrumental techniques
to probe the adsorption properties of metal clusters. With
graphite substrates instead of oxide ones, XPS can be effi-
ciently applied to study the oxygen adsorption on metal
clusters since in this case relatively weak Ols signal from the
adsorbate is not superimposed on the prevailing background
singal from Al,Os3 or SiO, substrates. And thus adsorbed
oxygen species can be identified based on an analysis of the
Ols spectra.

The low specific surface area of single crystals prevents
measurements of the specific catalytic activity of single crystal-
based model systems in many catalytic reactions. Nevertheless,
the chemistry underlying the catalytic action of metals cannot
be understood without comparison of the results on model
objects with the catalytic properties of real catalysts. Inves-
tigations into the reactivity of small clusters towards the
reactants and reaction products, necessarily as a function of
their size, can help to fill the gap between surface science
studies and the real catalysis.

Therefore, the nature of the catalytic action of metals can
efficiently be analysed using an approach depicted schemati-
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Figure 1. A scheme of the suggested approach aimed at establishing the

structure —activity relationship in heterogeneous catalysts.

cally in Fig. 1. A study should start with well-ordered single
crystals under UHV conditions and then move along both
increasing the pressure of the reaction medium (i.e., from left to
right) and complicating the object under study (i.e., from top to
bottom). The movement from left to right implies the elimi-
nation of the ‘pressure gap’ problem, whereas that from top to
bottom addresses the ‘material gap’ problem. Finally, instru-
mental techniques for surface studies have to be applied to
elucidate the structure of the active sites in real catalysts during
their formation, activation and deactivation and these data are
to be compared to the results of model studies.

It is evident that in order to retrieve reliable data on the
structure of functioning catalysts, not only I'TSS but also bulk-
sensitive techniques, such as transmission electron microscopy
(TEM), X-ray diffraction and X-ray absorption methods
(EXAFS, XANES), have to be applied.

Examples of studies accomplished over recent years in the
Laboratory of surface science of the G K Boreskov Institute of
Catalysis as well as in other world-renowned research centres
specialised in the field, which are described in detail below,
demonstrate that the above approach conforms with the
modern trends in surface science as applied to catalysis by
helping to establish the structure—activity relationship in
heterogeneous catalysts and advancing towards purposeful
design of highly active, selective and deactivation-resistant
catalysts.

It has to be however noted that several methodological
problems non-typical of traditional surface science, which
hinder the retrieval of required information, emerge in the
implementation of this approach in practice. Possible solutions
of these problems are often highly specific and cannot be
generalised and standardised. With this regard, in the descrip-
tion of experimental results below, we shall put an emphasis
(somewhat greater than in traditional reviews) on relevant
technical details of the respective measurements.

I1. The ‘pressure gap’ problem

As has been stated in the Introduction, the development or
optimisation of surface science techniques capable of in situ
monitoring of processes directly in the course of a chemical
reaction represents the most promising way to address the
‘pressure gap’ problem.??>~3% Among techniques working at
pressures close to those of real -catalytic reactions
(P > 0.1 mbar), Infrared Reflection-Absorption Spectroscopy
(IRAS),?2-24 in particular, in the polarisation modulation
mode, Sum-Frequency Generation (SFG) spectroscopy,? 28
X-ray Absorption Near-Edge Structure (XANES),?° 3! X-ray

Photoelectron Spectroscopy (XPS)!!1-13:32-36 and scanning
tunneling microscopy 37-38 are of special note.

X-Ray photoelectron spectroscopy occupies a special place
in this list being one of the best analytical techniques for studies
of the chemical composition and electronic structure of solid
surfaces. The physical limit of pressure at which an XPS
spectrum can still be measured is determined by the photo-
electron mean-free path. The latter value is of the order of a few
millimetres at a pressure of 1 mbar. Meanwhile, the typical
pressure in the vast majority of XPS spectrometers is
~10~? mbar, which required for the safe operation of an X-
ray source, an electron energy analyser and a secondary
electron multiplier. Due to fundamental difficulties in combin-
ing these two requirements in one spectrometer design, the in
situ mode of XPS data collection had been inaccessible for a
long time. The situation has changed only recently and there
are currently several research groups worldwide running XPS
spectrometers capable of measuring spectra at a pressure range
from 10~° mbar to 1 mbar.!!~13-32-36 One of such dedicated
high-pressure machines manufactured by ‘Vacuum Genera-
tors’ is installed at the Boreskov Institute of Catalysis in
Novosibirsk. Its preliminary adaptation to the in situ studies
of catalytic reactions at pressures of up to 10~2 mbar was
accomplished in the Laboratory of metal catalysts.!> The
additional cycle of spectrometer optimisation enabled the
extension of the operational pressure range to 0.2—0.3 mbar
(Refs 34—36). This value is only severalfold lower than the
maximum achievable operational pressure realised in
advanced spectrometers installed at the synchrotron radiation
beamlines ¥ in ALS (Berkeley, USA)?3? and BESSY (Berlin,
Germany).?’

A few illustrative examples of the application of XPS in the
in situ mode to the elucidation of mechanisms of catalytic
reactions are given below.

1. Interaction of CO with the Pd surface

As the first example, let us consider the combined application
of XPS and SFG to the elucidation of interactions of CO and
CH3O0H with the palladium surface in a wide range of temper-
atures and pressures. Simultaneous utilisation of several com-
plementary instrumental techniques, which increases the
reliability of conclusions derived from the experimental results,
reflects one of the trends in contemporary surface science.
Sum-frequency generation spectroscopy based on the irradi-
ation of a sample surface with two pulse lasers operated in
visible and IR spectral ranges is a rather complicated but still
very promising non-linear optical technique suitable for the
in situ studies of adsorbed complexes. The physical back-
ground of this method is described in detail elsewhere.?5—28
During the measurements, the frequency of the visible-light
laser is kept constant (4 = 532 nm), whilst that of the IR laser
is scanned over a certain range, which gives rise to the
appearance of characteristic SFG resonances under specific
conditions associated with the vibrational excitations of
adsorbed molecules.?*2° The SFG is a second-order non-linear
optical process, which has a non-vanishing probability exclu-
sively in a non-centrosymmetrical medium. The requirement of
the absence of the local inversion symmetry is always met for
an interface and, as a rule, violated for an isotropic gas and the
bulk of a solid, which provides the ultimate surface sensitivity
of this method. According to the selection rules, both IR- and
Raman-active vibrations are manifested in the SFG spectra.
With SFG, vibrational spectra of adsorbed species can be
collected in the in situ mode at high pressures up to the

i The extreme brilliance of synchrotron radiation makes it possible to
approach to the theoretical limit of pressures in the in situ experiments
(1-2 mbar).
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atmospheric pressure, which is an evident advantage of this
technique.

On the other hand, XPS provides direct quantitative
information on chemical composition of the adsorbed and
near-surface layers of the catalyst under study and its variation
under high pressures (vide supra).

The mechanism of activation of the C—O bonds on the
surfaces of transition metals attracts keen attention from
specialists working in the field of heterogeneous catalysis. It
plays a key role in the carbon monoxide hydrogenation as well
as methanol oxidation and dehydrogenation, which are the
important steps of large-scale industrial processes of produc-
tion of hydrocarbons, aldehydes, alcohols and hydrogen.3®—44
In particular, the C—O bond activation (followed by its
cleavage) is a necessary step in the synthesis of hydrocarbons
according to the Fischer—Tropsch process. Meanwhile, the
progressive carbon deposition on the catalyst surface as a result
of the CO dissociation often reduces its catalytic activity due to
the shielding of active surface sites. Actually, the activity and
selectivity of all of the above reactions is governed by the
activation of the C— O bonds depending on the catalyst nature,
gaseous medium composition and reaction conditions. With
this regard, deep understanding of the mechanism of the C—O
activation on the surface of transition metals is a prerequisite to
the prediction of the catalytic action and consequently to the
purposeful design of catalysts with improved efficiencies for
specific reactions.

Figure 2 shows SFG and XPS spectra measured in situ
during the CO adsorption on atomically smooth Pd(111)
single-crystalline face at 400 K. At low pressure
(Pco = 10—° mbar), the SFG spectrum reveals a single line at
1910 cm—! attributable to stretching vibrations of bridge-
bonded CO molecules. At the same time, a narrow symmetrical
line centred at 285.6 eV emerges in the Cls XPS spectrum
(Fig. 2b), which can thus also be ascribed to adsorbed CO
molecules in bridging positions. Upon an increase in pressure,
a new SFG resonance at 2075—2080 cm—! appears, which is
indicative of the appearance of terminally bound species due to
the higher surface concentration of CO,q4s . Meanwhile, the Cls
XPS line broadens due to the emergence of a new component of
terminally bound CO with E, = 286.3 eV (according to the
deconvolution of the spectra into the components 7’ and 1”).
Such an attribution of the Cls components agrees with the
results of high-resolution XPS obtained by Surnev et al.,*> who
demonstrated that the three-fold hollow, bridge-bonded and
on-top CO molecules on Pd(111) are characterised by similar
Cls binding energies of 285.6+0.1 eV, 285.85eV and
286.3 eV, respectively. The Cls feature at around 290 eV
appearing at even higher pressures Pco > 5x 10—2 mbar
(the component / in Fig. 2b) can be assigned to gaseous
carbon monoxide.*¢

SFG and XPS spectra registered in situ during the CO
adsorption on the atomically smooth Pd(111) crystal face at
200 K and Pco = 1 mbar (SFG) or 0.1 mbar (Cls) are shown
in Fig. 3. These experimental conditions (viz., high pressure
and low temperature) provided the maximum possible cover-
age of palladium surface with CO molecules of 0.75 mono-
layers. The respective SFG spectrum reveals two vibrational
bands at 1895 cm—!and 2107 cm— ! assigned to three-fold and
on-top species, respectively. The conlcusion on the presence of
terminally coordinated CO molecules on Pd(111) is supported
by the comparison of the Cls XPS spectrum measured under
similar conditions with that measured at 7= 400 K and
Pco = 10—% mbar, i.e. where such species are surely absent
(see the SFG spectrum in Fig. 3 a). The difference spectrum
(spectrum 3 in Fig. 3 ») obtained by subtracting the contribu-
tion of the three-fold CO species from the total Cls spectrum is
characteristic of the terminal adsorbed CO species. This con-
clusion is supported by the quantitative estimation of relative
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Figure 2. SFG («) and Cls XPS (b) spectra measured in situ during CO
adsorption on the atomically smooth Pd(111) surface at 400 K as a
function of Pco.

Pco /mbar: (@) 1 (1), 1073(2), 107°(3); (b) 0.1 (1), 5x 1073 (2), 10-°(3).
Lines (/- 3) are experimental data, (1, 1”) and (2', 2") are deconvolution
of the experimental curve into two components corresponding to bridge-
bonded (I’ and 2’) and on-top (/” and 2”) CO molecules; (1") is a
component attributed to gaseous CO. Hereinafter, all Cls spectra are
normalised to the integral intensity of the respective Pd3d lines.

surface concentrations of the three-fold (spectrum 2) and
on-top (spectrum 3) CO,qs. The respective ratio of ~1.9
obtained from the experimental XPS spectra is close to the
value 2 determined earlier for the (2 x 2)-3CO surface struc-
ture, which corresponds to the maximum coverage of Pd(111)
with the CO molecules (@ = 0.75 monolayers). It is also of
note that this clear separation of the Cls spectral component
responsible for the terminally coordinated CO species
(Evw = 286.3 eV) validates the spectral deconvolution proce-
dure utilised in the analysis of the XPS spectra shown in Fig. 2.

The application of XPS to the in situ studies of the CO
adsorption on Pd(111) helped to answer the important ques-
tion whether the dissociation of C—O bonds can proceed on
palladium. In a number of earlier publications (for instance,
see Refs 47— 50), a dissociative character of the CO adsorption
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Figure 3. SFG () and Cls XPS (b) spectra measured in situ during CO

adsorption on the atomically smooth Pd(111) surface at 200 K and 1 mbar
(curve 1) and at 400 K and 10~ mbar (curve 2).

The curve (3) is calculated by the direct subtraction of the respective Cls
spectra, (4) is the averaged spectrum (3).

on the surface of highly disperse palladium particles was
suggested. On the other hand, no CO dissociation was
observed in other studies,>! 33 despite the detection of weakly
bound adsorbed CO species on palladium particles with a size
of 2—3 nm. A strong influence of pressure on the adsorption
process can be a reason for this apparent discrepancy. The rate
of the CO disproportionation under UHV conditions is quite
low, such that very often no respective products can be
detected. Indeed, the probability of CO dissociation on the
palladium surface is very low according to theoretical calcu-
lations.>3~ 35 However, the combined application of SFG and
XPS decisively rules out this explanation since only lines of
molecularly adsorbed CO are observed in all the Cls XPS
spectra, including those measured in situ at pressures of up to
1 mbar.*® In the cases of CO dissociation or formation of
carbonyl structures [e.g., Pd(CO)], the appearance of addi-
tional photoemission components at about 284 ¢V and
287 eV, respectively, is expected.>®>37 Thus, no indication of
the CO dissociation or the formation of other adsorbed species
on the Pd(111) surface was found by in situ measurements over
the pressure range from 10~ ¢ mbar to 1 mbar and temperature
range from 200 K to 400 K.

2. Interaction of CH3OH with the Pd surface

Despite the fact that the interaction of methanol with the
palladium surface has been the subject of intense investigations
by many research groups for a long time, the mechanism of
catalytic methanol decomposition remains disputable.>8~70
The majority of specialists have a consensus that it is the
dehydrogenation of methanol to CO and H, that is the
predominant pathway of this reaction.’® 2 As has been
established,® at low temperature, methanol is adsorbed on
the palladium surface molecularly through the oxygen lone
pair. A layer of adsorbed methanol and formaldehyde mole-
cules as well as methoxy groups is formed following methanol
adsorption at 170 K.>%-¢® An investigation into the decom-
position of methanol on Pd(111) by means of Secondary-Ion
Mass Spectrometry (SIMS) ¢! and EELS ¢2 revealed that the
cleavage of the O —H bond in an adsorbed methanol molecule
occurs as the first step of the reaction to yield the CH30 groups,
which further decompose to CO and H» by the stepwise
detachment of the hydrogen atoms upon heating. The reaction
proceeds via CH>O and CHO. Such a mechanism is supported
by the TPD and EELS data.>- 0

Nevertheless, some authors believe that the methanol
decomposition on Pd(111) accurs as the C—O bond cleavage
to yield adsorbed CH, (x = 0—3) species.>* 93~ %3 The probable
dissociation of the C — O bond in a methanol molecule upon its
adsorption on the Pd(111) surface has been suggested by
Winograd et al.>* 3 based on the XPS, SIMS and TPD data.
Species CH3, 4qs were detected on Pd(111) (in a concentration
of ® = 0.04 monolayers) after methanol adsorption at 110 K
(to ©® ~ 0.5 monolayers) followed by annealing in vacuo at
175 K. Further annealing resulted in the dehydrogenation of
the CH3 species to CHz, ads » CHads and Cags -

Notwithstanding, no cleavage of the C—O bond in meth-
anol molecules upon adsorption on Pd(111) was detected in a
TPD study of isotopically labelled compounds '3CH;3!°OH
and '2CH3'80OH over a wide temperature range (87 —265 K),
which provided a very high sensitivity of ~0.01 monolayers.%*
It was suggested that this apparent discrepancy is due to
different rates of competing pathways of the methanol decom-
position on the palladium surface. For instance, the rate of
methanol dehydrogenation to CO is approximately two orders
of magnitude higher than the decomposition through the
C—0O bond cleavage,®® and thus it is nearly impossible to
detect the formation of CH a4s species under UHV conditions
at low temperatures and small methanol exposures.

This hypothesis was verified in a combined XPS and SFG
study of the methanol interaction with the atomically smooth
Pd(111) surface at variable temperatures and pressures.®7-68
The SFG (a) and Cl1s XPS (b) spectra measured in situ during
the methanol decomposition on Pd(111) is shown in Fig. 4.
The methanol adsorption at room temperature and 10~¢ mbar
gives rise to the emergence of a vibrational SFG resonance at
1915 cm~! corresponding to bridging adsorbed CO molecules
at a coverage of @ ~ 0.5 monolayers.?’-28.45.46,69 Meanwhile,
the Cls XPS spectra reveal two components with binding
energies of 284 eV and 285.6 eV, which can be assigned to
hydrocarbon CHy aqs (x = 0-3) and oxygen-containing
CH,O,4s (x = 0-3) species based on an analysis of the
literature data.*>4%5¢ Quantitative agreement between the
coverages (O ~ 0.5 monolayers) estimated from the relative
intensity of the Cls line at Ep = 285.6 eV and from the SFG
data allowed the authors to limit the range of potential species
and assign the Cls component with E, = 285.6 eV to adsorbed
CO.%7 This assignment is supported by numerous studies
indicating that the decomposition of the CH3O groups to
CO,gs on palladium proceeds efficiently already at
200250 K.%0-62.70 With an increase in residence time, the
intensity of the XPS signal at 284 eV progressively increases,
whereas that of the component at 285.6 eV remains virtually
constant.
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Figure 4. SFG (a) and Cls XPS (b) spectra measured in situ during the
methanol decomposition on the atomically smooth Pd(111) surface.

(I) P=10—%mbar and T = 300 K; (2) P = 10— % mbar and T = 400 K;
(3) P = 0.1 mbar and 7 = 300 K; (4) P = 0.1 mbar and 7 = 400 K. The
SFG spectrum was registered at 300 K and a methanol pressure of 10—°
mbar. The experimental Cls spectra (curves / —4) and their deconvolution
into components (1', 1”,2',2",3',3”,3"yand (4',4", 4") are shown.

An increase in temperature up to 400 K or in the methanol
pressure up to 0.1 mbar results in an abrupt increase in the
surface concentration of the CH, species (see Fig. 45). In

particular, the absolute intensity of the Cls component with
Ep = 283.8 eV corresponds to ® =~ 1.0 monolayer at 300 K
and Pmeon = 0.1 mbar (the spectrum 3). Despite this large
apparent coverage of the Pd(111) surface with the CH, species,
a part of the surface remains covered with adsorbed CO
molecules (@ ~ 0.4—0.5 monolayers). The total concentration
of adsorbed species (including both CH, and CO) exceeding
one monolayer was explained by either partial dissolution of
carbon in the near-surface region of palladium 7! or formation
of three-dimensional carbon structures. The amount of car-
bon-like species further increases at 400 K (® ~ 1.5 mono-
layers), which is accompanied by a small shift of the respective
line towards higher binding energies (£, = 284.0 eV). This
change probably reflects some chemical transformations of
the carbon particles.

These results clearly demonstrate that the C—O bond of
the methanol molecule is activated on the atomically smooth
Pd(111) surface at a measurable rate even at 300—400 K. The
methanol decomposition rate and the amount of deposited
carbon increases with an increase in methanol pressure.
Carbon particles formed as the methanol decomposition
product lead to the progressive coking of the metal surface
and ultimately to its complete deactivation. Due to this
process, no products of the catalytic methanol decomposition
on Pd(111) (i.e., CO and H») were detected by means of gas
chromatography at elevated pressures (15—30 mbar of meth-
anol in a helium atmosphere) and temperatures (300—600 K)
even after their accumulation for several hours.®® On the other
hand, the introduction of oxygen into the reaction mixture
immediately resulted in the appearance of the methanol total
oxidation products, viz., CO; and H»O.

Based on these experimental results, the following scheme
of the methanol interaction with the Pd(111) surface can be
proposed. The first step of the decomposition is cleavage of the
O—H bond to yield the methoxy groups.>” 60-62.64 The
adsorbed methoxy groups as well as methanol molecules are
bound to the palladium surface through the oxygen lone pairs.
They are oriented nearly perpendicular to the surface.®> As the
dehydrogenation proceeds, the molecular axis of the adsorbed
complex is rotated by 90°, such that formaldehyde molecules
(CH20,45) and formyl groups (CHO,4s) are oriented parallel to
the palladium surface.®>- % The final dehydrogenation product,
CO, is oriented again perpendicular to the surface but it is
bound to the metal atoms through the carbon atom.”>73

The formation of carbon deposits on the atomically
smooth Pd(111) surface observed experimentally ¢7-8 supports
the activation mechanism of the C—O bonds upon the
methanol interaction with the palladium surface schematically
depicted in Fig. 5. Itis evident that an increase in the lifetime of
the reaction intermediates should give rise to a higher proba-
bility of the C — O bond dissociation. Likely, this is a reason for
the experimentally observed increase in the rate of carbon
accumulation on the Pd(111) surface at high reaction pressures
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Figure 5. A model of the metanol decomposition on the Pd(111) surface.
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(see Fig. 4) and in the presence of defects on the surface of
supported palladium clusters.®

Taking into account the principle of microscopic reversi-
bility of reaction steps, it might be assumed that the CO
hydrogenation on palladium

CO + 2H, —> CH3;0H

can also be accompanied by the C— O bond dissociation and
catalyst deactivation due to the accumulation of carbon
deposits. The emergence of the respective Cls signal with
(Ev ~ 284 ¢V) was indeed detected in the XPS spectra meas-
ured in situ during the interaction of CO + H, mixtures with
Pd(111) surfaces.”

All these results are well explained within the Blyholder
model, which describes the interaction of CO with transition
metal surfaces as an electron density exchange between the
metal d orbitals and 50/2n* molecular orbitals of CO. Pre-
sumably, the geometry of the adsorption complex is the key
factor governing this interaction, especially, the electron back
donation from the metal d orbitals to the 2x*-antibonding
molecular orbitals of CO. In the case of an adsorbed CO
molecule, the orientation perpendicular to the palladium sur-
face suppresses the back donation contribution and thus
provides the inertness of palladium towards the C—O bond
dissociation. The formation of intermediates like CH.O
(x = 1-3) in the course of the methanol dehydrogenation (or
CO hydrogenation) promotes the electron transfer from the
metal to the 2n*-antibonding orbital of CO, which weakens the
C—0 bond and ultimately gives rise to its dissociation and
formation of carbon deposits on the palladium surface.

3. Ethylene epoxidation over silver
It has to be stressed that the collection of spectral data in the
presence of a reaction medium over the sample (at
P = 0.1-1 mbar) in the in situ mode does not a priori provides
information on the mechanism of catalytic reactions. Indeed,
adsorbed species detected on the surface of a catalyst at high
pressure are not necessarily catalytically active species or
reaction intermediates. This issue can be effectively solved by
combining the studies of the state of a catalyst surface with
measurements of its catalytic properties (such as activity and
selectivity) by means of mass spectrometry or gas chromatog-
raphy. The efficiency of such an approach is demonstrated
below by the example of a combined study of the ethylene
epoxidation reaction on silver using mass spectrometry and a
number of spectral techniques (including XPS, UPS, AES and
XANES).30’ 75-77

Despite numerous studies devoted to the ethylene
epoxidation on silver by diverse instrumental techni-
ques, 8~ 10,12,13,78-82 3 number of key questions on the
mechanism of this reaction remain disputable in the literature.
Recent kinetics measurements have clarified some important
points, but due to the lack of direct experimental data, there are
still a few issues unaddressed. In particular, neither the nature
of actual oxygen species driving the epoxidation,®~10-78-7 nor
the structure of the key intermediate 7882 yielding ethylene
oxide were unambiguously established. Ethylene coordinated
in a way similar to m-complexes’® 80 or an oxametalla-
cycle 3182 were regarded as such intermediates. This stipulates
the necessity of in situ measurements during the reaction to
establish direct quantitative correlations between the yield of
ethylene oxide and surface composition. Recently, the results
of a series of studies on the ethylene epoxidation on silver using
XPS and Proton-Transfer Reaction Mass Spectrometry
(PTR-MS) jointly conducted by specialists from the
G K Boreskov Institute of Catalysis SB RAS and the Depart-
ment of Inorganic Chemistry, the Fritz Haber Institute (Berlin,
Germany) have been published.”>~77

Figure 6 shows ethylene and ethylene oxide partial pres-
sures in the reaction cell of a photoelectron spectrometer as a
function of temperature and reaction duration. The final
regions of the plots were measured in the flow of pure ethylene
(no Oz was supplied) at 7= 470 K (a) and 520 K (b), respec-
tively. The partial pressure values were calculated from the
respective PTR-MS signals corresponding to m/z = 45. The
ionisation of gaseous species for the subsequent separationin a
mass analyser in this relatively uncommon variant of mass
spectrometry, was achieved through the proton transfer from
H3O* ions generated in a special source to the molecules
subject to analysis. The reaction

S+ H3O0" =SH™ + H,0,

where S is the substrate, yields a molecular ion SH* with a
mass larger (due to a surplus proton) than that registered by
traditional mass spectrometry by 1 a.m.u.. This specific ionisa-
tion mechanism guarantees that only substances with proton
affinities higher than that of hydroxonium ions (e.g., ethylene
oxide but not CO») contribute to the mass spectra. Further-
more, this ionisation method virtually completely avoids the
fragmentation of the molecular ion into lower-molecular-mass
fragments, which greatly facilitates quantitative analysis of the
experimental data. The high sensitivity of PTR-MS technique
to organic molecules, such as ethylene oxide, is yet another its
advantage. A detailed description of this modification of mass
spectrometry can be found elsewhere.®3

The PTR-MS data presented in Fig. 6 a indicate that the
signal of ethylene oxide is negligible at <370 K but is reliably
detected at 7" = 420 K. Further increase in temperature results
in an abrupt increase in the ethylene oxide partial pressure,
whereas a slow but continuous decrease in the partial pressure
of CoH40 starts above T > 470 K, which is explained by the
deactivation of the catalyst at these temperatures. After stop of
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Figure 6. Changes in partial pressures of ethylene oxide and ethylene at
Peu,= 0.1 (@) and Pc,y, = 0.24 mbar (b) (the oxygen pressure is
0.25 mbar in both cases) as a function of temperature.

T/K:370 (1),420 (I1),470 (IIT), 500 (IV'), 520 (V). The last regions of the
spectra (regions /11" and V') were collected after cessation of the oxygen
supply. The partial pressures were recalculated from ion currents meas-
ured by mass spectrometry (see text).
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the oxygen flow, the PTR-MS signal of ethylene oxide rapidly
drops down to the background value. These results imply that
ethylene oxide forms as a product of the direct catalytic
ethylene oxidation on silver at a pressure in the range of
0.1-0.5 mbar, and the epoxidation rate increases with an
increase in temperature. This conlcusion is supported by test
measurements, which showed that no ethylene oxide is formed
upon heating of ethylene in the temperature range of
300—-600 K in the absence of silver. In order to analyse the
composition of adsorbed layers, full sets of XPS spectra were
collected in the regions of constant temperatures (see Fig. 6).77

The respective Ols and C1s XPS spectra measured in situ at
Pc,u, = 0.1 mbar and P, = 0.25 mbar are plotted in Fig. 7.
All Ols spectra are normalised to the integral intensity of the
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Figure 7. Ols (a) and Cls (b) XPS spectra measured in situ in CoHy + O2

reaction mixtures at Pc,y, = 0.1 mbar and Py, = 0.25 mbar as a function
of temperature.

T/K:370(1),420 (2),470 (3). The spectrum 4 was measured at 470 K in a
flow of pure ethylene after cessation of the O, supply. The difference Ols
spectrum (curve 5 and its components) exhibit only signals of species
present on the Ag surface under reaction conditions.

Ag3ds)» spectra. At 370 K, the XPS spectra reveal only one
Ols component with E, = 530.5 eV and three types of carbon-
containing species corresponging to the Cls components with
Ep = 284.2 eV, 285.8 eV and 287.3 eV, respectively (spectra /
in Figs 7a and b). The spectra change dramatically upon
heating of the sample to 420 K: the dominant component in
the Ols spectrum shifts to 530.0 eV and a shoulder appears at
528.5 eV. Meanwhile, two components with E, = 285.8 eV
and 287.9 eV (spectra 2 in Figs 7a and b) are observed in the
Cls spectrum. Upon further increase in temperature 470 K,
the shape of the Ols signal becomes more complicated, which
implies the emergence of additional components from other
types of oxygen-containing species (spectrum 3 in Fig. 7 a).
After removal of oxygen from the gas mixture, two compo-
nents with E, = 529.1 eV and 530.6 eV appear in the Ols
spectrum (spectrum 4 in Fig. 7a). The difference spectrum
(spectrum 5 in Fig. 7a) indicates that two Ols peaks with
Ep = 530.0 eV and 528.5 eV present in the spectra under
reaction conditions at a lower temperature disappear. In the
Cls spectrum measured in a flow of pure ethylene (spectrum 4
in Fig. 7b), a single peak at 285.8 eV is revealed.

It has to be noted that the large number of spectral
components and the resultant ambiguities in their assignment
is a common problem of the interpretation of spectra registred
in situ. This problem can be solved by making use of supple-
mentary reference data from traditional adsorption experi-
ments, which in some cases requires additional measurements
on special model systems. The ethylene epoxidation reaction
clearly demonstrates why this supplementrary information is
needed.

Indeed, despite the apparent complexity of the pattern of
temperature changes in the XPS spectra, numerous experimen-
tal data available in the literature8—10-78-81.84-86 make it
possible to quite reliably assign the components observed in
the XPS spectra to different surface and gaseous species. The
XPS signals coming from gas molecules, which start to make
appreciable contribution at P > 0.05 mbar,33 36 can be differ-
entiated from those of adsorbed species by their significantly
smaller FWHM (full width at the half maximum). It is for this
reason, as well as taking into account possible compositions of
the mixture under the catalytic reaction, that the components
with Ep = 285.7 ¢V and 287.9 eV observed in the Cls spec-
trum (spectrum 2) were attributed to gaseous ethylene and
ethylene oxide, respectively.”” Indeed, rather similar binding
energies of free ethylene and ethylene oxide (AE, = 2 eV) were
reported earlier by Siegbahn er al.8% This assignment is addi-
tionally supported by the spectral changes following cessation
of the oxygen supply. The signal of gaseous ethylene
(Evw = 285.8 ¢V) remains virtually unaffected, whereas that of
ethylene oxide rapidly drops down to the background value
(spectrum 4 in Fig. 75), which is in keeping with the disap-
pearance absence of one of the reactants. The direct observa-
tion of gaseous ethylene oxide in the XPS spectra is a
significant merit of the in situ measurements, since it solidly
confirms the assignment of the PTR-MS signal with m/z = 45
to ethylene oxide rather than its isomer, acetaldehyde, which
was reported by some authors.8—10-12.13

Other signals in the Cls and Ols spectra (see Fig. 7) were
assigned to adsorbed species.”” Temperature ranges of their
existence can be used as a supplementary criterion for their
assignment. In particular, the peaks at ~530.5 eV (Ols) and
~287.5 eV (Cls) observed at T'= 370 K were attributed to
surface carbonates CO2 4, not only based on the binding
energy values, but also taking into account that they disappear
upon heating to 420 K. Furthermore, the atomic ratio

§ Carbonate anions adsorbed on silver are known to be stable only below
420 K. 13-78.84
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O:C = 2.8-2.9 calculated from the absolute intensities of the
respective components corresponds to the stoichiometric value
expected for carbonates (3.0). The low-binding energy peak
observed in the Cls spectrum measured at 370 K
(Evw = 284.2 eV) was attributed to carbon deposits (elementary
carbon or hydrocarbon residues), which can accumulate on the
silver surface at moderately low temperatures. It was con-
cluded 77 that the screening of the silver surface with carbon
deposits and adsorbed carbonate groups is primarily respon-
sibly for the lack of catalytic activity of silver below 370 K (see
Fig. 6).

The Ols signals observed in the XPS spectra measured at
T > 370 K were assigned to atomic oxygen, taking into
account the absence of any Csl1 signal from adsorbed carbon
species. The attribution of lines with Ep = 528.5¢V and
530.0 eV to the nucleophilic and electrophilic forms of
adsorbed oxygen was made on the basis of earlier publications
devoted to the studies of surface interactions of polycrystalline
silver foil with reaction media.”>7%7° The line with
Ey, =~ 529.0 eV was ascribed to the so-called O, form, which
has been elucidated in detail by Schldgl er al.8%-87 within the
context of partial methanol oxidation over silver. This species
was formulated as a strongly bound atomic oxygen substitut-
ing the silver atoms in the fcc lattice. An additional Ols signal
that emerges at 7> 470 K was attributed to the near-surface
oxygen Og, (or Op) ¥ incorporated into the octahedral cavities
of the silver fcc lattice near the surface. The subsurface location
of the O, and Op oxygen species explains their inertness
towards ethylene. It is these forms of oxygen that remain on
the silver surface after the oxygen supply is stopped. In
contrast, the nucleophilic (Onyer) and electrophilic (Oejec) OXy-
gen species (see the difference spectrum 5 in Fig. 7 a) rapidly
disappear from the silver surface in the absence of O; in the
reaction mixture, which clearly indicates their high reactivity
towards the ethylene oxidation.

To clarify the roles played by the nucleophilic and electro-
philic oxygen species in the ethylene oxidation reaction, a
quantitative comparison of the XPS and PTR-MS data col-
lected at variable CoHg4:O> ratios in the gaseous reaction
mixture has been carried out. The absolute intensities of the
respective peaks normalised to that of the Ag3ds,, line were
used as measures of the surface concentrations of these species.
This procedure was necessary to account for the decrease in the
XPS absolute line intensities for different compositions and
pressures of the gas phase. The partial pressure of ethylene
oxide was taking as a measure of the reaction yield.
The ethylene oxide yield is correlated with the relative amounts
of the nucleophilic and electrophilic oxygen species (Fig. 8).
A dependence of the ethylene oxide yield on the
concentration of the electrophilic oxygen is apparent: the
larger the OIls/Ag3ds, ratio for the component with
En(Ols) = 530.0 eV, the higher the partial pressure of
C,H40. This dependence can readily be approximated by a
straight line passing through the point of origin. This correla-
tion clearly proves the involvement of the electrophilic form of
the adsorbed oxygen in the ethylene oxide formation, which
supports the epoxidation mechanism proposed by
Bukhtiyarov et al.”®

Octec + CoHyg aas —> CoH40.

Note that the linear dependence of the ethylene oxide yield
on the surface concentration of the electrophilic oxygen species
was also observed at other temperatures (470 K and 520 K),””
the slopes of the respective lines being increased for higher
temperatures. These slopes were used to calculate the activa-

9 This form of oxygen is referred to as Og, according to the classification
adopted in earlier publications.8687
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Figure 8. The yield of ethylene oxide as a function of surface concen-
trations of the nucleophilic (7)) and electrophilic (2) oxygen species.””
The measurements were performed at 7"= 420 K and varialbe partial
pressures of oxygen and ethylene.

tion energy of the epoxidation reaction, which appeared
in excellent agreement with the known E,¢ values measured
for the epoxidation reaction over real Ag/a-Al,Os cata-
lysts.8-10.78.82 Even a decrease in the E,. value from
14 kcal mol—! to 11.3 kcal mol—! with an increase in tem-
perature from 450 K to 500 K is reproduced.””-82

The surface concentration of the nucleophilic oxygen
species correlates with the ethylene oxide yield in a more
complex way (see Fig. 8). As has been found, in different
experiments silver can demonstrate dramatically different
catalytic activities at nearly identical surface concentrations
of the nucleophilic oxygen. In particular, for
I(O1s)/I(Ag3ds;) = 0.02 the partial pressure of ethylene
oxide is 0.0013 mbar (which is still a reliably measured value)
in one experimental point A (Fig. 8), but drops far below the
detection threshold (< 10—> mbar) in another point B. It has
to be noted that the latter case was realised at low pressure and
thus the concentration of the electrophilic oxygen was negli-
gible. If only data point in the pressure range of 0.1 —1 mbar
are taken into account, then a negative correlation of the
ethylene oxide yield with the surface concentration of nucleo-
philic oxygen species is observed. Such a correlation can be
rationalised by assuming that the nucleophilic oxygen catalyses
the total ethylene oxidation. A similar conclusion was derived
in earlier studies 3-3-10-78.79.88 haged on the results of titration
of this type of adsorbed oxygen species with ethylene. Only
CO, and H>O were registered as the titration products in
numerous experiments. However, other authors 7>-7%-7% recog-
nised the positive role played by the nucleophilic oxygen in the
ethylene epoxidation, since it is involved in the formation of the
Ag®" ions,8%-90 which further act as adsorption sites for ethyl-
ene. According to this scheme, adsorbed ethylene then reacts
with the electrophilic oxygen species to yield ethylene oxide.

The possible co-existence of two forms of oxygen atomi-
cally adsorbed on the silver surface has been substantiated for
the first time by Carter and Goddard.’!-2 Using quantum
chemical calculations, they demonstrated stability of two
distinct states of atomically adsorbed oxygen, viz., oxide-like
and oxyradical-like. The electronic structures of these forms
depend on the coordination of the oxygen atom to the silver
atoms. The oxyradical anion is active towards the selective
alkene oxidation and is essentially equivalent to the electro-
philic form of the adsorbed oxygen. The oxide oxygen, as will
be shown below, can be associated with the nucleophilic
oxygen form.

The specificity of chemical interactions of silver atoms with
the electrophilic and nucleophilic adsorbed oxygen species
were studied using X-ray Absorption Near-Edge Structure
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spectroscopy (XANES, the term NEXAFS is also frequently
used in the literature7>7%). This method provides direct
information on vacant orbitals of atoms and molecules with
element sensitivity. According to the dipole selection rules
(Al = +£1), the oxygen K-edge XANES spectra are formed by
the electron transitions from the Ols core level to vacant
oxygen p-orbitals.”?

Figure 9 a,b shows the oxygen K-edge XANES spectra
collected under conditions providing the selective formation
of either nucleophilic (spectrum /) or electrophilic (spect-
rum 4) oxygen species. In the case of Onua, the XANES
spectrum reveals two distinct resonances at ~ 531 eV and
~539 eV (Fig. 9 a). According to the literature data,’* > the
presence of a narrow low-energy resonance below the main
absorption edge at ~531 eV indicates the effective hyb-
ridisation between the oxygen 2p and silver 4d electrons.
The broader signal just above the main absorption edge is
due to the hybridisation of oxygen p and silver 5sp electrons.
The presence of a narrow absorption pre-edge peak in the
spectrum of Opyq clearly indicates that its 2p shell is not filled
completely. In fact, in the case of a purely ionic Ag— O bond,

A
= Ag Ls-edge
O2pAgSsp )
<
O2pAgdd 2
-~
Z E
g 334 336 EfkeV
B
2 2
g
k=
1
Ols
>
b
’; Cu L 3-edge
o
8
O2pCudsp | £
§ 2p — 3d
-~ 5
5 920 940 E/eV
el
—
) 4
2
&
2
K|
3
Ols
—_—
1 1
520 540 560

Photon energy /eV

Figure 9. K-Edge XANES spectra of the nucleophilic form of adsorbed
oxygen (Onyel) (a, spectrum /) and oxygen within Ag>O (a, spectrum 2),
electrophilic form of adsorbed oxygen (Ocicc) (b, spectrum 3) and oxygen
adsorpbed on the copper surface (b, spectrum 4).

Insets: L-edge spectrum of Ag,O («) and L-edge spectrum of the copper
surface with adsorbed oxygen (b).%3 The Ols binding energies from the
XPS measurements for the respective samples are shown with horizontal
arrows.

the transfer of two electrons from the silver atoms to the
oxygen atom should give rise to the electronic configuration
0O1s22s22p°, and the transition 1s — 2p responsible for the pre-
edge peak in the XANES spectrum will be formally forbidden.
With this regard, a value of the partial negative charge on the
oxygen atom estimated from the Auger spectra’>7¢ (~1.65 ¢
per oxygen atom) is in complete accordance with its nucleo-
philic nature, and the involvement of the silver 4d electrons
into the formation of the Ag—O bonds explains its high
ionicity and the observed shift of the Ag3d line by 0.5 eV.7?

The oxygen XANES spectrum of bulk Ag>O is very similar,
which suggests similar electronic structures of O(Ag,O) and
Onual (Fig. 9 a). The involvement of the silver 4d electrons into
the formation of the Ag— O bonds in Ag>O is also supported
by the emergence of a ‘white line’ in the Ag Li-edge XANES
spectrum (3.352 keV, see inset to Fig. 9 @), which corresponds
to the dipole-allowed electron transition 2p3;» — 4d (Al = 1).
An increase in the intensity of this line with an increase in the
ionicity of the bond reflects the degree of the actual involve-
ment of the silver 4d electrons in its formation.?®°7 The
transition 2p3/> — 4d is forbidden for an Ag™* ion characterised
by the electronic configuration 4d'95s°. However, the forma-
tion of the chemical bond Ag— O results in electron density
transfer from the 4d to the 5s orbitals. As a result, the electronic
configuration of the Ag™ ion can be formulated as 4d19—85s3,
which features partly vacant 4d states near the Fermi level
responsible for the emergence of a narrow X-ray absorption
resonance at 3.352 keV.

The conclusions derived from the experimental XANES
spectra are fully supported by quantum chemical calculations
of the electronic structure of Ag,O.°® Indeed, the weak
population of the Agd.. and AgS5s states indicates appreciable
charge transfer from the Ag atom to the O atom associated
with the Ag— O ionic bond formation. It is of note that this
type of hybridisation (viz., sd.2) is rather frequently observed
for metals but rarely for ionic semiconductors like Ag>O due to
the wide energy gap between the occupied d-band and vacant
sp-states. In terms of the molecular orbital theory, this can be
reformulated in the following way. The O2p and Agd.. states
are hybridised to form the pdo bond, whereas the hybrid-
isation of the O2p and Agd..-,d,. yields the pdm bonds. These
interacting orbitals are split into bonding and antibonding
states with partial p- and d-characters. The Agd > » and Agd.,
orbitals remain essentially non-bonding.”® '

The K-edge XANES spectrum of electrophilic oxygen
species displays a broad peak around 541 eV (spectrum 3 in
Fig. 9b). The absence of distinct pre-edge peaks (around
531 eV) strongly implies that the Ag— O bonds are formed by
the hybridisation of the oxygen 2p and silver 5sp electrons,
whereas the metal 4d electrons remain unaffected. The respec-
tive Ag3ds;» spectrum does not show additional ‘ionic’ lines,
such that the electronic state of the silver atoms is similar to
that in the bulk metal 73 (the electronic configuration of silver
atoms is 4d'95s!). In the metallic state, the 5s electrons of silver
are delocalised in the conduction band. Most likely, it is these
delocalised conductivity electrons that participate in the for-
mation of Ag— Ogjec bonds.

According to the literature data, a similar oxygen XANES
spectrum is characteristic of oxygen adsorbed on the copper
surface in the suboxide state.”® The respective Cu L, 3-edge
XANES spectra reveal no characteristic ‘white line’ in contrast
to the spectra of CuO or Cu,O (which are similar to that of
Ag>0), which means that the copper atoms in this structure
indeed preserve essentially metal-like properties and only
outermost 4sp electrons are involved in the Cu—O bond
formation. Therefore, in both these cases, the M —O bonds
are formed by the interaction of the oxygen 2p and metal
outermost sp orbitals and characterised by the essentially
covalent character.



Modern trends in the development of surface science as applied to catalysis

563

Then another important question arises, what geometries
can be ascribed to the adsorption complexes of Onyel and Ogiec -
According to the literature data, the binding energy of Opyq is
Ep(Ols) = 528.4£0.1 eV (calibrated against the Ag3ds, line
with Ey, = 368.2 eV) independent of the type of the silver
surface [different polycrystalline foils, single-crystalline faces
Ag(111), Ag(110) or Ag(100) and even graphite-supported
silver particles]. The small scatter of the experimental data
suggests the common character of the nucleophilic oxygen
species adsorbed on different silver faces. The majority of
researchers agree that the formation of the nucleophilic oxygen
state is directly related to silver surface reconstruction. In
particular, the oxygen adsorption on the Ag(110) crystal face
at 300—500 K can give rise to the superstructures of the type
Ag(110)-(n x 1)-O, where n decreases from 7 to 2 with an
increase in the O, exposure.”8100.101 The Ag(110)-(2 x 1)-O
reconstruction due to the appearance of supplementary atomic
rows going along the [001] direction with the oxygen atoms
residing nearly in the plane of the supplementary rows has been
reliable established with scanning tunneling microscopy and
photoelectron diffraction. The Ag— O bond length is 2.044 A,
which is nearly identical to the respective value typical of bulk
Ag>0 (2.05 A).192 The formation of such a surface structure
with ® = 0.5 monolayers results in a substantial (by 0.8 eV)
increase of the work function as compared to clean silver
surface, which indicates a significant charge transfer from the
metal to oxygen atoms.'?0 The linear increase in the work
function with an increase in coverage implies that the surface
dipole moment per adsorbed oxygen species is independent of
coverage,!%1 j.e., the electronic structure of nucleophilic oxygen
adsorbed on Ag(110) remains constant over the entire coverage
range and is close to that in oxide. The adsorption of oxygen in
the nucleophilic form on the densely packed Ag(111) face gives
rise to the p(4 x 4) surface reconstruction. The nature of the
Ag—O0O bonds in this surface structure is also believed (for
instance, see Refs 10, 103 and 104) to be similar to that in bulk
Agzo.

Thus, the nucleophilic form of oxygen is formed on the
silver surface as a result of the reconstructive adsorption giving
rise to linear fragments Ag—O— Ag (Fig. 10a). Indeed, the
angle Ag—O—Ag in both the bulk Ag>O oxide and in the
Ag—Onua—Ag surface structure are close to 180°. Such a
geometry favours the rather strong interaction between the
silver 4d and oxygen 2p orbitals associated with the substantial

[001]

@® — Oatoms; Q s O, . — Ag atoms from different layers.

Figure 10. A structural model of adsorbed oxygen species.

(a) Nucleophilic oxygen on the reconstructed Ag(110) surface, (b) electro-
philic oxygen on the unreconstructed Ag(111) surface. Top panels is top
view, bottom panels is side view.

charge transfer. The high ionicity of the Ag— O bonds insuch a
structure, on the one hand, provides the conversion of the silver
atoms into the ionic form Ag™ required for the ethylene
adsorption and, on the other hand, determines the nucleophilic
properties of the oxygen atoms in the ethylene epoxidation.

The geometry of the electrophilic oxygen state is less
elucidated. It is only known from the experimental data that
oxygen in the electrophilic form is adsorbed directly on the
silver surface.”%-79-103 Most likely, the adsorption does not
induce surface reconstruction and the oxygen atom is located
above the triangle of silver atoms (three-fold hollow, Fig. 10 5).
For instance, the adsorbed oxygen species with Ep(Ol-
s) = 530.1 eV have been detected on the Ag(111) face.'% The
absence of a surface reconstruction in that case was evidenced
by LEED, whereas surface location of the oxygen atoms was
confirmed by angular-resolved XPS. The absence of additional
components in the Ag3d spectrum was consistent with the
covalent character of the Ag — Ogjec bonds.

This model agrees well with the results of quantum chem-
ical calculations. Zilberberg et al.1%%-1%¢ found a stable state of
atomically adsorbed oxygen on the non-reconstructed Ag(111)
surface. The oxygen atoms are located symmetrically above a
three-centre cavity and bound to three silver atoms [the three-
fold axial symmetry is governed by the symmetry of the
Ag(111) face]. The Ag—O bond length is 2.109 A (note that
the Ag—Onpye 1s 2.044 A). The charge transfer from the metal
to the adsorbate in this case should be much smaller than that
in the binding of Ag to Onuc - The aforementioned oxyradical
oxygen adsorbed on Ag(110) is characterised by a similar
geometry.”!-92 In this case, oxygen is also localised on the
three-centre position of the non-reconstructed surface, i.e., the
oxygen adsorption on Ag(110) proceeds dissociatively without
reconstruction. Such a geometry of the adsorption complex
determines the essential covalency of the Ag—O bond and
consequently the electrophilic properties of this oxygen form in
the ethylene epoxidation to ethelene oxide.

The experimental efforts aimed at the elucidation of the
structure of the active site and the mechanism of the ethylene
epoxidation have been described in so much detail to demon-
strate that the in situ measurements provide correlation
dependences sufficient to establish the structure —activity rela-
tionship in heterogeneous catalysis, despite they are associated
with greater difficulties and ambiguities in data interpretations
as compared to traditional UHV measurements. It is also
evident that it is the application of several instrumental
techniques to one system that gives a chance of success in
establishing this relationship.

4. Reaction of partial methanol oxidation into formaldehyde
over copper

As another example of efficient determination of the mecha-
nism of a catalytic reaction using in situ measurements, we
describe the methanol oxidation into formaldehyde over the
copper surface studied by XANES, XPS and mass-spectro-
metry.?%3% 197 A brief survey of experimental facts available
in the literature indicates that:

— a Cu catalyst has to be activated prior to use;

— the methanol conversion pathway depends on the ratio
of methanol/oxygen partial pressures in the reaction mixture
and on the sequence of the reactants supply;

— stoichiometric copper oxides (Cu,O and CuO) demon-
strate low selectivity in the formaldehyde synthesis;

— Cu catalysts are transformed into CuyO after evacua-
tion of the reaction medium or its fast cooling aimed at the
freezing of the active state of the copper surface.

This means that the forms of adsorbed oxygen responsible for
the copper activity towards the selective methanol oxidation
are formed directly under the reaction conditions. Thus, the
catalytic system represents a dynamic system, which exists only
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Figure 11. A model of the active surface of a copper catalyst with various
co-existing oxygen species.'%7

The arrows indicate routes of mutual tranformations of various oxygen
species and interaction paths of CH3;OH(gas) with the copper surface.
Bulk (Oxpuik) and surface (Oxsyrr) 0xide forms of oxygen catalyse the total
methanol oxidation into CO» and H>O. Formaldehyde is formed upon the
interaction of methanol with weakly bound oxygen species (SubOx)
adsorbed on the copper surface.

in the contact with the reaction medium and thus the ‘pressure
gap’ problem is very important for this system.

As a result of studies, various forms of adsorbed oxygen
have been identified and correlations between their concen-
trations and yields of respective products of the methanol
oxidation via different pathways (i.e., total or partial oxida-
tion, etc.) have been determined. The surface oxygen species
identified include two oxide forms (a surface and a bulk forms)
and one suboxide form. The assignment of the latter to the a
suboxide oxygen state was based on the absence of a character-
istic Ols —» O2pCu3d peak in the oxygen K-edge XANES
spectra. Judging from the linear correlation between the sur-
face concentration of suboxide oxygen and formaldehyde
yield, it was concluded that it is this form that catalyses the
partial methanol oxidation.?%-197 Similar dependences of the
formaldehyde yield on the concentration of the oxide forms
were far from the linear character, which allowed a conclusion
that these forms catalyse the total methanol oxidation.

A generalised scheme of various species present on the
copper surface in the course of the catalytic methanol oxida-
tion and responsible for different reaction pathways is shown
in Fig. 11.197 It is of note that the suboxide oxygen form on the
copper surface was detected by means of XANES only in the
presence of the reaction medium, which additionally demon-
strates the importance of in situ studies.

A great interest of researchers to the state of active catalyst
surfaces during their operation (even in the case of model
systems) is reflected in the appearance over recent years of
numerous monographs and special issues of scientific journals
devoted to the application of instrumental techniques to
studies of the catalytic activity in the in situ mode with
surface-sensitive techniques occupying a notable place among
them_|07— 111

III. The ‘material gap’ problem

The intermediate state occupied by nanoparticles in the row
metal —atom determines their unique physicochemical proper-
ties (electronic, magnetic, optical, ezc.) clearly distinguishable
from those of both bulk metals and isolated atoms. No doubt,
it is the changes in the surface structures and electronic
properties of metal catalysts upon transition from bulk sam-
ples to nanoparticles that are of primary interest for catalysis

specialists,'8 20 since it is these characteristics that govern the
features of the interaction of reactants with the active compo-
nent, the nature and reactivity of adsorbed species and ulti-
mately the activity and selectivity of nanostructures in
heterogeneous catalysis.

1. CO oxidation over nanoparticles

of the platinum-group metals

According to investigations into the catalytic activity of
palladium particles supported on a-Al,O3 with respect to the
CO oxidation as a function of the mean particle size,''? a
decrease in the particle size from 30 nm to 5 nm accelerates the
reaction three fold. This experimental fact was explained
within the Langmuir—Hinshelwood mechanism, which
assumes that any adsorption —desorption steps of a heteroge-
neous catalytic reaction are in equilibrium and the total rate is
limited by the reaction between the adsorbed species:

COgas == COuus.
02. gas —~—— 2 Oads >
Coads + Oads —> C02 gas -

In the case of CO oxidation of single-crystalline surfaces, the
validity of this mechanism has been established earlier.!- 113 An
increase in the rate of the CO oxidation on Pd particles was
explained by weaker binding of the CO molecules to the Pd
atoms of small clusters. This conclusion was derived from a
comparative TPD analysis of the CO adsorption on Pd(111)
single crystal and disperse palladium samples.!-4° In the case of
Pd nanoparticles with a size of 2.5 nm, the TPD spectrum of
carbon monoxide reveals additional weakly bound states that
are characterised by lower desorption temperatures as com-
pared to adsorption states on the single-crystalline surface.
Meanwhile, in the case of large particles with d = 27 nm, the
TPD spectrum was identical to that measured with the single
crystal.

A different in principle picture was observed for Pt particles
supported on alumina 4’ or mica:!''# the TPD spectra of CO
desorption showed that a weakly bound state typical of a
single-crystalline surface or large supported particles virtually
disappears for Pt particles smaller than 3 nm. This observation
is in accord with a more than seven fold deceleration of the CO
oxidation on small Pt nanoparticles.'!> According to TPD
studies of the CO adsorption on supported platinum and
rhodium particles,!!® relative populations of weakly and
strongly bound CO,qs is virtually independent of the mean
size of rhodium dispersed particles. This explains why the
reaction of CO + O, on the rhodium surface is structure-
insensitive.!1”

The above example demonstrates that the use of model
catalysts prepared by the thermal deposition of a metal on
planar substrates is extremely efficient for the analysis of size
effects for reactions catalysed by supported metal particles.
This statement can be most spectacularly illustrated with a
study of the CO oxidation on gold particles. Presently, this
reaction became a canonical example of the ‘nanosize’ effect.

2. CO oxidation over gold nanoparticles

For a long time, gold was considered as one of the most inert
metals. Nevertheless, as was discovered in the 1990s, gold
nanoparticles with a size of <5 nm supported on titania
manifested high catalytic activity in a series of practically
important reactions exceeding that of platinum catalysts tradi-
tionally applied in the field (the CO oxidation was the first
reaction of this series !!%:119). Figure 12 plots the atomic
catalytic activity of nanosized gold particles for the CO
oxidation reaction as a function of the mean particle
size.120-121 1t is clearly seen that the reaction rate rapidly
increases with a decrease in the mean size of gold particles to
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Figure 12. Turnover frequency (TOF) of the supported Au/TiO; catalysts
with high specific surface areas in the CO oxidation at 300 K as a function
of the mean Au particle size.'?!

3.5 nm. Further decrease in the particle size results in a
decrease in the catalytic activity. Such an unusual catalytic
behaviour of utrasmall Au particles remained unexplained at
the atomic level for a long time despite enormous efforts put
forth. The understanding of the size effect has been achieved
owing to a transition to Au/TiO, model systems.!?2~127 These
brilliant results have been obtained by a group of researchers
from the A&M University (Texas, USA) headed by Prof.
Goodman.

A typical STM pattern for a model sample composed of
gold nanoparticles with a diameter of 2.6 nm and a height of
0.7 nm (which constitutes only 2—3 atomic layers) dispersed
on the TiO2(110)-1 x 1 single-crystalline face and covering
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Figure 13. A structural model of bilayer Au islets on the TiO,(110) surface
(a) and STM image of the Au/TiO»(110)-(1 x 1) surface at O(Au) =
0.25 monolayers (b).'?7

25% of its surface is shown in Fig. 13. Such a morphology of
the gold particles is explained by the fact that the growth
proceeds in two steps: first two-dimensional (2D) islets are
formed and only then as the surface concentration of gold
increases, the particles start to grow in the third dimen-
sion.!28-129 By changing the surface concentration of deposited
gold, a series of model samples was prepared with the mean
particle size systematically varying from 1.5 nm to 6 nm.

These model catalysts Au/TiO2(110)-1 x 1 were assayed in
the catalytic activity in the CO oxidation. The reaction rate as a
function of the gold particle size obtained (Fig. 14) was nearly
identical to that measured for real supported catalysts, which
justifies the utilisation of model systems in the analysis of the
size effects. The apparent activation energy in the temperature
range of 350-450 K increases from 1.7 kcal mol~—! to
5 kcal mol—! with an increase in the mean Au particle size
from 2.5 nm to 6 nm.
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Figure 14. Turnover frequency (TOF) of the Au/TiO»(100) catalyst in the
CO oxidation as a function of the mean Au particle size assuming their
dispersion (a); changes in the band gap widths according to the STM
measurements (b); relative coverage of the TiO»(100) surface with bilayer
Au particles (¢) as functions of the mean Au particle size. The data points
1-3 correspond to three samples with different gold concentrations.

These measurements on model samples helped to shed light
upon the reasons for the extraordinary activity of gold nano-
particles. Variations in the mean size of particles in a range
from 2 nm to 4 nm are accompanied by changes in the band
gap (Fig. 14 5).122-127 With a decrease in the mean Au particle
size below <3.5 nm, a metal—insulator transition occurs:’
particles with a height of one atomic layer are characterised by

+ The metal—insulator transition, which is a particular case of the

quantum size effect, was observed earlier for many metal cata-
lysts. 124.130.131
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a rather wide band gap, whereas particles with heights of
3 layers and more are essentially metallic.

Furthermore, the strength of the CO — Au bond was shown
to be dependent on the Au particle size. This conclusion was
derived based on IR absorption spectroscopy of CO molecules
adsorbed on gold nanoparticles with a size from 1.8 nm to
3.1 nm.'?>126 The specific heat of absorption abruptly
increased from 12.5 kcal mol—! to 18.3 kcal mol—! with a
decrease in the particle size, and the maximum is observed at
the same size (~ 3 nm) as the catalytic activity maximum and
the onset of the metal —insulator transition.'?? The final con-
clusion about the structure of active sites was made based on an
analysis of the relative distribution of bilayer gold particles as
a function of the mean particle size, which is also shown in
Fig. 14 ¢. The maximum of this distribution falls on the same
mean size (2.5-3.0 nm) as the maximum strength of the
CO—Au bonds and activity of model catalyst in the CO
oxidation.

Further arguments in favour of the suggestion that it is the
bilayer gold particles that are active in the CO oxidation 33- 101
were gathered in an LEED study of gold particles deposited
into an ultrathin single-crystalline film of TiO, . The film was
prepared by mild oxidation of a titanium monolayer grown on
a Mo(112) single crystal.'?” The surface was characterised by a
distinct (8 x 2) LEED pattern. Two-dimensional gold islets and
bilayer particles were identified by the appearance of (1 x 1)
and (1 x 2) LEED patterns, respectively. The sample contaning
bilayer gold particles manifested an unprecedented catalytic
activity in the CO oxidation (Fig. 15). Thus, it was demon-
strated that in order to provide high activity of nanosized gold
catalysts in the low-temperature CO oxidation, gold particles
composed of exactly two layers of Au atoms have to be
selectively prepared. This finding initiated extended experi-
ments aimed at the development of methods for the synthesis of
nanoparticles supported on porous alumina and design of
advanced catalysts on their base (see Section V).

Au coverage /monolayers

Figure 15. Turnover frequency (TOF) of the Au/Mo(112)-(8 x 2)-TiO,
catalysts in the CO oxidation at 300 K as a function of coverage of the
surface with gold nanoparticles.

Model samples synthesised by the UHV deposition of
metals on planar supports were used to study many aspects of
the catalytic action of supported metal catalysts. Only a few of
them will be addressed in the present review, including the
catalytic synergism in the CO oxidation on bimetallic Pt— Rh

catalysts,!32~ 133 the size effects ¥ in the ethylene epoxidation on
silver catalysts20-136-138 and the deactivation mechanism of
Pt/Al,O3 catalysts for neutralisation of exhaust gases in the
presence of SO, 139140

3. CO oxidation on bimetallic Pt — Rh catalysts

The synergism in the CO oxidation on supported
Pt— Rh/Al>O3 catalysts used for the exhaust gases neutralisa-
tion has been reported for the first time by Oh and Carpen-
ter,!*! who studied this reaction under conditions of excess of
oxygen. They showed that catalysts prepared by successive
impregnation of alumina with solutions of platinum and
rhodium salts manifest significantly higher activities than
mechanical mixtures of two catalysts with individual metals.
This result was later reproduced by Cai et al.'4?

On the other hand, Nieuwenhuys et al.!43-144 observed no
synergistic effect in the Pt— Rh/A1,0O3 catalytic system. They
noted only a monotonic change in the catalytic properties
between two limiting points represented by monometallic
platinum and rhodium systems. This apparent discrepancy
was likely due to variations in the nature of studied samples,
experimental conditions and procedures used for the catalysts
preparation.!4! 144 Nieuwenhuys ez al.'43- 144 employed simul-
taneous impregnation of alumina with a solution of platinum
and rhodium salts, whereas Oh and Carpenter '#! and Cai
et al.'*? performed the impregnation successively in two steps.
It would be reasonable to assume that a statistical distribution
of alloy particles over the alumina surface is realised in the case
of the simultaneous impregnation and subsequent reduction,
whereas isolated Pt and Rh particles are generated upon
successive impregnation.

In order to verify this assumption, Bukhtiyarov
et al.'32-135 carried out a comparative analysis of the CO
oxidation on continuous polycrystalline films of Pt and Rh,
their alloy and heterophase Pt—Rh bimetallic surfaces at a
reaction mixture pressure below 105 mbar. The high-vacuum
conditions were necessary to exclude surface oxidation of the
catalysts, which cannot be avoided with porous sup-
ports.!41-142 Continuous polycrystalline films of Pt and Rh
were prepared by UHV deposition of the respective metals on a
Ta foil. In order to suppress the diffusion of the noble metals
into tantalum, the surface of clean Ta foil was covered with a
thin alumina film prior to metal deposition.!32

The alloy with a composition of 56 at.% of Pt and 44 at.%
of Rh was prepared by successive deposition of platinum and
rhodium from two independent sources. Prior to experiments,
the alloy was annealed at 800 °C for 10 min under UHV to
equilibrate the atomic distribution.

The preparation of heterophase Pt—Rh surfaces included
several steps: (a) vacuum deposition of a continuous rhodium
film on the Al,O3/Ta substrate; (b) total oxidation of rhodium
to Rh>O3 by exposure to oxygen for 30 min at P = 10 mbar and
T =400 °C; (c) vacuum deposition of Pt on the oxidised
rhodium surface until the Pt4f7,,/Rh3ds/, line intensity ratio
in the XPS spectrum becomes equal to 0.38 and (d) subsequent
reduction of the surface in hydrogen at P = 10—° mbar and
T = 300 °C. The heterophase surface prepared in this way can
be regarded as a model of catalysts synthesised by successive
impregnation, whereas the alloy surface mimics the catalysts
produced by simultaneous impregnation.

According to an STM study of these samples, the hetero-
phase surface is composed of platinum particles with a size of

i As has been demonstrated earlier, the rate of ethylene oxide formation
decreases by more than one order of magnitude with a decrease in the
mean size of supported silver particles below 50 nm.
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Figure 16. STM Images of the Pt—Rh alloy (a) and the Pt—Rh hetero-
phase surface (b) prepared by the UHV Pt and Rh co-deposition on a thin
alumina film grown on a Ta foil (see text).

10—20 nm dispersed on a flat rhodium substrate and covering
50% of its surface; the alloy is characterised by a smooth
surface with a roughness of <1 nm (Fig. 16). The heterophase
surface is stable against heating up to 350 °C but converts into
the homogeneous alloy at higher temperatures.

Typical plots of the CO oxidation rates (measured as a CO»
partial pressure) for the platinum sample measured at a
constant O, pressure (10— mbar) and variable CO pressures
as a function of temperature are shown in Fig. 17. All curves
reveal three distinct regions. At low temperatures, the reaction
is very slow and the CO, concentration is below the detection
limit of the mass spectrometer. With an increase in temperature
up to a certain threshold value, CO, appears in the gas phase,
then the reaction rate rapidly increases reaching the maximum
value. After that, the reaction rate smoothly decreases. Similar
dependences were obtained for all the samples under study.
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Figure 17. Temperature dependences of the CO oxidation rates

(expressed as CO, partial pressures) on Pt as a function of Pco at a
constant oxygen pressure (Po, = 10—% mbar).
107 Pco /mbar: 0.07 (1), 0.17 (2), 0.35 (3), 0.47 (4), 0.96 (5), 3.6 (6), 8.6 (7).

Such a character of the reaction rate vs. temperature plots is
typical of platinum metals and explained by the adsorption
mechanism of the CO oxidation (the Langmuir — Hinshelwood
mechanism), which involves steps of reversible molecular
adsorption of CO, dissociative adsorption of O, and a reaction
between the adsorbed species on the metal surface.! At low
temperature, the metal surface is covered by adsorbed CO
molecules, which screen surface areas accessible to the O
adsorption. As a consequence, the reaction rate is low.

With an increase in temperature, CO,qs Species partly
desorb freeing adsorption sites for O, . Under these conditions,
the reaction rate is limited by the carbon monoxide desorption,
i.e., CO inhibits the reaction. With further increase in temper-
ature, the reaction rate rapidly increases reaching the maxi-
mum value, which is accompanied by a change in the

composition of the adsorbed layer from purely CO,q4s to
COads + Ouds . 1% Further smooth decrease in the reaction rate
with increasing temperature is usually attributed to the screen-
ing effects of adsorbed oxygen. At high temperatures, the
reaction is characterised by the zero order with respect to the
concentration of the excess of the reactant and nearly first
order with respect to the concentration of the deficient
reactant.!

Due to the validity of the Langmuir — Hinshelwood mech-
anism for the CO oxidation, the temperature dependences of
the CO conversion known as the ‘light-off curves’ came in use
as an industrial test of properties of catalysts for the after-
burning of exhaust gases. Typically, the light-off curve has a
shape similar to the above curves of the CO oxidation rates
measured in a chamber of an XPS spectrometer serving as a
catalytic reactor (see Fig. 17): the CO conversion is negligible
at low temperature but rapidly increases reaching 100% when
temperature is increased above the critical value. This fact can
easily be rationalised taking into account that COx is the only
product of the CO oxidation. A catalyst that provides the
minimum temperature of the 100% CO conversion is consid-
ered to be the best one (the half-conversion temperature is
routinely used in quantitative comparisons).

In order to verify the probable synergistic effects for the
heterophase surfaces, the temperature dependences of the CO
oxidation rates were compared for different model surfaces,
including monometallic Pt and Rh films, the Pt — Rh alloy and
the Pt—Rh heterophase surface (Fig. 18). For the sake of
comparison, Fig. 18 also shows a calculated temperature
dependence of the CO oxidation rate on a bimetallic Pt—Rh
sample with two independent platinum and rhodium domains
with areas twice smaller than those in the individual mono-
metallic samples (curve 5). The number of platinum and
rhodium surface sites in the case of the calculated curve was
adjusted to be the same as in the heterophase surface. All
experimental curves were measured under identical conditions
for equimolar CO and O, mixtures (P ~ 10— ° mbar).
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Figure 18. Temperature dependences of the CO, formation rates at
Pco = Po, = 10—% mbar on Rh (curve ), Pt (2), Pt—Rh alloy (3),
Pt—Rh heterophase surface (4).

The simulated dependence for a heterophase Pt—Rh surface assuming
independent Pt and Rh domains with relative coverages of 0.5 (curve 5,
see text).

As it becomes clear from Fig. 18, rhodium manifests much
higher activity than platinum. Importantly, high oxidation
rates are observed on the Rh catalyst at relatively low temper-
ature. In particular, the activity of rhodium is maximum at
T = 200 °C where platinum exhibits nearly zero activity. The
activity of the alloy is intermediate between those of individual
Rh and Pt. The CO oxidation rate on the heterophase surface is
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close to that on rhodium at low temperatures and exceeds that
on rhodium above 250 °C. Nevertheless, it has to be taken into
account that the accessible area of rhodium in the case of the
heterophase samples is twice smaller than in the case of the
purely rhodium sample. Therefore, a comparison of the
activity of the heterophase sample (curve 4 in Fig. 18) with
the calculated curve (curve 5) would be more informative. The
calculated curve has a kink at 7= 200 °C corresponding to the
maximum reaction rate on pure rhodium and a maximum at
T = 300 °C (corresponding to the maximum reaction rate on
platinum).

The curves 4 and 5 are nearly identical at 7' < 200 °C, while
the CO oxidation rate on the heterophase Pt — Rh surface starts
to significantly exceed the respective value expected for the
bimetallic surface under assumption of the independent beha-
viour of Pt and Rh domains at higher temperatures, i.e., there is
a prominent synergistic effect. This result was explained by a
specific structure of the adsorption layer and its evolution in
the course of the reaction (Fig. 19). At the ignition temper-
ature, the adsorbed CO molecules are oxidised by O,4s species
adsorbed on the rhodium regions that become vacant due to
the CO desorption. The CO oxidation rate is maximum at
T = 200 °C, which corresponds to the Twmax for pure Rh. At
this temperature, the reaction rate on platinum is low (since Pt
particles are covered with CO,g4s). At T > 200 °C, the reaction
between CO,gs (on platinum) and Ougs (on rhodium) takes
place (see Fig. 19). The experimentally observed synergism in
this case is due to the involvement of the Pt particles into the
overall process as a supplier of one of the reactants (i.e.,
Coads)-
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Figure 19. A structural model for the active Pt/Rh surface explaining the
synergism in the CO oxidation.

In summary, the enhanced activity of the bimetallic catalyst
can be explained by the selective adsorption of the reactants on
different surface sites (Oags preferably on rhodium whilst
COags preferably on platinum) and a reaction between the
O,4s and CO,qs proceeding at the interface between Pt and Rh.

4. Interaction of oxygen with silver nanoparticles

The size effects in the ethylene epoxidation on silver catalysts
were eclucidated on model catalysts prepared by vacuum
deposition of silver on the graphite substrate.?0136-138
The use of the carbon substrate instead of the oxide (Al.O3)
helped to suppress the charging effects, which hampers studies
of the electronic properties of supported metals by means of
XPS for dielectric samples, and get rid of the masking Ols
signal from the substrate. The absence of the spurious Ols
from the substrate makes the XPS method highly informative
for the elucidation of O, adsorption on the surface of
supported silver particles.!37- 146 Sputtering of silver and sub-
sequent oxygen adsorption on model Ag/C specimens was
performed directly in a UHV chamber of a photoelectron
spectrometer avoiding air exposure of the specimens. Only the
STM characterisation of the supported silver particles was
performed in a vacuum chamber of the tunneling microscope

following transfer of the samples from the chamber of the
photoelectron spectrometer.

A typical STM pattern of the graphite surface after the
silver deposition (relative coverages were estimated according
to ratios of the silver and carbon line intensities in the XPS
spectra; the current sample corresponds to Jag3d/Icis = 0.13) is
shown in Fig. 20. The originally rather smooth graphite sur-
face becomes substantially rough after the silver deposition due
to the formation of three-dimensional silver nanoparticles with
amean size of 1 —3 nm. A statistical treatment of several (> 10)
STM pictures afforded a size distribution histogram of silver
particles depicted in Fig. 20 4. This sample is characterised by a
mean silver particle size of 1-1.2 nm. Samples with larger
mean particle sizes were prepared using longer deposition
times, although this necessarily resulted in broadening of the
size distribution.
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Figure 20. A typical STM image of the highly oriented pyrolytic graphite
surface with deposited silver particles (a) and the respective size distribu-
tion histogram of the silver particles ().

The Ols XPS spectra recorded just after the O, adsorption
on Ag particles (within 10 min) at Pg, = 0.1 mbar and
T =420 K are shown in Fig. 21. Only nucleophilic Ogqs
species are formed under these conditions on the bulk silver
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Figure 21. Ols XPS Spectra after exposure of graphite-supported silver
particles to Oz for 10 minat 7= 420 K and Pp, = 0.1 mbar as a function
of coverage (estimated as the /ag34/Ic1s line intensity ratio).

Coverage (particle size): (/) 0.13 (1-2 nm), (2) 1.5 (5-7 nm), (3) 2.4
(~10 nm), (4) 13.1 (>20 nm). The mean size of Ag particles (in paren-
theses) was estimated from STM.
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surface, whereas the electrophilic species are found on the
nanoparticles, which is evidenced by the appearance of the Ols
component with Ey, =~ 530.5eV in the XPS spectra. The
electrophilic form of adsorbed oxygen remains prevailing for
silver nanoparticles with sizes of up to 30 + 10 nm. Only for
larger Ag particles, the line characteristic of the nucleophilic
oxygen species emerges in the spectra.

This result indicates that the same two species of adsorbed
oxygen (viz., the nucleophilic and electrophilic ones) can be
detected on the surface of supported silver nanoparticles as on
bulk samples. They are formed directly upon adsorption of
pure Os rather than of a mixture of oxygen and ethylene, which
was necessary for the formation of the Ogjec Species in the case
of bulk silver. This enables the collection of reliable TPD data
for the electrophilic oxygen to estimate the strength of the
Ag— Oclec bonds. This was impossible for bulk silver due to a
parasitic desorption contribution from oxygen dissolved in
silver and Ogjec elimination through the interaction with near-
surface carbon (both dissolved oxygen and near-surface car-
bon are generated upon the activation of the bulk silver surface
by the reaction medium).

The procedure used for the preparation of Ag/C samples
was slightly modified for the determination of the strength of
the Ag— O bonds by means of TPD. A thin film of graphite
(with a thickness of a few hundred nm) was deposited on a Ta
foil by pyrolysis of ethylene at 7 =1100K and
P = 50 mbar.!37 The Ta foil was used as a resistive heater,
which provided a sample heating rate of 2—3 K s~ ! sufficient
for the TPD data acquisition. The time of ethylene pyrolysis
was monitored by repeating survey XPS scans: the pyrolysis
was stopped when the tantalum line was completely sup-
pressed. The graphite-like nature of the carbon deposit was
confirmed by XPS: the position of the Cls line and the
appearance of a characteristic shake-up satellite were fully
consistent with the respective features in the spectrum of bulk
graphite.!4® The graphite layer was prepared in the same UHV
chamber where subsequent vacuum deposition of silver and
oxygen adsorption were carried out.

Figure 22 shows the curves of temperature-programmed
desorption of electrophilic oxygen measured using mass spec-
trometry by the appearance of O in the gas phase (heavy line)
and as changes in the intensity of the Ols component with
Ep = 530.5 eV (fine line) after its differentiation and inversion
(the procedure used for the conversion of XPS data into TPD
spectra is described in detail elsewhere 47). The full agreement
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Figure 22. TPD Spectra of eletrophilic oxygen adsorbed on Ag particles
measured by mass spectrometry (heavy line) and as changes in the XPS
Ols line intensity for a relative coverage Iag3da/Icis = 2.4 [thin lines; (1)
after differentiation, (2) after inversion].

of the TPD spectra obtained by mass spectrometry with that
calculated from the XPS data confirms that the signal in both
cases is due to the desorption of the electrophilic oxygen.
According to these results, the electrophilic form of atomically
adsorbed oxygen is characterised by a lower desorption tem-
perature as compared to the nucleophilic form (500 K vs.
580 K), which means that this form responsible for the ethy-
lene epoxidation is bound to the silver surface less strongly
than the nucleophilic form, which is active in the total ethylene
oxidation to CO, and H>O. This conslusion is of great
importance, since it confirms the compliance with the thermo-
dynamical requirement of the possible participation of electro-
philic oxygen in the formation of ethylene oxide: the upper
limit of the bond strength for an oxygen species driving the
epoxidation was estimated to 25-27 kcal mol—! (Refs 148
and 149).

The changes in relative amounts of the electrophilic and
nucleophilic forms of O,qs on Ag/C catalysts dependent on the
silver particle size is yet another feature of these catalysts. The
character of this dependence (i.e., the disappearance of Opnycl
with a decrease in the Ag particle size below 200—300 A)
explains within a common mechanism the decrease in the rate
of the ethylene epoxidation on Ag/a-Al,O5 catalysts by more
than an order of magnitude with a decrease in the mean size of
silver particles down to 50 nm.!3¢ Indeed, the disappearance of
the nucleophilic form of adsorbed oxygen on silver particles
with a size <50 nm results in a decrease in the concentration of
adsorbed ethylene, which in turn results in deceleration of the
key step of the epoxidation reaction, according to the active
surface law. This result is another illustration that both the
electrophilic and nucleophilic forms of oxygen adsorbed on
silver are involved into the ethlyene epoxidation.136-138

Based on the results of fundamental investigations into the
nature and reactivity of adsorbed oxygen species on supported
silver particles, a mechanism of the ethylene epoxidation
reaction was proposed (Scheme 1), which takes into account
the silver surface morphology ensuring the formation of two
forms of adsorbed oxygen.

Scheme 1
CO> + H,O
O
> (Aghy)r— 0%~

0O, CHy; HoCo_

Agres —> (Agh)r—07 —> ]| SAgh,—07 —Agf,
H,C~
lreaction medium (@

Ager Oy AL —03-

b
C,H40

(a) Ag surface restructuring; (b) oxygen diffusion; Ag.s and Aggcr are
regular and defect domains of the supported silver particle surface.

The oxygen adsorption on a regular surface yields the
nucleophilic adsorbed oxygen species, which promotes ethy-
lene adsorption but is active only with respect to the total
ethylene oxidation. Only transformation of regular surface
domains into defect ones due to the silver activation under the
action of the reactants enables the formation of the electro-
philic form of O,4s, Which upon interaction with adsorbed
ethylene, affords the target partial oxidation product, ethylene
oxide. Alternatively, the formation of the electrophilic form is
also possible upon the direct adsorption of Oz on defect sites of
the silver surface. In particular, the surface of supported silver
nanoparticles with a size of <50 nm consists of electron
density-deficient low-coordinated Ag atoms.!38

The understanding of the molelcular mechanisms of cata-
lytic reactions makes it possible to predict catalytic properties
of specific catalysts and suggest possible ways of the improve-
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ment of the existing catalytic systems. In particular, the yield of
the target product, ethylene oxide, is one of the key character-
istics of the epoxidation reaction on the industrial scale. In
order to optimise the catalytic system as regards this parame-
ter, the factors affecting the selectivity of the overall process
have to be analysed. The selectivity of the reaction (S) with
respect to ethylene oxide

R(C,H,0)

S =
R(C,H,0) + R(CO,)

is determined by the rate ratio of two competing reaction
pathways, viz., epoxidation [R(C>2H40)] and total oxidation
[R(CO2)].

In the case of bulk silver samples, the nucleophilic oxygen
species are formed efficiently, while the rate of the electrophilic
form formation due to the modification of surface by compo-
nents of the reaction medium is rather low. This favours the
total oxidation pathway of the reaction. As a result, the
selectivity of the epoxidation reaction rarely exceeds
30% —40% with silver single crystals, despite its relatively
high rate.8~10.150

When supported catalysts are used, the epoxidation reac-
tion is decelerated by two orders of magnitude due to the low
concentration of sites suitable for the ethylene chemisorption.
But at the same time, the rate of the ethylene total oxidation by
nucleophilic oxygen species also decreases and decreases more
abruptly than that of the epoxidation. This is due to diffierent
stoichiometries of the two oxidation pathways: the total
oxidation of a C;H4 molecule to CO, and H>O requires six
oxygen atoms, whereas only one oxygen atom is needed for the
partial oxidation. This results in a substantially enhanced
selectivity of the partial oxidation of C,H4 in the case of
supported catalysts 5! (S drops below 50% only in rare
cases). If the mechanism of the ethylene oxidation reaction
described above is valid, further decrease in the mean silver
particle size (especially down to 50 nm and smaller) should
further enhance the selectivity of the partial CoHy4 oxidation
(>86%, which is the maximum possible value realisable for
molecular oxygen as the ethylene epoxidising agent;
S < 6/7).9-10

Notwithstanding, several authors (for instance, see
Ref. 152) reported on a decrease in the selectivity on going to
very small silver particles, which cannot be rationalised with-
out postulated secondary reactions of ethylene oxide after-
oxidation on the alumina surface. Ethylene oxide is formed
exclusively on the silver surface (see above). Meanwhile, the
total oxidation products, CO; and H,O, can be generated in at
least two pathways, viz., the interaction of C>H4 with the
nucleophilic oxygen species adsorbed in silver and the after-
oxidation of ethylene oxide. It is well known that it is the
reaction proceeding on the alumina surface that makes the
dominant contribution to the afteroxidation pathway. Its rate
is independent of the mean size of supported silver particles.
This implies that the side reaction of the ethylene oxide after-
oxidation has to be suppressed in order to increase the
selectivity of the partial ethylene oxidation. Taking into
account that this reaction is catalysed by acidic OH-sites
present on the alumina surface,'>3 the use of surfaces devoid
of such sites can serve as a possible solution of the problem.
Indeed, Balzhinimaev et al.'>* achieved the selectivity of the
ethylene epoxidation as high as 85% —88% by using a carbon
substrate (sibunite) instead of alumina. Even higher selectivity
(>90%) was achieved by the utilisation of utradispersed silver
particles with a mean size close to the optimum
(50100 nm).'>* This results are the best confirmation of the
validity of the proposed reaction mechanism and consequently
of the efficiency of the fundamental approach to the design of

catalysts based on experimental studies of model systems with
surface science techniques discussed in the present review.

IV. Investigations into the structure of active sites
in porous catalysts

The elucidation of the formation and evolution of active sites
during the preparation, activation and deactivation of porous
catalysts with surface science techniques constitutes an impor-
tant part of the proposed investigation scheme (see Introduc-
tion), since it enables the transition from model objects to real
catalytic systems. However this task is very demanding from
the experimental viewpoint. First of all, difficulties in the
interpretaion of the experimental results have to be taken into
account, which are due to the complex stoichiometry and phase
composition of real catalysts, low concentrations of the active
component and high concentrations of promotors therein. In
our opinion, a rational compromise between catalytic charac-
teristics of a model catalyst and the relative simplicity of its
structure is needed to make an advance in these investigations.
Although preparation of such catalyst results in a decrease in
its activity (however, this should not be dramatic), this is
compensated for by more straightforward interpretation of
the experimental results. In order to improve the reliability of
structural information provided, one should supplement sur-
face science techniques with traditional techniques of catalyst
characterisation, such as TEM, X-ray diffraction, etc.

The history of ITSS application to the characterisation of
porous catalysts is nearly as long as their utilisation for studies
of chemical interactions on the surface of model samples;
pioneering works in both directions date back to the 1970s.
The number of studies in this field is so large that any their
systematic analysis is near to impossible. Often the experimen-
tal results are reported as a mere characteristics of specific
catalyst samples without recourse to respective results on
appropriate model objects. Nevertheless, even these results
are in some cases valuable for establishing the structure—ac-
tivity relationships in heterogeneous catalysts within the fun-
damental approach discussed in the present review. First of all,
this concerns systems where model catalysts do not possess
sufficient catalytic activity under conditions accessible to
instrumental characterisation (even in the in situ mode), i.e.,
where a catalytic reaction proceeds at a measurable rate only
on a catalyst with high specific surface area. Ruthenium
catalysts of the ammonia synthesis are typical expamples of
such systems. Indeed, all attempts at the elucidation of the
structure of possible ruthenium active sites with traditional
model experiments failed due to the negligible activity of Ru
single crystals with respect to N> adsorption (the respective N»
sticking probabilities reported in the literature lie in the range
of 10—12-10-9).155-157 Meanwhile, catalytic, structural
and spectral studies performed on porous Ru/MO,,
Ru—Cs* /MO, (MO, = MgO, Al,O3 or SiO») catalytic sys-
tems revealed important details of the promotor —metal and
promotor —support interactions and helped to determine the
active site structure.!38-160

1. The promotion mechanism of ruthenium catalysts in the
ammonia synthesis

Ruthenium-containing supported systems are widely recog-
nised as the most promising and practical catalysts of the gas-
phase ammonia synthesis at moderate pressures and temper-
atures. It is known that the activity of such catalysts in the
ammonia synthesis is dependent on the chemical nature of the
support: higher activity is provided by supports with prom-
inent basic properties. The highest activity was achieved with
magnesia.'®! The use of technologically more suitable sup-
ports, such as alumina or carbonaceous materials, instead of
MgO results in a dramatic decrease in the activity of ruthenium
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Figure 23. Steady ammonia concentration in the reaction mixture at the
reactor outlet for the Ru—Cs*/MgO (curve /) and Ru—Cs™/ALLO3
(curve 2) catalysts as a function of temperature.

Equilibrium of the ammonia curve yield (3) calculated for the reaction
conditions used in the experiment.

catalysts.!0% 163 The activity of supported rithenium catalysts
can be enhanced to a level sufficient for industrial applications
by doping with alkali metals or their compounds. The activity
of ruthenium catalysts increases with an increase in the basicity
of the dopant along the series Na®™ < K™ < Rb* < Cs™*.164

The reasons and mechanisms underlying the influence of
the support material and dopant type on the activity of
supported ruthenium catalysts in the ammonia synthesis
remains a subject of vivid scientific discussions, but no con-
sensus has been reached so far. In order to make progress in
this field, three types of interactions have to be considered:
(1) between the catalytically active metal and promotor,
(2) between the metal and support and (3) between the pro-
motor and support.'38-160 Within the context of this study,
magnesia, alumina and silica were tested as support materials,
Ru(OH)Cls and Cs,CO3; were chosen as precursors of the
active component and promotor, respectively.

Studies of catalytic properties of promoted and non-
promoted supported ruthenium systems differing in supports
and precursors revealed Ru—Cs* /MgO samples to be the
most active. Al,Os-Supported ruthenium is significantly less
active than MgO-supported. Temperature dependences of the
catalytic activities of two catalysts, viz., Ru—Cs*/MgO and
Ru—Cs*/AlLOs3, expressed as steady-state ammonia concen-
trations in the reaction mixtures are presented in Fig. 23
together with the equilibrium curve of ammonia yield calcu-
lated for the reaction conditions. In the presence of the
Ru—Cs™* /MgO catalyst, the yield of ammonia nearly reaches

Table 2. Relevant XPS parameters of the ruthenium catalysts.

Table 1. Performance of the ruthenium catalysts in the ammonia synthesis
measured at ambient pressure and a ratio of H,: N> partial pressures of
3:1.

Tempe- Ru—Cs*/AlL,O3 Ru—Cs*/MgO

rature /°C /ml(NH3) g(cat)~! h—! /ml(NH3) g(cat)~! h—!
250 02 0.4

300 0 4.4

350 0 19.8

400 0 12.7

2The lowest detection limit was less than 0.1 ml(NH3) g(cat)~!-h~!
(the volume of NH3 under normal conditions).

its equilibrium value at 7 =350 °C, whereas the
Ru—Cs*/Al,O3 catalyst is inert under these conditions. The
performances of these two catalysts in the ammonia synthesis
expressed as the amount of ammonia (ml) per g of the catalyst
in 1 hour are listed in Table 1. The tabulated data also clearly
confirm that Ru—Cs™* /MgO is characterised by a significantly
higher activity than Ru—Cs*/AlLO3;. A combination of
instrumental techniques was used to analyse the reasons for
the so different catalytic properties of the samples.

The results of XPS and AES studies on the electronic states
of different ruthenium catalysts are given in Table 2.
The binding energy of the ruthenium core level En(Ru3ds))
changes from 280.2 eV typical of bulk ruthenium to 279.0 eV
or 280.4 ¢V in the Ru—Cs*/MgO and Ru/Al,O3 catalysts,
respectively. The shift of Ru3d binding energies in MgO-sup-
ported catalysts (279.2—-279.5 eV) with respect to bulk
ruthenium suggests that the high activity of these samples is
due to the charge transfer from the basic support (MgO) to the
ruthenium nanoparticles.!®3 The access of electron density on
the ruthenium atoms facilitates the activation of a nitrogen
molecule owing to the electron transfer from the 3d orbitals of
Ru to the antibonding orbitals of N5 (which is the first step of
the dissociative N, adsorption). It is generally accepted that it
is the nitrogen activation that is the rate-limiting step in the
ammonia synthesis. In contrast to the Ru/MgO catalysts, the
Ru/Al,0O3 and Ru/SiO; samples are characterised by standard
(normal) values of the binding energy close to that in bulk
ruthenium (280.2 —280.5 eV).160- 163,165

Although the negative shift in the position of the core-level
line in XPS spectra can indeed indicate an excessive electron
density on the supported metal due to its interaction with the
support, there are several other reasons (including non-chem-
ical ones), which could be responsible for the effect observed.
These include a change in the relaxation energy (which is the

Sample En(Ru3ds)p)exp €V Exin(RUMNN) eV o /eV AE: elax [€V AEjgis eV Ev(Ru3ds))corr /€V
Rupuik 280.2 274.5 554.7 0 0 280.2
Ru/MgO 279.5 275.3 554.8 0 +1.0 280.5
Ru/AlLO3 280.4 274.3 554.7 0 +0.1 280.5
Ru—s*/MgO 279.0 274.6 553.6 —0.6 +1.3 279.7
Ru—Cs*/ALO; 280.2 274.5 554.7 0 +0.4 280.6

Notations adopted: Ey(Ru3ds)2)exp is the Ru3ds), core-level binding energy observed experimentally; Eyin(RuMNN ) is the kinetic energy corresponding
to the RuMNN Auger peak (with the AIK,, excitation at 1488.6 eV); o is the modified Auger parameter calculated as « = Ep(Ru3ds2) + Exin(RuMNN);
AEqax is a change in the relaxation energy calculated as A Erejax = 0.5Ax, where Aw is a difference in o between a supported catalyst and bulk Ru; AEgiris a
differential charging value determined from a comparison of the valence-band spectra as a difference between the Fermi edge positions for a supported
catalyst and bulk Ru; Ep(Ru3dsp)corr is the Ru3dsp, core-level binding energy corrected for the final state effects, i.e., En(Ru3dsp)corr =

Eb(RU3d5/2)exp + AErelux + AE‘dif-




572

V I Bukhtiyarov

energy of the electron redistribution in the presence of a core
hole generated upon photoemission, it is also referred to as the
final-state effect) and a differential charging,® i.e., a smaller
positive electrostatic potential of the surface of metal particles
with respect to that of the dielectric support, which gives rise to
different shifts of the respective core-level lines (a sample
surface during XPS measurements is always charged positively
to a certain steady value dependent on the dielectric properties
of the material due to the constant emission of photoelectrons).

Neither relaxation nor differential charging effects can be
estimated using the internal standard method (the positions of
XPS lines in the spectra of supported catalysts are usually
referenced to a selected line of an element from the support
material). The change in the relaxation energy (AEreax) can be
determined from the change in the modified Auger parameter o
for the supported metal with respect to the bulk metal. The
modified Auger parameter o is calculated as the sum of the
binding energy of a metal core-level and the kinetic energy of
the respective Auger peak:!16¢

AEeax = = Ao = = A Eh(Ru3d5/2) + Ek;n(RuMNN) .

N =
N —

The extent of the differential charging (AEgir) can be deter-
mined from the Fermi edge shift in the valence-band spectrum
of supported metal particles with respect to its position in the
spectrum of the bulk metal.!67- 168

The values of parameters o, AFE cax and AEgir determined
for the Ru/MO, and Ru—Cs™* /MO, supported systems from
the XPS spectra are compiled in Table 2. The values of o for
Ru/MO, and Rupux are identical to within 0.1 eV
(554.7—-554.8 ¢V), which implies that AFEic.x ~ 0 for non-
promoted systems. Non-zero differential charging of Ru
particles was observed only in the case of Ru/MgO
(AEqir = +1.0 eV), whereas it equals to zero for Ru/Al,O3
and Ru/SiO». Thus the original experimental values of
Ep(Ru3ds),) for Ru/Al,O3 and Ru/SiO; are correct, whereas
the respective value for Ru/MgO has to be corrected to the
differential charging:

En(Ru3ds2)corr = En(Ru3ds2)exp + AEdir =
=279.5+ 1.0 = 280.5 eV.

Therefore, taking into account the necessary corrections, the
binding energy of the Ru atoms in the Ru/MgO system is
essentially the same as in other Ru/MO, systems studied
exceeding the respective value of bulk ruthenium by
AE =0.340.1 eV. The latter value means that the surface
ruthenium atoms in the Ru/MO, systems are slightly oxidised,
which disproves the earlier assumption of the excess electron
density on the MgO-supported Ru particles.

In the case of promoted samples (see Table 2), the exper-
imental ruthenium binding energies Ep(Ru3ds).) are 279.0 eV
and 280.2 eV for Ru—Cs*/MgO and Ru—Cs*/ALO;,
respectively. The modified Auger parameter o for
Ru—Cs*/MgO differs from that of bulk ruthenium by
—1.2 €V, i.e., in this case, AE.lax = —0.6 eV. Furthermore, a
non-zero differential charging was identified for both pro-
moted systems Ru—Cs*/MgO (AEge= +1.3¢eV) and
Ru—Cs*/AlLO3 (AEgir = +0.4 eV). The true binding energies
after all corrections, Eun(Ru3ds;)corr, are 279.7 eV and
280.6 eV for Ru—Cs*™/MgO and Ru—Cs*/Al,O3, respec-
tively. Thus, a negative shift in the ruthenium binding energy
with respect to bulk metal is observed for the promoted
MgO-supported catalyst.

§ This possible reason for negative shifts of XPS lines is most frequently
ignored, which is not actually justified.

The reasons for the negative shifts of the Ru3ds,, binding
energy in this sample were found in additional studies, primar-
ily, using TEM. Histrograms of the size distributions of Ru
particles revealed that, in both supported Ru/MO, systems
and promoted samples, ruthenium particles are characterised
by sizes in the range of 2—10 nm %0 or several nanometres,
respectively, which rules out the possible assignment of the
Ru3d line shift to a change in the mean Ru particle size. More
details on the structure of the active component have been
obtained using high-resolution TEM. The respective micro-
graphs of promoted catalysts are shown in Fig. 24. In the case
of Ru—Cs™*/MgO (Fig. 24 a), it is clearly seen that the Ru
particles are coated with a thin layer of a substance, while the
Ru particles in the Ru—Cs " /Al,03 sample are devoid of such
a coating (Fig. 24 b).

Figure 24. Electron micrographs of the surface of the Ru—Cs*/MgO (a)
and Ru—Cs™ /ALO3 (b) catalysts.

The nature of the surface coating of the Ru particles was
identified by the Energy-Dispersive X-ray fluorescence analy-
sis (EDX) implemented in an attachment to a transmission
electron microscope (it provides a spatial resolution of
<100 nm).'%® The EDX spectra measured in the proximity
of ruthenium particles for the Ru—Cs*/MgO and
Ru—Cs*/Al,O3 catalysts are compared in Fig. 25. In the
case of Ru—Cs*/MgO, the EDX spectrum reveals a weak
peak attributed to Cs in addition to the dominant ruthenium
signal, whereas no additional signal was detected for
Ru—Cs*/Al,O3. This result was consistently reproduced for
a larger number of ruthenium particles.!¢0

Data on CO chemisorption provide another experimental
evidence for the formation of a Cs-compound on the surface
of Ru particles in the catalyst Ru—Cs*/MgO. It was

Ru
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Figure 25. EDX Spectra from areas in the proximity of ruthenium
particles for the Ru—Cs ™ /MgO (spectrum /) and Ru—Cs™*/ALO; (spec-
trum 2) catalysts (see Fig. 24).




Modern trends in the development of surface science as applied to catalysis

573

found that the degrees of dispersion D defined as
D = (Nsurt/ Niot) X 100%, where Ngyrr is the number of surface
Ru atoms and Ny is the total number of Ru atoms, in the
promoted and non-promoted Al,Os-supported samples are
nearly identical (D = 25.0% and 23.6%, respectively). Mean-
while, a totally different picture is observed for the analogous
MgO-supported catalysts: the degree of dispersion D in the
promoted sample decreases to 9.9% from 27.3% in the non-
promoted sample despite no significant changes in the mean
size of ruthenium particles is detected by TEM. This observa-
tion suggests that the surface of Ru particles accessible for CO
adsorption in the latter sample is partly screened by the
promotor. Presumably, this interaction between ruthenium
and the promotor plays a key role in the formation of the
active catalytic state, which is manifested in the negative shift
of the Ru3ds); line.!38 160

The speciation of the promotor chemical state was accom-
plished based on the Cs3ds;» XPS data. Figure 26 shows the
respective core-level spectra for Ru—Cs*/MgO (a) and
Ru—Cs*/ALO3 (b) measured both immediately after loading
of the samples into the spectrometer and after their reduction
with hydrogen directly in the spectrometer. The efficiency of
XPS for the identification of the caesium chemical state is
demonstrated by Table 3, which compiles the Ey(Cs3ds))
values for various caesium compounds with oxygen.!¢?-171
The data given in Table 3 indicate that inverse chemicals shifts
in the binding energy are typical of caesium, as well as for some
other metals (Ag, Cd, Ba, etc.), i.e., the binding energy
decreases rather than increases upon oxidation. The reasons
for this phenomenon lie beyond the scope of this review and
will not be discussed here. It is important that the data from
Table 3 help to assign the experimentally observed Cs3d
spectral features to specific states of the caesium atoms or
caesium compounds.

724.9 eV

7248 eV | |725.5eV
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Binding energy /eV
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Figure 26. The Cs3ds» XPS spectra of the Ru—Cs*/MgO (a) and
Ru—Cs*/ALO; (b) before (1) and after (2) hydrogen treatment directly
in the spectrometer.

The XPS spectra of the Ru—Cs*/MgO and
Ru—Cs*/AlO3 catalysts measured immediately after their
loading into the spectrometer reveal nearly identical positions
of the Cs3ds;, lines with binding energies of 724.8 eV and
724.9 eV, respectively (see Fig. 26). This caesium state can be
attributed to Cs™ (suggestedly, as caesium peroxide). Caesium
in caesium oxide Cs;O is characterised by a similar binding
energy En(Cs3dsp) = 725.0 eV, but it is known that caesium
oxide readily converts into peroxide upon exposure to oxygen

Table 3. E(Cs3dsn) and Ep(Ols) values for various caesium com-
pounds.166-170

Binding Cs compound
energy /eV

Csmet Cs24,0 €20 Cs202  Cs204  CsOH
Ev(Cs3ds)2) 726.1 725.5 725.0  724.5 7242 724.1
Ey(Ols) — 531 5282 530.6 5329 —

(exposure doses of (5—10) x 10~° Torr s),!7? which quite deci-
sively rules out its presence in the catalysts under study.

The reduction of the Ru—Cs*/MgO sample with hydro-
gen directly in the spectrometer leads to a shift of the Cs3ds»
line to larger binding energy, which is indicative of caesium
reduction, whereas the spectrum of Ru—Cs™* /Al,O3 remains
unchanged upon similar treatment. Meanwhile, the Cs3ds)»
binding energy in promoted ruthenium-free samples on differ-
ent supports shows no shifts due to oxidative or reductive
treatments. The shift of Cs3d lines upon reduction of
Ru—Cs*™/MgO also supports the existence of direct cae-
sium —ruthenium interactions.!®® Presumably, during the
reduction, hydrogen molecules dissociate on the surface of
ruthenium particles, which enables the subsequent reduction of
caesium ions with atomic hydrogen.

The details of the interaction of caesium with ruthenium
were established by XPS studies of model samples prepared by
the deposition of caesium onto a polycrystalline ruthenium foil
either in vacuum or in an oxygen flow. The Cs3ds;, and Ols
binding energies and the Cs: O atomic ratios were determined.
An analysis of these spectral data and, especially of the Ep(O1ls)
values, which are highly specific for different caesium com-
pounds with oxygen 70-171 revealed that the vacuum deposi-
tion yields caesium suboxide Cs»+ O, whereas that in an
oxygen flow affords caesium peroxide Cs>O» . Some deviations
of the experimental Cs: O atomic ratios from the stoichiomet-
ric values were attributed '° to a partial oxidation of the
suboxide due to an insufficiently high vacuum or concomitant
formation of caesium superoxide Cs,O4 (in the cases of the
Csz+ xO/Ru and Cs,Os/Ru layers, respectively). The presence
of superoxide in the sample is evidenced by the emergence of an
additional component with Ep = 533.5 ¢V in the Ols XPS
spectrum.!72- 173

Taking these results of model studies into account, it might
be concluded that the Cs3ds,; binding energy in the range of
725.4-725.8 eV can be attributed to caesium suboxide
(although its partial contamination with oxide cannot be
ruled out), whereas the values in the range of 724.7—-725.2 eV
are due to caesium peroxide.

However, it has to be noted that, for the suboxide, this
assignment means only the formation of surface species rather
than an individual phase. Otherwise it would have been
possible to observe these compounds by X-ray diffraction. At
the same time, only metallic ruthenium and the respective
support (MgO or Al>O3) were identified in the diffraction
patterns of both non-promoted and promoted samples.!58~ 160
In earlier works devoted to Cs-promoted silver catalysts of the
ethylene epoxidation, Podgornov er al.!7? suggested that silver
atoms are capable of substituting for the Cs atoms in the
Cs—Cs fragment present in the bulk structure of caesium
suboxide to form the Cs — Ag bond.

Following this analogy, it might be suggested that bonds
between the caesium and ruthenium atoms are formed in the
catalyst Ru—Cs*/MgO. This suggestion is further supported
by the fact that the Ey(Cs3ds») binding energy in promoted
ruthenium blacks (i.e., in support-free materials) increases
from 725.0 eV to 725.5 eV upon their reduction in the spec-
trometer. Similar results were observed for thin films of
caesium on the surface of bulk ruthenium. At the same time,
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in the alumina-based systems, the Cs3ds, binding energy
remains constant irrespective of the oxidative or reductive
treatment applied.

The experimental evidence presented above indicate that it
is the ruthenium — promotor rather than ruthenium—support
interactions that are responsible for the observed shift of the
Ru3ds); line to a smaller Ep.!3% 160 The formation of a thin
alkali metal film on the surface of a transition metal is known
to decrease the work function (e.g., S1 caesium —silver photo-
cathodes are formed in a similar way).!”! Thus, the downshift
of the binding energy can also be due to a decrease in the work
function of the electron escape from the surface of Ru particles
covered with a promotor layer.

If this suggestion is valid, a next question arises, why
ruthenium effectively interacts with caesium only with magne-
sia as a support, whereas no such interaction occurs on
alumina. An answer to this question was given by an X-ray
diffraction study of the Ru—Cs*/Al,O; and Ru/AlLO;
samples. The diffraction pattern of the promoted catalyst
reveals some increase in the scattering backgound in the angle
range of 20—40°,1% which is typical of caesium aluminate.
Most likely, caesim cations in this sample are incorporated into
the aluminate structure due to a chemical reaction of the
promotor with Al,O3;. The Ep(Cs3ds;y) value of 724.9 eV
found for Ru—Cs*/Al,O3 also does not contradict to its
assignment to caesium aluminate.

The following important conclusion can be derived from
the above extensive studies!38-10 of supported ruthenium
catalysts of the ammonia synthesis. An analysis of the mech-
anims of the formation of active sites schematically depicted in
Fig. 27 has to take into account the promotor —ruthenium and
promotor —support interactions in addition to more common
support—ruthenium interactions. Indeed, magnesia, due to its
prominent basicity, is expected to be quite inert as regards its
reaction with caesium oxides, which are themselves strong
bases. This largely facilitates the migration of caesium over the
magnesia surface to react with ruthenium particles thus gen-
erating active sites for the N>+ H» reaction (Fig. 27a). The
dissociative adsorption of N> should be accelerated on such
sites due to a decrease in the electron escape work function.

MgO
or A1203

Figure 27. A scheme of interaction of the promotor with the support and
active component in the catalysts Ru—Cs* /MgO and Ru—Cs* /ALO;.

On the contrary, acidic sites present on the alumina surface
strongly bind the promotor thus preventing them from the
reaction with ruthenium particles (Fig. 27 5). Consequently,
non-promoted ruthenium particles manifest a lower activity in
the dissociative nitrogen adsorption, which determines to the
overall low activity of such catalysts in the ammonia synthesis.
It is of note that alumina-based catalytic systems can manifest
high activity in the ammonia synthesis, but only at high
promotor content (promotor : metal > 3.0).174 Very likely, at
high concentrations, a fraction of the promotor remains
unbound to the support and thus capable of ruthenium
activation.

Despite the prominent success of the post-reaction analysis
of the mechanism of formation of active component in porous
catalysts with surface-sensitive techniques, future progress in
this field relates to the extensive usage of in situ measurements.
For instance, the structure of active sites of barium-promoted
ruthenium catalysts supported on BN has been determined by
in situ TEM studies.!”® In the as-prepared catalysts, ruthenium
particles were incorporated into boron nitride. TEM micro-
graphs measured under the reaction conditions of the ammo-
nia synthesis reveal restructured catalyst surfaces and support-
free ruthenium particles covered with the barium promotor in
the form of either amorphous particles or a monolayer coating.
It was concluded that barium is an electron promotor for
ruthenium.!7¢

Additional examples of highly efficient in situ XPS inves-
tigations into the state of active components in porous cata-
lysts can be found in recent publications by Schlégl ez al.'77-17°

2. Hydrogen sulfide oxidation of iron-based catalysts
The use of model objects instead of real catalysts for monitor-
ing the formation of active sites becomes inefficient for
catalytic reactions involving agressive reaction media. The
inadmissibility of agressive gases into UHV chambers due to
safety reasons prevents in situ measurements thus eliminating
one of the most important merits of model experiments, viz.,
the absence of exposure to air of samples after their activation.
This limits the research capabilities to the traditional post-
reaction analysis with a necessary comparison of as-prepared,
activated and sometimes deactivated catalysts. It is always
desirable to avoid exposure to air of the samples upon their
transfer from a catalytic reactor to the analytical UHV
chamber. This requirement was fullfilled in a study of the
formation of active sites of supported iron catalysts for the H»S
oxidation, such as Fe;O3/SiO; and Fe;O3/A1,05.180 181
According to the XPS data, the reaction of the iron-
containing catalysts with gas mixtures containing a large
fraction of water vapour in addition to hydrogen sulfide and
oxygen, gives rise to the sulfidation of surface layers of iron
oxide(111) particles.'8%-181 Such a change in the chemical state
of the active component was identified by the appearance of a
Fe2p3/» component with a binding energy of 708.8 eV, which
is typical of FeS,.182183 At the same time, an intense signal
of sulfide ions emerges in the S2p XPS spectra (E, ~ 163 eV).
The  spectral line  attributable to  Fe,Os  with
En(Fe2ps;) = 711.2 eV remains dominant in the spectra,
which suggests the surface sulfidation of the active component.
A comparison of the XPS results with data on the catalytic
activity revealed that oxide forms of the active site catalyse the
selective oxidation of H»S to sulfur, whereas the formation of
FeS, alters the oxidation pathway. The total oxidation
product, SO,, becomes dominant in this case. It is of note
that both the selective and total hydrogen sulfide oxidation are
of practical interest, although for different applications. The
application of instrumental techniques, such as XPS, to the
elucidation of the sulfidation process revealed important
details regarding the effects of the support type, precursor
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nature, annealing temperature and amount of water on the rate
of formation and depth of FeS, formation.!80 181

V. Development of methods of the purposeful
synthesis of highly active catalysts

The purposeful design of catalysts based on the knowledge of
the structure of active sites gathered in model studies is an
extremely important task, since it allows the easiest verification
of the performance of intuitively envisaged active site struc-
tures in practice. Indeed, the correctness of the structure —ac-
tivity relationship adopted in the molecular design enables the
development of convenient methods for the synthesis of highly
active and selective catalysts with a prolonged service life.
Without this knowledge, such methods affording advanced
practical catalysts will remain elusive. Instrumental techniques
of surface studies within this approach are necessary to control
the results of the molecular design aimed at the preparation of
active sites with a desirable composition and structure. The
productivity of this approach is demonstrated below with some
examples.

1. Bimetallic Ni— Au catalyst for the steam reforming of
hydrocarbons

The purposeful improvement of Ni catalysts for the steam
reforming of hydrocarbons is one of the most striking examples
of the efficacy of the fundamental approach to the improve-
ment of the catalyst performance.!84~18¢ Nickel is widely used
as a component of industrial catalysts of the steam reforming
of natural gas (primarily, methane). As has been shown, the
steam reforming starts with the methane activation on nickel.
This is accompanied by the progressive deposition of graphite
on the surface of Ni catalyst followed by the growth of
filamentous carbon and ultimately by the catalyst deactiva-
tion,187. 188

The deactivation of Ni catalysts due to the formation of
graphite layers on early steps of the catalytic reaction was
established unambiguously using TEM. The deactivation of Ni
catalysts can be suppressed by introducing minor amounts of
hydrogen sulfide into the reaction mixture. Sulfur adsorbed on
the Ni particles poisons the catalyst, which, on the one hand,
decelerates the overall steam conversion reaction but, on the
other hand, inhibits the graphite formation, thus significantly
prolonging the service life of the catalyst. Despite some
promise of this approach, it has not found wide application
since sulfur-contaning compounds poison various catalytical
reactions, in particular those combined with the steam reform-
ing into technological scheme, such as ammonia synthesis.

Another possible approach to overcome the problem of the
fast deactivation of Ni catalysts in the steam reforming relates
to a modification of the active component by, for example,
alloying nickel with another metal. The best results are
expected for metals forming only surface rather than bulk
alloys with nickel. As has been shown by Besenbacher
et al.'®°~192 in an STM study of model objects, nickel indeed
forms surface alloys in a series of binary systems, such as
nickel — gold. The reason for the formation of this surface alloy
is a decrease in the surface tension energy of nickel due to the
electron density transfer from the gold atoms to the low-
coordinated nickel atoms at the surface. These simple
qualitative speculations were supported by quantum chemical
calculations at the DFT level, which demonstrated that the
bonding of carbon to the nickel atoms having adjacent Au
atoms is much weaker than that to Ni atoms in the exclusively
nickel environment.

As a result of these model studies,'” 192 the porous
Ni—Au catalysts were suggested. They were prepared by
depositing 16.5 mass.% of a nickel — gold mixture (0.3% of
gold) on the surface of magnesium aluminate.!®3 The incorpo-

ration of gold atoms in the surface layers of nickel particles
yielding a surface alloy was unambiguously confirmed by
EXAFS. Further assay of these Ni(Au)/MgAl>O4 catalysts in
the steam reforming of n-butane demonstrated a stably high
activity of the bimetallic systems in cotrast to the standard
nickel catalysts.!?3 Butane was used rather than methane due
to its easier graphitisation.

Thus, the understanding of the structure —activity relation-
ships indeed enabled the molecular design of advanced nickel-
based catalysts for the steam reforming of hydrocarbons
characterised by significantly improved stability against deac-
tivation.

2. Nanosized Au/Al,Oj3 catalysts for the low-temperature
CO oxidation

The synthesis of Au/Al,Os3 catalysts for the low-temperature
CO oxidation represents yet another example of the purposeful
design of an advanced catalyst for specific catalytic pro-
cesses. 947196 The molecular design of this system was based
on the results of fundamental investigations into the reasons
governing the catalytic activity of gold nanoparticles,!20-123
which revealed a pronounced size effect in the activity of
Au/TiO; catalysts. Taking into account some technological
inconvenience of TiO; as a support for industrial applications,
alumina was chosen as the support material. Therefore, it
became necessary to develop efficient methods for the prepa-
ration of nanosized gold particles on the surface of alumina
particles, including y- (microspherical particles) and 6-Al,O3
(fine powder).!4-19¢ Three major synthetic procedures were
tested: the Deposition-Precipitation (DP), Chemical Liquid-
Phase Grafting (CLPG) and Chemical Vapour Deposition
(CVD) from volatile gold complexes.

Hexachloroauric acid was selected as a precursor of the
active component in the DP synthesis, whereas dimethylgold
acetylacetonate was used for CLPG and CVD due to its high
volatility, thermal stability [the saturated vapour pressure of
(CH3)2Au(acac) is 5.5 x 10— 4 Torr at 25 °C, while the decom-
position point in the solid state is 54 °C] and accessibility.!**

The mean sizes of gold particles in the catalysts were
determined using X-ray diffraction and TEM. X-ray diffrac-
tion was also used to control the phase composition of the
samples. Since the most intense diffraction peaks of bulk gold
(i.e., 111, 200 and 220) overlap with the reflexes of Al,O3, the
sizes of Au crystallites were determined from the width of the
Au(311) peak at 20 ~ 78° using the Selyakov—Scherrer
equation.

Preliminary TEM study of the Au/Al,Oj3 catalysts showed
that standard procedures of TEM images measurement
appeared unsatisfactory: the Au particles with a diameter
smaller than <5 nm were nearly undistinguishable on the
background of the support. Therefore, special techniques of
the contrast enhancement were applied. In particular, the use
of Fresnel scattering suppression on the Al atoms helped to
decrease the brightness of the Al,O3 surface background with
respect to that Au particles. Furthermore, the TEM micro-
graphs used for the size distribution analysis of the Au particles
were obtained in the so-called Z-contrast mode, i.e., at a
specific electron collection angle providing that only electrons
scattered on the Au atoms contribute to the image. In this
mode, the gold particles occur in the micrographs as bright
spots on the uniform black background coming from the
support and thus the particle size can be determined quite
precisely. Typical micrographs of the catalysts prepared by the
DP method and annealed at 673 K are shown in Figs. 28 and
29. From a series of TEM micrographs, histograms of the gold
particle size distribution were obtained in both cases, which are
also shown in Figs 28 and 29.

It is apparent that the Au/6-Al,Os catalyst (sample /,
Fig. 28 @) mainly contains gold particles with a size of



576

V I Bukhtiyarov

3 6 9 12 15
Particle size /nm

Figure 28. TEM Image of the Au/0-Al,O5 catalyst (sample /) (@) and the
respective Au particle size distribution (b) (hereinafter, N is the number of
particles).

The catalyst was prepared by the deposition precipitation method from
Au(1ll) hydroxo complexes. The image was acquired in the Z-contrast
mode. The mean linear diameter of the Au particles is 3.8 nm.

Table 4. The mean diameters of supported gold particles in the Au/Al,O3
catalysts estimated from X-ray diffraction (XRD) and TEM data.

Sample Prepa-  Sup- Aucon- Mean diameter of Au

ration port tent particles /nm

method (mass %)

XRD TEM®?
() (ds)  (dvs)

1 DP 0-ALO; 14 <3 38+£13 4.1 45
2 DP v-ALO3 1.3 6.6 6.6+4.7 8.1 125
3 CLPG vy-ALO; 3.8 12 13.3+28 13.6 145
4 CVD v-ALO3 1.2 >5  20-25 5.6
5 CVD v-ALO3; 0.7 <3 29+09 3.5

> S, > fidi > fidi
) =< ——and (dyy) = ¢

S

i

> fdi’

where f; is the number of particles with a diameter d; encountered in TEM
images.
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Figure 29. TEM Image of the Au/y-Al>Oj3 catalyst (sample 2) (a) and the
respective Au particle size distribution (b).

The catalyst was prepared by the deposition precipitation method from
Au(111) hydroxo complexes. The image was acquired in the normal
contrast mode. The mean linear diameter of the Au particles is 6.6 nm.

2—4 nm and single particles with a size from 5 nm to 8 nm.
The particles are characterised by a nearly spherical shape. The
size distribution is relatively narrow and has a Gaussian shape;
the mean linear diameter of the Au particles (day) = 3.8 nm
(Fig. 28 b). In the case of the Au/y-Al,Os5 catalyst (sample 2,
Fig. 29 a), the TEM micrographs reveal microaggregates com-
posed of primary globules of the support covered with mainly
small gold particles with a size of 2—4 nm. At the same time,
larger particles of up to 10—15 nm are also present in the
sample. As a result, the size distribution of Au particles in this
case is bimodal with two maxima at 4 nm and 12 nm
(Fig. 29b).

The mean sizes of Au particles in the Au/Al,O3 catalysts
determined from TEM and X-ray diffraction data are com-
pared in Table 4. In the case of samples prepared by deposi-
tion-precipitation, the mean volume-surface diameter ({dys)) of
Au particles estimated from TEM was larger than that calcu-
lated from the broadening of the Au(311) diffraction line. The
maximum discrepancy between the TEM and diffraction
estimates is observed for sample 2. In this case, the contribu-
tion of relatively large metal particles into the diffraction
broadening is small, although total numbers of small and
large particles are comparable according to the TEM estimate.

Sample 3 prepared by the CLPG method from
(CH3)2Au(acac) and annealed at 673 K in air contained pre-
dominantly Au particles with a size of 8 — 18 nm characterised
by a normal distribution and single particles with a larger size
of ~20 nm (Fig. 30 b). This sample was nearly devoid of metal
particles with a size <5 nm. The mean diameters of Au
particles estimated by TEM and X-ray diffraction were nearly
identical (see Table 4).

5 10 15 20

Particle size /nm

Figure 30. TEM Image of the Au/y-Al,O3 catalyst (sample 3) (a) and the
respective Au particle size distribution ().

The catalyst was prepared by the chemical liquid-phase grafting of
(CH3)2Au(acac) on the y-Al>Os surface. The mean linear diameter of the
Au particles is 13 nm.

The chemical vapour deposition was performed according
to two procedures. Sample 4 was synthesised by passing
(CHs)2Au(acac) vapour through an immobile layer of
v-Al>,O3 kept at room temperature. The process was accom-
panied by a change in the vapour colour indicative of a partial
decomposition of the complex by water molecularly adsorbed
on the support surface. A chemical analysis of several probes of
the sample 4 taken in different places of the reactor showed
that the Au concentration progressively decreases along the
direction of the gas flow. This gradient indicates that the
interaction of (CHj3)>Au(acac) with the surface of y-AlLOs is
too strong. Thus, the CVD procedure was modified in order to
prevent the uncontrollable decomposition of the organometal-
lic precursor and provide the uniform distribution of the active
component over the support. This modified procedure was
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used for the preparation of sample 5. First, the support was
carefully dehydrated by annealing in vacuo (~10—7 Torr)
at 300—-350 °C prior to its contact with vapourised
(CH3)2Au(acac). Second, the deposition was accomplished in
a constantly rotating reactor under the quasistationary con-
ditions. The resultant sample was uniformely coloured and the
Au concentrations in several probes taken from different
places were nearly identical.

According to the TEM studies, sample 4 contained gold
particles characterised by a very broad size distribution (from
5nm to 35 nm), whereas TEM micrographs of sample 5
typically revealed microaggregates of primary y-Al,Os glob-
ules covered with mainly small Au particles of spherical or
semispherical shapes with sizes from 2 nm to 4 nm (Fig. 31 a),
although single larger particles with a diameter 5—10 nm were
also present. The size distribution is rather narrow and has a
Gaussian shape with a maximum at 2.5—3.0 nm (Fig. 31 ).
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Figure 31. TEM Image of the Au/y-Al,Oj; catalyst (sample 5) (a) and the
respective Au particle size distribution (b).

The catalyst was prepared by the chemical vapour deposition of
(CH3)2Au(acac) on the y-Al>Os surface. The mean linear diameter of the
Au particles is 3.3 nm.

These Au/Al,Os5 catalysts prepared by different synthetic
routes were assayed in terms of their catalytic activity towards
the CO oxidation. The catalytic studies were performed in a
plug-flow reactor at 313 K and ambient pressure. The testing
conditions were chosen so as to approach the realistic oxida-
tion conditions in a closed room with ordinary humidity and
slightly elevated temperature. The composition of the initial
reaction medium (IRM) corresponded to air purified from CO.
The results obtained are listed in Table 5.

Under the conditions used, samples / and 2 demonstrated
high catalytic activities in the CO oxidation. The most active
Au/0-Al,Os3 catalyst (sample /) taken in an amount as small as
40— 50 mg provided the degree of CO conversion of ~45% at
the maximum possible SRM supply rate (400 ml min—"). It
was impossible to realise the process for this sample under
differential conditions, which resulted in somewhat under-
estimated reaction rates (see Table 5). The Au/y-Al,O3 catalyst
(sample 2) demonstrated a lower activity probably due to a
significantly larger mean size of gold particles in this sample
((dvs) = 12.5 nm) as compared to sample /.

Sample 3 did not demonstrate any measurable catalytic
activity in the CO oxidation over the temperature range of
313-523 K; in the presence of this catalyst, CO, lines were
detected in the Raman spectra only when temperature was
increased to 773 K (the degree of CO conversion was then
~ 2%). Since the mean size of Au particles (dys) in sample 3 is
virtually the same as in sample 2 (according to TEM), the
observed dramatic difference in the catalytic activity could be
attributed to different size distributions of Au particles in these

Table 5. Activities of the Au/Al,Os catalysts prepared by different
methods in the CO oxidation measured in a plug-flow reactor at 313 K.

Sample (dys)® /nm CO conversion Reaction
level (%) in rate®
1h 7h

1 4.5 89 85 47

2 12.5 19 31 7.4

3 12.0¢ <1 <1 <0.05

4 5.6 <1 <1 <0.05

5 3.5 24 55 18.7

Notes. The initial reaction mixture compositions: 1 vol.% CO,

2.2 vol.% H»0, 20 vol.% O,, the rest is N; the volume rate of the initial
reaction mixture supply is 100 ml min—!.

4@ Mean volume surface diameter of the Au particles calculated from
the TEM data (see Table4). P The unit of measure is
mol CO (mol Au)~' s—!. © The mean particle diameter calculated from
the XRD data.

two samples (see Figs 29 b and 30 ). Sample 2 is characterised
by a broad distribution encompassing particles with sizes from
3 nm to 20 nm. Meanwhile, the distribution for sample 3 is
much narrower and includes virtually no Au particles smaller
than 5 nm. This strongly suggests that in the case of Au/Al>Os3,
the specific catalytic activity exhibits the same size effect as was
observed earlier for the Au/TiO2, Au/Co304 and Au/Fe O3
systems: the catalytic activity abruptly increases (by several
orders of magnitude) with a decrease in the size of Au
crystallites down to d < 5 nm.

Studies on the catalytic activity of samples 4 and 5 also
demonstrates the size effect. Sample 4 containing only Au
particles with a diameter >5 nm demonstrated no measurable
activity. In contrast, sample 5 composed of mainly small gold
particles of <5 nm showed a relatively high activity in the CO
oxidation. The starting level of CO conversion in the presence
of this catalyst at an Au content of 0.7 mass % was 15%. In
three hours, the degree of conversion increased to 35% and
remained constant at this level until the end of testing. The
apparent activation energy (E,) of the CO oxidation on the
catalyst 5 calclulated from the experimental temperature
dependence of the reaction rate assuming the Arrhenius-type
function is 9.5 kJ mol—!, which is only slightly larger than the
respective value of 7 kJ mol—! found by Goodman for model
catalysts.!?” (This again proves the close correspondence
between model and real catalytic experiments.)

A change in the electronic state of gold atoms during the
preparation of the Au/0-Al,Os; catalysts (sample /) was
studied using Diffuse Reflectance UV-Vis Spectroscopy
(DR-UV-Vis ).193 In addition, the plasmon resonance features
in the electronic spectra of gold particles with the bulk
structure and the electronic spectra of some model Au(II)
complexes with the Au—O — Au bonds were simulated theo-
retically. A colloid suspension of gold containing spherical Au
particles with a mean diameter of ~50 nm was used, as the
reference sample, which was prepared by heating of an aqueous
HAuCly solution (0.05 mg Au ml—!) with a 1% solution of
sodium citrate. The respective spectra are shown in Fig. 32.19°

The spectrum of an alkalified HAuCly solution (spectrum
1, Fig. 32) shows an absorption band centred at 48 000 cm—!.
Such spectra with one weak ligand —metal charge transfer line
in the UV range are characteristic of mononuclear complexes
[AuCls— (OH),]~ with x =2 and 3. According to the
literature data, upon treatment of Al,Os with alkalified
HAuCly solutions, the complexes [AuCl2(OH):]~ and
[AuCI(OH)3]~ react with the surface OH groups of the support
resulting in the immobilisation of the Au(IlI) ions due to the
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Figure 32. Transmission (/) and diffusion reflectance (2, 3) UV-Vis
spectra for the Au/8-Al,O3 catalyst and reference samples; (/) alkalified
aqueous solution of HAuCly ([Au] = 0.013 mol litre—!, [OH]/[Au] =
3.8 mol mol—'); (2) 6-Al,O;3 support after treatment with the HAuCly
solution (conditions / ) at 70 °C, thorough washing with water and drying;
(3) sample (2) after calcination in air at 400 °C for 4 h (1.5% Au/06-Al,O3
catalyst). The DR-UV-Vis spectrum of the original 6-Al>O3 is shown with
a dashed line.

formation of the Al—O— Au bonds. A subsequent thorough
washing with warm water leads to the removal of the Au(III)
ions weakly bound to the support and the hydrolysis of the
Au—Cl bonds in the immobilised complexes. The residual CI
content in samples prepared in this way is < 0.01 mass %,
according to X-ray fluorescence analysis.!?>

The DR-UV-Vis spectrum of the 6-Al,O03 sample treated
with an alkalified HAuCls solution reveals a new broad
absorption band over 35000-50000 cm~! centred at
44000 cm—! (spectrum 2, Fig. 32), which is probably due to
chemisorbed Au(111) complexes. The so large width of this
band indicates heterogeneous composition of the surface
compounds. A shift in the position of the absorption band
maximum to lower wavenumber with respect to the spectrum
of parent alkalified HAuCly solution can be due to exchange
interactions between the Au(IIT) ions immobilised on the Al,O3
surface. The exchange interaction implies that the sorbed
Au(IIl) ions are associated, for instance into ‘islets’ with a
high local concentration of grafted complexes with neighbour-
ing metal ions located at a distance of 0.5—1 nm from each
other.

In addition to the absorption band at 44000 cm—', the
DR-UV-Vis spectrum of 0-Al,O3 treated with an alkalified
HAuCl, solution exhibits an additional weak band at
19000 cm—! attributed to the plasmon absorption band from
gold metal nanoparticles. The appearance of the resonance
plasmon line for this sample means that metallic gold is partly
formed already upon adsorption or during the washing and/or
drying steps. The absorption band at 19000 cm—! abruptly
increases after annealing of the sample in air at 400 °C and a
new band at 25000—-32000 cm ' emerges. Since resonance
plasmon features cannot be shifted so far to larger wave-
numbers, the observation of the band at 2500032000 cm !
indicates that the Au/0-Al,O3 sample contains ‘ionic’ species of
gold in addition to metal particles.!®>

The formation of metal oxide clusters and their co-exis-
tence with metallic gold was observed earlier in Au/MgO
catalysts manifesting high activity in the low-temperature CO
oxidation.!®7-198 The application of X-ray absorption techni-
ques EXAFS and XANES to probe the chemical state of gold
nanoparticles revealed that both cationic and zero-valence
(i.e., metallic) gold co-exist in the functioning catalysts and

relative amounts of these two forms depend on the composi-
tion of the reaction mixture. Simultaneous measurements of
X-ray absorption spectra and the catalytic activity of Au/MgO
catalysts in the CO oxidation for reaction media with different
reactant ratios made it possible to correlate the reaction rate
and relative fractions of the cationic and zero-valence gold.
The results of these measurements are shown in Fig. 33.
The maximum activity is achieved in the case of Au/MgO
catalysts with nearly equal fractions of the ionic and metallic
gold.
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Figure 33. Catalytic activity of the Au/MgO catalyst in the CO oxidation
as a function of surface concentrations of cationic and zero-valence gold in
the sample.!97

These results suggest that the activity of the Au/Al,O3
catalysts in the low-temperature CO oxidation is due to the
associative mechanism of the process similar to that used
earlier to rationalise the catalytic action of some metal oxides
in this reaction. The associative mechanism of the CO oxida-
tion assumes that a decrease in the apparent activation energy
of the catalytic reaction is achieved due to energy-coupled
oxidation and reduction of surface oxide metal clusters accom-
panied by the formation of carbonate structures as key
intermediates.

The above data demonstrate a practical potential of the
Au/Al,0O3 catalysts. Indeed, possible areas of application of
catalysts providing the low-temperature CO oxidation are
extremely broad. These catalysts are of importance for the air
purification in closed spaces, solution of the ‘cold start’
problem in the exhaust gas neutralisation, purification of
hydrogen from CO for the use in fuel cells based on proton-
conducting membranes, etc.

VI. Conclusion

The examples discussed in the present review clearly demon-
strate that instrumental techniques for surface studies remain
essential for catalytic investigations, since they yield detailed
information on the structure of surface sites driving specific
catalytic reactions thus helping to establish the structure—ac-
tivity relationships in heterogeneous catalysts. In parallel,
modern trends in surface science require several novel
approaches to be included into everyday practice of scientific
investigations. In particular, these include:

— in situ methods of catalyst characterisation enabling
studies exactly under conditions of catalytic reactions (a new
term Operando spectroscopy appeared recently to designate
this type of experiments);

— techniques for the analysis of nanosized and nanostruc-
tured materials (primarily, with a low concentration of an
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active component) sensitive to the metal —support interactions
(it is the efficient interaction of metal nanoparticles with the
support that provides the optimum, from the catalytic perspec-
tive size of the active component and its stability against
aggregation and deactivation upon sintering);

— methods for the synthesis of nanosized and nanostruc-
tured catalysts with a controlled narrow particle size distribu-
tion, including both model catalysts on single-crystalline
substrates and real catalysts with high specific surface area.

The first approach offers one possible way to address the
‘pressure gap’ problem, whereas two latter approaches address
the ‘material gap’ problem. The experimental information on
the structure of active sites retreived by instrumental methods
for surface science will be reliable and relevant to specialists in
catalysis for the design of highly active and selective catalysts
only provided that both these problems are properly
addressed. The costs for the development of so expensive
direction as surface science are well warranted by the ultimate
practical success in the invention of novel advanced catalysts.
Essentially, this concerns research efforts that can result in the
establishment of a totally new material and technical basis of
chemical and petrochemical industry, where 80% of all proc-
esses are nowadays catalytic.

Due to the complexity and expensiveness of the surface
science instrumentation, further progress in the field is only
possible with a wide cooperation of scientists from diverse
disciplines (physicists and chemists, theoreticians and exper-
imentalists, surface scientists and catalysis experts), integration
of research capabilities of different centres and laboratories,
including international collaborations.
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