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Application of Photoelectron Spectroscopy in the Study of Catalysis
and Adsorption

Kh.M.Minachev, G.V.Antoshin, and E.S.Shpiro

Problems associated with the application of photoelectron spectroscopy (PES) in the study of catalysis and adsorption are
examined, the physical principles of PES and the experimental technique are briefly described, and an account is given of the
results of the application of the method to the study of metallic, alloy, oxide, deposited, and zeolite catalysts. It is shown
that the method can be used successfully to investigate the valence and physical states and the surface concentrations of
elements in catalysts, the nature of the adsorption complexes, and the mechanism of surface reactions.
The bibliography includes 332 references.
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I. INTRODUCTION in the study of gases. At the present time both these
methods have been constructively combined and are used
successfully to investigate the gaseous and solid states.

Since the 1970s, X-ray photoelectron spectroscopy Because of the universality of the information obtained
(XPES) has been widely used in chemical research. The with the aid of XPES, the method has been used to solve
method is based on the phenomenon of the photo-electric various physical and chemical problems. During a short
effect. The energy distribution of the inner and valence period, more than a thousand studies on complex and
electrons of the test substance is analysed in the spectra organoelemental compounds4"8 and the electronic struc-
excited by monochromatic X-rays. The practical appli- tures of solids8"11 were carried out. Recently a tendency
cation of the method became possible when a group of has arisen towards a more vigorous employment of XPES
Swedish workers headed by Siegbahn developed in the and UPES in the study of surface phenomena: adsorption,
middle 1950s apparatus which made possible the analysis catalytic, corrosion, oxidation, etc. processes. In view
of photoelectrons with a high resolution and sensitivity. of a number of its characteristic features, this field of
Their studies showed that XPES is extremely sensitive to application of the method appears to be the most promising,
changes in the electronic structures of substances which 1. The photoelectron spectra excited by X-rays record
occur on chemical reaction1'2. During the same years, electrons leaving the specimen without loss of energy in
Vilesov et al.3 developed the practical principles of the non-elastic collisions with lattice elements. Theoretical
application of ultraviolet photoelectron spectroscopy (UPES) calculations 12 and numerous experimental studies 13~15 have
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shown that the depth of the surface layer from which elec-
trons are emitted for .Ekin ~ 1000 eV in most cases does
not exceed 20-30 A. In ultraviolet or synchrotron exci-
tation of the spectra and in the measurement of low-angle
photoemission the depth of the analysed layer may be
equivalent to several atomic layers 16~18.

2. The energies of the lines and the structure of the
spectra of the inner levels characterise the valence state
of the elements and the nature of their interaction with the
immediate environment; the valence bands characterise
the band structure of the solid.

3. The spectra of the inner and valence levels of
adsorbates serve as a basis for the determination of the
type and geometry of the adsorption bond.

4. The PES method permits a quantitative analysis of
the composition of the surface and the adsorption layer.

5. The method is applicable to the study of all the ele-
ments in the Periodic System.

There are many reviews devoted to problems of the
study of the surfaces of solids19"27, including heterogene-
ous catalysts22"28. Problems of the study of adsorption on
clean surfaces have been repeatedly and most fully dis-
cussed24'27'29"37, but the majority of the reviews have been
published abroad and do not deal with studies carried out
recently in the USSR. Furthermore, owing to the vigor-
ous development of this field of study, even reviews pub-
lished in recent years cannot claim to give a complete
survey and do not include recently published fundamentally
new results, acquaintance with which would promote a
rapid adoption of the method in practical catalytic research.

Within the framework of the present review, the authors
have considered the results of studies on heterogeneous
catalysts, as well as adsorption and catalysis by methods
of photoelectron spectroscopy.

H. PHYSICAL PRINCIPLES OF THE METHOD OF PHOTO-
ELECTRON SPECTROSCOPY

Bearing in mind that the physical principles of the PES
method and the problems concerned with the interpretation
of the spectra have been described in detail in a number of
monographs and reviews1'4'11'22'23'25'30, we shall confine
ourselves to a very brief consideration of the main prin-
ciples of the analysis of the spectra. The binding energy
of an electron emitted from a conducting solid is defined
by the equation

ftv = Ekin + ££ + 'P'SP ' (1)

where hv is the energy of the quantum (the emission ener-
gies of theAl/C a andMgXa lines are 1486.6 and 1254.6
eV and the energies of the He I and He II lines are 21.2 and
40.8 eV respectively), -Ekin is the experimental kinetic
energy of the electrons, El? is the electron binding energy

b
relative to the Fermi level of the material of the spec-
trometer, and cpsp is the electron work function of the
material of the spectrometer. For non-conducting speci-
mens, the determination of-Eb is complicated for two
reasons: (a) an effective electrical contact with the spec-
trometer is absent; (b) the specimen is charged under the
influence of the radiation. (The charging is taken into38-41.

van-account using external and internal standards
ous devices have been suggested to compensate the
charge42"43.)

The determination of the change in E\y for the inner
levels (chemical shifts) constitutes the main source of
information about the change in the valence state of ele-
ments, the nature of the chemical bond, coordination, etc.
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is described by the formula1'5'11'44"46

where &E(q) is the change in bond energy caused by the
change in the charge of the free ion, AV the change in the
crystal field potential near the atom investigated, and
•Erel the relaxation energy of the system caused by the
formation of a vacancy at an inner level. The second and
third terms of Eqn. (2) in general have the opposite sign to
the first term. Allowance for only the first term in Eqn.
(2) leads to larger calculated shifts compared with experi-
mental values i£>11>44>45

- At the same time there is a
correlation between the effective charge on the ion in the
compounds and-Eb-5'8

The chemical shift in the spectra of adsorbed mole-
cules is defined by the expression

A£ = £ = A E b -+- <psp+ A£rei,, (3)

where AE and &Ere\ are the overall change in the energy
of the level and the change in relaxation energy when the
molecule passes from the gas phase to the adsorbed state
(the "interatomic" relaxation is of decisive importance in
chemis orption 46).

The following method for separating the chemical and
relaxation shifts in the spectra of adsorbed molecules has
now been adopted. It is suggested that the changes in
relaxation energy for non-bonding orbitals, bonding orbi-
tals, and the inner levels are approximately equal. &Erei
can be determined by studying the physical adsorption of
condensation of molecules on inert carriers.

The spectra of the inner levels frequently consist of a
set of lines and not singlets, which is due to the multiplet
splitting of the inner levels '8 '47"49, the emission of Auger
electrons1 '5 '11, and many-electron processes5 '8 '48 '50"59,
arising owing to the instability of the photoionised state of
the atom. The mechanism of the formation of satellite
lines owing to many-electron processes has not been fully
elucidated. Some workers attribute their appearance to
the intra-atomic transitions from the valence band to the
conduction band50"53 or to monopole transitions with charge
transfer54"56. According to other workers, the satellites
arise owing to the interaction of the emitted and outer
unpaired electrons, leading to the inversion of the spin of
the latter57'58. The parameters of the satellite structure
change when the valence state54"56, the spin density57'58,
the coordination of the atom54"56, etc. are altered.

The intensity of the peak in the photoelectron spectrum
is described by the formula1'5'8'60

(4)

where F is the intensity of the photo flux, G the fraction of
the overall electron flux measured by the spectrometer (it
depends on the geometry of the specimen), Si the sensi-
tivity of the analyser and the detector, cri the atomic
photoionisation cross-section of the ith level, M(Ei) the
average path traversed by electrons (with .Ekin = Ei)
without undergoing non-elastic collisions in the specimen,
and Ny the number of electrons emitted from the ith level
of the element investigated. In practice, when the con-
centrations of elements are determined, one measures :,he
relative intensities1*5'8'12'61"64. For two elements, the
intensity ratio can be expressed thus:

rp Ol N\ tp '
(£>) • X, (£,)

(5)

There are now fairly reliable calculated and experimental
data for ai61"64 and x^3"15'36'60; the problem of the quan-
titative analysis of "thick" homogeneous specimens is
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therefore solved successfully. However, analysis of
heterogeneous systems requires allowance for many addi-
tional factors (see Section in).

Studies on the angular distribution of photoelectrons 16}

IT ,32,33,65,66̂  w h i c h i t i s hoped will increase the surface
sensitivity of PES and will make possible the investigation
of the geometry of adsorption bonds, have begun recently.

Table 1 presents certain parameters of standard and
modernised commercial spectrometers, which illustrate
the technical scope of the PES method87. Certain types of
unique laboratory apparatus have additional possibilities:
additional monochromatisation of the X-rays makes it
possible to obtain the line width (~ 0.2 eV)68; the employ-
ment of a synchrotron as the source of radiation makes it
possible to alter continuously the energy of the quanta from
5 to 450 eV and to investigate systematically the depen-
dence of the intensity on hv.18 Table 1 shows that the ana-
lytical possibilities ofXPES are small; however, when
surfaces are investigated, this method is irreplacable.
The employment of combined apparatus, involving several
methods (UEPS-AES-LEED, XPES-APES-UPES, and
UPES-SIMS-LEEDt) has incontrovertible advantages in
combined studies of surfaces, but the intrinsic possibili-
ties of each method are then restricted.

Table 1. Parameters of electronic spectrometers'1

Name of firm and
instrument

Hewlett-Packard,
HP 5950 A

Vacuum Generators,
ESCA-3 MK II

A. E. I. ES-300

Physical Electronics
SAM/ESCA-549

McPherson,
ESCA-36

imitins reso- 1
ution on X-ra>|Soulce

o
S

f°s
f ^ c i ^ t i o n *

xcitation, eV j ^ ^

0.5

0.9

0.5

0 .9

0.9

A\Ka, MgKa,
A\Ka monochr.

A\Ka,MgKa, He I
He II, electron flux^

A\Ka, MgKa, He I
He II A\Ka

monochr.
electron flux

A\Ka, MgKa

ditto

Jmiting sensi-
lvity w.r.t.
Vu(4/) line,
ounts s'l

Limiting
vacuum,
mmHg

105

105

106

—

—

10-8

5,10""

lO-io

lO-io

lO-io

Devices for
treatment

of specimens

treatment
camera, ion
gun,
ditto

»

»

»

m. RESULTS OF THE STUDY OF CATALYSIS AND
ADSORPTION BY PHOTOELECTRON SPECTROSCOPY

1. Metals and Alloys

It has been shown9"11'69"79 that the stretching vibration
band spectra reproduce fairly effectively the principal
characteristics of the distribution of the density of the
states of valence electrons in metals and alloys. Studies
on many transition (Mn, Fe, Co, Ni, Cu) and noble (Ag,
Pd, Au, Rh, Ir, and Pt) metals and their alloys11'69'72 led
to the conclusion that the ^-states of both components in
non-ordered binary alloys to a large extent retain the
localisation characteristic of the pure metal; when an
alloy is formed, the inner levels of the metals undergo
only a slight perturbation11. Studies have been made
recently to investigate the band structure of metals and
alloys, using monochromatised sources of X-rays and UPE
spectroscopy11'76'77'79.

*The average sensitivity with respect to elements is 0 .1-
1.0 wt.%; the minimum amount of adsorbate on the sur-
face is 0.05-0.1 of a monolayer.

Figure 1. The surface composition of Pd-Cu alloys
(40 wt.% Cu)82: a) and c) Pd(3rf5/2) and Cu(2£3/2) spectra
after reducing the specimens with hydrogen at 500°C;
b) and d) Pd(3d5/2) and Cu(2/>3/2) spectra after treating.the
alloys in air at 450"C. The numbers against the curves
indicate the spectrometer amplification factors.

The method of preparation of the catalyst specimens
and their treatment and the procedures used in the mea-
surement of the spectra have been examined in a number
of reviews23'25'26. One should note that the most effective
elimination of impurities from the surface and dehydration
are achieved when the catalysts are treated in situ. After
the reaction the catalyst studied must be transferred to the
spectrometer without any external influences on the speci-
men. Unfortunately these self-evident requirements were
not fulfilled in all experimental studies.

t AES = Auger-electron spectroscopy, LEED = low-
energy electron diffraction, and SIMS = secondary ion
mass spectrometry.

The composition of the surface layer of alloys in many
instances differs from the bulk-phase composition: on
treatment with hydrogen, the surfaces of Pt-Sn, Pt3-Sn,80

Ni-Al,81 and Pd-Al8^ alloys become enriched in the sec-
ond component. On treatment of the Pd-Cu (40 wt. % Cu)
alloy with hydrogen at 400°C, the surface concentration of
copper also increases (Fig. I)82. The most marked
changes in the surface layer occur in the oxidative regen-
eration of Pd-Cu catalysts. The spectra show that the
surface layeor is coated by a CuO film whose thickness
exceeds 50 A according to approximate calculations82.
By employing synchrotron radiation or Auger electron
spectroscopy, it is possible to analyse the composition of
alloys in depth, starting from a monolayer and continuing
up to several tens of atomic layers80'83.
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2. Simple Oxides

Studies devoted to oxides can be divided by convention
into three groups: (1) the study of thin oxide films; (2) the
study of bulky oxide specimens; (3) the study of two- and
multi-component oxide catalysts. Table 2 presents the
principal results of studies on oxide films and bulky oxide
specimens.

Table 2. Results of the study of oxides by the PES method.
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Table 2 (Cont'd.)

Fe

Ni

Ni

Pt

Pt, Au

Mo

Pb

r.e.

Si

V

Mn

Co

Co

Co

Ni

Cu

Ci
Mo

Changes in spectia; method
of determination

References

Thin oxide films

formation of monolayer oxide film ,
observed for exposures to O2 not less
than 7-10 1*

Fe 3O 4 structure studied
formation of №0 demonstrated in

oxidation of Ni foil
structural differences observed in

thin oxide films
formation of PtO and higher oxides

demonstrated in oxidation of
sputtered Pt

thin films obtained by anodic
oxidation investigated

formation of F-centres in substoichio
metric amorphous MoO, films
demonstrated; oxygen vacancies
found in surface MoO3 layer

formation of orthorhombic and
tetragonal PbO demonstrated

formation of lanthanide (from Tb
to Lu-) oxide films demonstrated

stoichiometry and structure of
thermally grown SiO, films
investigated

stability of oxide films in vacuum
heat treatment investigated

change in the form of valence
bands

ditto
shift in the Ni(2ps/j) spectrum

position of 3d levels of Ni

shifts in Pt(4/) spectrum

shifts in spectra of 4/ levels of
Pt and Au

peak near Fermi level; O(li)
peak with E\, = 532.2 eV

Pb(4/) and 0(1*) spectra

shifts in spectra of inner levels

analysis of Si(2p), Si(2»),
and 0(1;) spectra

spectra of inner levels

Bulk-phase oxide specimens

reduction of V2O, to V4O, and
V 60,, observed

reduction of a-MnO, and (J-MnO3

investigated; only one oxidation
state of Mn found in Mn3O4

the occurrence of reaction

CO, 300-460°C
F e , O 3 — : • Fe,O4

demonstrated
the reaction

250°C, vacuum
Co(CO,), •Co,O3

(surface layer contains only Co3*
ions) investigated

Co3O4 surface layer found to contain
Co3* and Co1* ions

Co2* and Co3* ions identified in Co
oxides

quantitative determination of degree
of reduction of Co in
COjO? -»Co3O4-»CoO transitions

formation of Ni2O3 on Ni and NiO
surfaces observed

the formation of Ni-O a d s and
NiO-O ad s on bombardment with
0 2 ions demonstrated

CuO -» Cu2O -» Cu reduction investi-
gated

Ag -• AgjO -» AgO oxidation investi-
gated

Pb in two oxidation states not detected
in Pb3O4

surface composition of Pb3O4 found to
correspond to 2PbO.PbOa

CrO3 -• Cr,O3 reduction observed
quantitative analysis of MoO,-MoO,

mixture
reduction process

M o O 3

4 0 ° C ' H ' - > M o ' * , Mos*. Mo4*
observed

appearance of 3d states in
valence band

changes in the spectra of the
2p level of Un

-1.0 eV shift of Fe(2p) line

no satellite in Co(2p3/j) spectrum

spectra of inner levels and stretch-
ing vibration bands

2p^ - 2py2 spin-orbital splitting
of Co levels

intensity ratio /cat/Ucat+1(--°-
1

the shift of Ni(2pyJ level is
+ 1.5 eV in the transition
N i J * - N i 3 *

Ni(2py2) and O(li) spectra

satellite disappears from Cu(2pJ/j)
spectrum in the Cu1* -• Cu*
transition

negative shift observed in Ag(3d)
spectrum

Pb(4/) spectra

Pb(4/) and O(lf) spectra

shift of 2p level of Cr
analysis of intensities in Mo(3rf)

and O(l») spectra
shifts in Mo(3d) spectra

89

90,91

92-94

95

96

97

102

103

104

54

54,105

55,
106-108

109

110

111
112

113,114

Element

Mo

Mo

Ru

W
Re

Re

Al

Al

-

Co, Ni

Fe, Zn

-

Main results

reduction process

400°C H,
Mo'*(MoO3) — 1 Mo n + (» < 4)
observed

reduction process

400°C, H,
Mos*(MoO3) —2- Mo"
observed

RuO3 and RuOCO3 detected on the
surfaces of RuO, and hydrated
specimens respectively

WO3 -• WO2 reduction observed
surfaces of the oxides Re,O,, ReO3,

and ReOj investigated
distribution of the density of states in

the valence band of ReO3 investigated
differences observed in the energies of

levels of different modifications of
aluminium oxide and hydroxide

correlation found between E\, for 2p
level of Al and Al-O distance in
aluminosilicates

correlation established between Eb for
O(ls) and 1/r for M-O bond in
50 oxides

decrease of Ey, for O(ls) with increasing
oxidation state of the cation in oxides
observed

three types of oxygen observed in oxide
minerals

dependence of shifts of inner levels of
metals on the nature of their bond
with oxygen in oxides investigated

Changes in spectra; method
of determination

ditto

analysis of Ru(3d), O(lj), and
C(ls) spectra

analysis of W(4/) spectra
analysis of Re(4/) spectra

analysis of valence band

analysis of Al(2p) and O(lJ)
spectra

analysis of Al(2p) spectra

analysis of O(ls) spectrum

analysis of O( Is) spectra

analysis of O(ls) spectra

analysis of O(ls)spectra and
inner levels of metals

References

115

116

117

118,119
120

121

122

123

124,125

126

127

47

1 L (1 Langmuir) = 10~6 mmHg s"

Generalising the experimental data, one may conclude
that the most significant information has been obtained
about the state of transition metals in the surface layer of
oxides. Further studies are probably required to identify
the different forms of surface oxygen, using methods sensi-
tive to the nature of the surface oxygen, such as, for
example, EPR, optical spectroscopy, etc.

3. Complex Oxides

Regions of homogeneity (solid solutions or chemical
compounds) and heterogeneity are as a rule present in two-
component variable-composition oxide catalysts. The
study of the state of the components in such catalysts and
the estimation of surface concentrations are therefore of
considerable interest. Quantitative analysis of CuO-MgO,
CoO-MgO, CuO-ZnO, and CoO-ZnO systems has been
carried out 1 2 8 ' 1 2 9. It follows from Fig. 2« that in the region
of solid solutions in the CuO-MgO system, there is a
linear relation between the intensity ratio and the atomic
ratio of the components in the bulk of the catalyst. The
agreement between the slopes of the experimental and
calibration (not shown in Fig. 2) lines indicates the simi-
larity of the surface and bulk-phase compositions 1 2 8. On
passing to the heterophase system, the straight line shows
a break. Enrichment of the surface in the region of solid
solutions has not been observed for CoO-MgO specimens,
whereas in CoO-ZnO the surface concentration of cobalt
is somewhat higher than the bulk-phase value. No
changes in the spectra of the inner levels of the metals
after the alteration of the concentrations of the components
have been observed128'129. It has also been noted13 that
the E\) for the 2pa/2 levels of cobalt, copper and nickel in
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xQ systems do not change, but the ratio of the
intensities of the satellite and the peak and the half-widths
of the Co2* and Cu2+ levels in the catalyst are smaller than
in CoO and CuO respectively. In contrast to the above
studies, an increase of ^b for the 2/>a/2 level of cobalt by
0.5-0.6 eV has been observed131 at the 11.3% CoO-MgO
concentration, which was accompanied, according to mag-
netic susceptibility measurements, by an increase of the
magnetic moment of cobalt ions. The authors believe that
this is caused by the absorption of oxygen in a paramagne-
tic form, which results in electron transfer from Co2+ to
O2.

In LixNii-xO catalysts (0 < x «£ 0.3) the addition of
lithium leads only to a change in the profile of the Ni(2/>3/2)
and O(ls) lines . More significant changes in the spec-
tra were observed for N i O - A l ^ specimens (Fig. 2b). In
catalysts with a high NiO content (97.5 and 95%) E^ for
Ni(2/>3/2) is close to the value observed in NiO. However,
the shoulder in the spectrum characterising the multiplet
splitting is absent for these specimens. With decrease of
the NiO concentration to 40 mole %, E\y increases by 1.6
eV and becomes close to the value for the NiAl2O4 spinel.
In the region of solid solutions (0-15 mole % NiO), there
is a further increase of E\y, apparently characterising the
increase of the effective charge of Ni ions. As in the
study of Boreskov and Zhdan , the dependence of the line
intensity ratio on concentration was obtained in the form of
a broken straight line with the break point in the region of
the transition to the heterophase system (Fig. 2b). A
change in the slope of the straight line may be caused by
the change in the surface concentrations of the components
or the ratio of the particle sizes.

Catalysts obtained by the joint treatment of the La2O3-
Cr2Os oxides at 750°C have been investigated133. For the
ratio La2O3 : Cr^s = 3:1, chromium is almost completely
oxidised to Cr6+, while for the 1 :1 ratio approximately 50%
of chromium remains in the form of Cr3+. The Mgi_xCux-
.AI2O4 three-component system has been studied by a num-
ber of methods: XPES, secondary ion mass spectrometry
(SIMS), EPR, and others134. It follows from SIMS data
that, after heat treatment at 900°C in air, the system has
only the spinel structure. In the spectra of specimens with
a low copper content, the O(2p) signal is split into two
peaks and, with increase in the copper content, the higher
energy peak remains unchanged either as regards energy
or intensity, while the intensity of the lower energy peak
increases and it is displaced towards lower values of £b.
The set of data obtained led to the conclusion that an
increase of the copper content results in a delocalisation
of the copper electrons, which is the cause of the decrease
of the activity of the catalyst in the oxychlorination of
ethylene.

[Cii(2pJ/2)J

5 10 15
[Cu]/[Mg] (bulk)

A£b[Ni(2p3/2)],eV

10 20 JO i/0 50 60 70 80 SO
[Ni:O],mole%

Figure 2. Dependence of the spectroscopic characteris-
tics of the elements (the intensity ratios and the inner level
bond energies) on the composition of oxide catalysts: a)
CuO-MgO128 [1) and 2) catalysts (curves 1 and 2 represent
the solid solution and heterogeneous regions respectively);
3) mechanical mixture]; b) NiO-AlaOs [1) dependence of the
intensity ratio on composition; 2) dependence of the
Ni(2/>3/a) line shift (relative to the NiO line) on composition].

4. Deposited Catalysts

In the study of catalysis on deposited catalysts, infor-
mation about the nature of the interaction of the active
components with one another and with the carrier, about
the surface compounds, and about the valence state and
concentration of the deposited component is of significant
interest for investigators. Depending on the state of the
deposited component in the active form, deposited cata-
lysts may be divided into two groups: oxides on carriers
and metals on carriers.

(a) O x i d e s on c a r r i e r s . Starting with the study
of Miller et al.135, investigators drew attention to the fact
that the spectra of deposited cations giving rise to oxides
or oxide compounds after heat treatment differ from those
of the cations in the corresponding individual compounds.
The lines due to the elements in the spectra of catalysts
are appreciably broadened and in certain cases chemical
shifts are also observed. The magnitude of the observed
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effects depends on the type of cation and carrier and the
method of preparation and treatment of the specimen. The
usual scheme followed in the study of such catalysts there-
fore involves a comparison of the spectra of the catalysts,
after various types of treatment or catalysis, with the
spectra of the individual oxides, and with those of the pos-
tulated bulk-phase analogues of the surface phases and the
estimation of the relative surface concentrations.

The most important results were obtained in a study of
molybdenum catalysts, which have practical importance.
These include in the first place data obtained in the inves-
tigation of the alumina-cobalt-molybdenum catalyst for
the elimination of sulphur from petroleum, the binary
deposited Co/AlaCk and M OO3/AI2O3 catalysts, and the non-
deposited cobalt and molybdenum sulphide catalysts, which
to some extent simulate the structure of the Co-Mo-
AI2O3 surface layer, after various types of treatment, or
the hydrodesulphurisation reaction in hydrocarbons. In a
study of MoO3/Al2O3 Miller et al.138 observed for the first
time a broadening of theMo(3d) line, which was attributed
to a donor-acceptor interaction of MoO3 with the carrier.
Other workers reached the same conclusion114'115'136.
When (3%MoO3)/Al2O3 was reduced, Mo6+, Mo5*, andMo4+

ions were detected114, oxidation in air resulting in a
decrease in the concentration of Mo5* ions, while that of
Mo4* ions remained unchanged. The reduction of Mo6*
ions in MOO3/AI2O3 proceeds with much more difficulty than
in theMoO3/SiO2 catalyst owing to the stronger interaction
of molybdenum with AI2O3. The intense interaction of
molybdenum with the carrier persists also in the ternary
system u5'136"138. This is indicated particularly by the
finding that the reduction of MoO3 at 400-500°C in hydro-
gen leads to the formation of metallic molybdenum, while
only Mo5* andMo4* ions are formed in the Co-Mo-A12O3
system115'136'138, and, even after prolonged treatment in
hydrogen138 at 500°C, approximately 25%Mo6+ remains
unreduced. A study of the reduction kinetics showed138

thatMo5+ ions behave as intermediate species in theMo6+—>
Mo4* transition; theMo5+ concentration on the surface
exceeded by a factor of 5 that observed by EPR. The
similarity of theMo(3d) bond energies in Co-Mo-Al2O3,
Al2(MoO4)3, andMoOs precludes a conclusion in favour or
against the formation of aluminium molybdate on the sur-
face. It is noteworthy that XPES data do not appear to
conflict with the reaction mechanism adopted in the litera-
ture138.

Mo

H H
! I

O O
AI Al

-H.O

OH OH

O O

Al Al

The Co(2̂ >3/2) signals in the Co/Al2O3 and Co-Mo-Al2O3
catalysts are similar in both the initial specimens and
after heat treatment at 600° C and apparently correspond to
Co2+ ions136'138'139. We may note that the peaks with #b =
781.4 and 780.5 eV for Co(2/>3/2) were assigned to cobalt in
CO2AIO4 and CoO respectively, while the satellite peak with
Eh = 784.9 eV was erroneously assigned to Co2* ions coor-
dinated to HsiO molecules. The decrease of the spin-
orbit splitting of the 2/>i/2 and 2£3/2 cobalt sublevels103 after
the heat treatment of (5-10% Co)/Al2O3 led to the hypothe-
sis that the cobalt on the surface exists in the tervalent
state, although X-ray diffraction revealed the presence of
the COAI2O4 phase. Analysis of the satellite structure of

the spectra of the variable-composition Co-Mo-Al203
system140 (0.5-0.6% Co, 2-10% Mo) led to the conclusion
that at low concentrations the tetrahedral centres in AyZfe
are occupied solely by Co2* ions, while after the formation
of the monolayer the CO3O4 phase appears. Although, in
view of some discrepancy between the results, one cannot
postulate an unambiguous form of the surface compound of
cobalt and alumina, it is evident that such a complex
exists. This is also indicated by the difficulty of reducing
Co2* by hydrogen in deposited catalysts.

The problem of the interaction of cobalt and molybdenum
in the cobalt-molybdenum-alumina catalyst is no less com-
plex. The authors 141 believe that, with increase of the
cobalt concentration to 1% (to give a ratio Mo : Co ^ 4), a
phase designated as M04C0 is formed on the surface. When
the ternary system is heat-treated in air at 600° C, the
ratios of the integral intensities of the Co and Al, Mo and
Al, and Co andMo pairs of signals change, which indicates
an enrichment of the surface in molybdenum ions and a
decrease of the surface concentration of cobalt ions 136.
Reduction of the specimen leads to the opposite effect u5»136.
A smaller cobalt and molybdenum signal intensity ratio in
Co-Mo-Al2C>3 compared with CoO/Al^ for the same
bulk-phase CoO concentrations may be attributed to the
fact that cobalt ions are located in deeper layers of the
catalyst than molybdenum ions 115'136. Thus the different
conditions for the reduction of cobalt and molybdenum ions
and the variation of their surface concentrations when
different types of treatment are employed, as well as the
differences between the energies in the C0M0O4 and Co-
Mo-Al2O3 spectra, show that cobalt and molybdenum
interact mainly on the carrier. At the same time,
according to some data, molybdenum ions prevent the
penetration of cobalt ions into the lattice and the formation
of a phase resembling a bulk-phase spinel136.

It has been found that the state of cobalt and molybde-
num changes significantly in the interaction of the catalyst
with model mixtures: thiophen-H2,

138'142 H2S-H2,
138'139 and

CS2-H2.
143 A general conclusion arrived at in these

studies is that cobalt and molybdenum are vigorously,
although not completely, converted into sulphides. As
regards the identification of the surface sulphides, reli-
able data on £b for the electrons of cobalt and molybdenum
in sulphides of different composition are necessary. It
has been found 143~145 that in contrast to the oxides MoO2
and MOO3 the transition from the lowest to the highest
molybdenum sulphide entails a negative shift of theMo(3d)
line. Furthermore, twoS(2/>) components (with an inten-
sity ratio of 1 :2), having £b = 162.9 (S°) and 161.8 eV (S2~)
were observed inMoO3. This shows thatMoS3 is formed
by the association of subcrystallineMoS2 and amorphous
sulphur. A similar conclusion was reached in another
study, where CO-MO-AI2O3 deposited catalysts were
investigated. Reliable information148'147 for the Co~S systems
was not obtained in the above investigations, because speci-
mens with low cobalt contents were studied [Co/(Co + Mo) <
0.1].

TheNiO-WO3-Al2O3 catalyst, which is an analogue of
the cobalt-molybdenum-alumina catalyst, has been
studied in detail148. In the oxide form of the specimen
nickel is present as N i ^ and NiAl2Qt, while W forms a
stable complex wi thy -Al^ . Nickel is comparatively
readily reduced in H2 to zerovalent nickel, while tungsten
remains in the form of W6+. Treatment with thiophen-H2
and particularly H2S-H2 mixtures leads to the formation of
sulphides: WS2 and Ni3S2 and NiS. Since the ratio of the
nickel and aluminium signal intensities increases under
these conditions, it is suggested that nickel sulphides are
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dispersed on the alumina surface and possibly on the sur-
face of WS2. We may note that, in contrast to Co-MoO3-
AI2O3, the NiO-WO3-Al2O3 system is almost completely
converted into sulphides under these conditions.

Thus XPES yielded information about the state and dis-
tribution of molybdenum and cobalt (or nickel and tungsten)
ions in the structures of oxide and reduced catalysts and
catalysts converted into sulphides. The model of the
sulphur-elimination catalyst put forward in a number of
studies149"151, where the ions of the active component
exists in the form of a monolayer and those of the pro-
moting agent enter the tetrahedral AI2O3 centres, is in
general confirmed by these results. At the same time,
no evidence has been obtained for the presence of Mo3*
(W3+), which are believed149 to enter into the composition
of the active centre, and no data supporting the formation
of so-called "incorporated" structure have been obtained149"
151

The influence of the nature of the additives on the struc-
ture of the V205-Mo03 catalyst has been studied152'153. In
the NaH2PO4 concentration range between 0 and 5% the
ratio of the surface concentrations [V]/[Mo] changes by a
factor of 4, while the bulk-phase ratio remains constant152.
When the oxides of various elements were added to the
V2O5-MOO3 solid solution, a change in the degree of
reduction of vanadium (V4+ -» V5+) and in the [V]/[Mo]
(surf.) ratio was observed. After the introduction of pro-
moting additives into the C0MCO4 a-phase, the bond ener-
gies in the cobalt and molybdenum spectra change little154.
However, when V2O5 was deposited on the C0M0O4 + MOO3
surface using the layer-by-layer method, then the values
of £b for the Co(2/>3/2) level (+0.6 eV) of [Co]/[Mo] (surf.)
increased with the concentration of the additive154. This
is due to the formation of a V2O5-MOO3 solid solution,
having the same structure as C0M0O4, and the increase
of the charge on cobalt.

An interesting attempt at a layer-by-layer analysis of
MCM catalysts (bismuth and iron molybdates with added
magnesium, cobalt, and manganese) was undertaken155.
The iron signal was not detected in the spectrum of the
surface layer of the initial specimen. However, after
bombardment with Ar+ ions the surface was depleted in
molybdenum and bismuth ions [under certain conditions,
the intense Bi(4/7/2) peak fully disappeared], whereupon
the Fe(2/>3/2) signal appeared and its intensity increased.
On the basis of these results, the following three-layer
model was proposed for MCM catalysts:

M(Mg,C0,Mn)Mo04

(Bi0)2Mo0j

It is not clear whether the possibility of the migration of
the components on the surface during the bombardment
with Ar+ has been taken into account in the above study.
The interaction of Bi^oOe with H2 led to the reduction of
Mo6* toMo4+ 156 and the UPE spectra indicated the forma-
tion of two types of donor levels above the valence band;
in the last stages of the reduction process some of the bis-
muth was converted into Bi3+.

Among deposited metal carbonyl catalysts, the
Mo(CO)6/y-Al2O3 catalyst heated in vacua at 400° C was
investigated; molybdenum in the 0 < n < 6 state was
detected in the catalyst It has already been stated

y-Al2C>3 surface leads to an increase of the binding energy
in the spectra of the metals by 1 eV relative to the oxides
and to a decrease of the Al(2/>) binding energy by 0.7 eV.
The similarity of the £b values in the spectra of deposited
cations and the corresponding aluminates led to the hypo-
thesis that the latter are formed on the surface of the
carrier. A similar conclusion was reached for CuO/Al2O3 159

and WO3/AI2O3.160 It is believed103 that the strength of the
interaction of CoO with the carrier increases in the
sequence SiO2 < y-Al2O3 < La2O3, LaCoO3 being formed in
the last system.

The surface composition of alumina-chromium oxide
catalysts (ACC) depends on the nature of the aluminium
compound chosen as the carrier The ratios of the
intensities of the Cr(2/>) and Al(2s) lines for the catalysts
obtained by impregnating bayerite, boehmite, and y-Al2C>3
with the same amount of CrO3 and heat-treated at 700° C
are similar, while the ratio for hydrargillite is higher by
a factor of 2. With certain assumptions, the ratio
/(Cr)//[(Cr) + (Al)] may serve as a measure of the specific
surface of 0263 in ACC.161 The state of the chromium
ions in ACC depends on the chromium content162: at low
concentrations Cr6+ ions were detected in the heat-treated
specimens, and, as the chromium concentration increased,
the Cr3+ phase appeared. The change in the splittings of
the Cr(2/>i/2) and Cr(2/>3/2) lines and their shift (-1.7 eV)
relative to the Cr6+ spectrum show that almost the entire
chromium is reduced under mild conditions to Cr5+. In the
above study and elsewhere112'163 attention was drawn to the
possibility of the photochemical reduction of Cr6+ on the
surface of carriers. Data113'164 for the change in the sur-
face composition of CrO3/SiO2 catalysts conflict with one
another. A sharp decrease in the ratio of the Cr(2p) and
Si(2p) signal intensities has been observed112 as a function
of the heat treatment temperature and was explained by the
agglomeration of chromium into large Crj>03 particles. On
the other hand, the sharp increase of the Cr and Si signal
intensity ratio was attributed to the formation of a dis-
persed a-Cr2O3 phase on the SiO2 surface164. According
to our data, the ratio of the Cr(2/>3/2) and Si(2s) signal
intensities in the non-heat-treated (5% CrO3)/SiO2 specimen
is higher by a factor of 2 than in the specimen heat-treated
at 550°C. In addition, it has been shown164 that the reduc-
tion of CrO3/SiO2 to cobalt in situ leads to a negative shift
of the Cr(2^3/2) line by 0.7 eV, which can be explained by
the formation of Cr2+. An AlF3 surface complex on y-Al2O

has been observed This result as well as data for the

that many deposited oxides react vigorously with the AI2O3
surface. In addition it has been shown 158 that heat treat-
ment of catalysts containing zinc and nickel nitrates on the

interaction of HF with alumina166 may be of interest for the
study of catalysts in which the carrier is fluorinated AI2O3.

(b)Depos i ted m e t a l and " g r a f t e d " c a t a -
l y s t s . The principal trend in the application of the
method to these systems involves the study of the interac-
tion of metal clusters with the carrier, of the degree of
reduction of metals, and of the nature of their distribution
on the surface. As an example, Fig. 3 presents certain
data for the Re/SiO2 and Re/y-AlaOs catalysts 120. The
spectra of the catalysts obtained by impregnating y-Al2O3
with NH4ReO4 and HReO4 solutions differ greatly from
those of Re2O7 orNIkReO^ An appreciable broadening
of the Re(4/) lines and a positive shift are observed for the
catalyst. To a lesser extent, this is also seen for the
Re/SiO4 specimens. The reduction of the catalysts in a
stream of H2 at 500° C leads to the appearance of a spec-
trum which also differs from that of the compact metal.
We may note that, according to the results of chemical
analysis, rhenium is almost completely reduced to the
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zerovalent state. The positive shift in the Re(4/7/2) spec-
trum relative to the Re0 spectrum changes as a function of
the type of compound used for impregnation: KReO4(0) <
NH4ReQ4 (0.3 eV) < HReCfe (0.5 eV) < Ba(ReO4)2 (1.1 eV).
The main effect for all the Re/SiO2 specimens consists in
a broadening of the lines. The differences between the
spectra of the deposited and compact metal are apparently
due to the donor-acceptor interaction between the highly
dispersed rhenium particles and the carrier. The
broadening of the lines may indicate an energetic inhomo-
geneity of the rhenium atoms on the surface.

Figure 3. Re(4/) photoelectron spectra of deposited
Re/y-AlaOa and Re/SiO2 catalysts x : a) initial Re/SiO2;
&)Re/SiO2, 300°C, H2, lOmmHg; d) Re/SiO2, 200°C,
C6H6 + H2, 30 atm; e) initial Re/y-AlaOa; / ) Re/y-AlaOa,
500°C, H2, lOmmHg; g) Re/y-Al2O3, 650°C, H2, 10
mmHg; h) Re/y-Al^a, 200°C, C6H6 + H2, 300 atm; A =
NH4ReO4; B = Re(metal), 480°C, H2, 10 mmHg. The I,
II doublet characterises Ren*(n = 3 or 4) and then , m
doublet characterises Re0.

The differences between the spectroscopic characteris-
tics of the deposited and bulk-phase metals have been
pointed out in a number of studies: for Ir le7-189

> Pt,170-173

P t - G e , m Pt-(Mo, W, Re),174"178 W 178 Rh,179 and Pd.45

The chemical shift of the Ir(4/) linel89 relative to Ir°
changes as a function of the nature of the carrier: ZnO
(0.3 eV) < SiO2 (0.9 eV) < a-AlaCfe (1.0 eV) < TiO2 (1.2 eV)
< 6-Al2Oa (1.8 eV) ^ aluminosilicate. The appearance of
the shift is caused, according to the authors , by the
equalisation of the positions of the Fermi level on the sur-
faces of different oxides. The broadening of the Pt(4/)
line and the appearance of an additional peak near the
Fermi level has been interpreted170 as a consequence 04
the interaction of Pt clusters (whose size is d = 12-20 A)
with silica gel. Similarly, a broadening of the Pd(3d) line
and a small positive shift relative to the Pd° spectrum have
been observed for P d / A l ^ . 4 8 In addition there is a
decrease of the density of states in the vicinity of the
Fermi level. Calculation with the aid of the extended

Huckel method showed that the interaction of the palladium
atom with the y-Al2O3 surface may lead to similar changes
in the spectra. According to an alternative explanation,
the effects observed in the spectra of deposited metals are
due to the anomalous electronic properties of the metallic
clusters. The most interesting attempt to follow the
changes in the spectrum in the valence region for different
surface coverages by metal atoms was undertaken by
Mason and coworkers171'180 and Hamilton181. For low
surface coverages of graphite by silver, the spectra of the
valence bands show that the sp band of silver atoms is
unfilled and that there is a small peak with A£$ = -2 eV.
Calculation by the CNDO method showed that such states
are characteristic of Ag1-Ag4/Cie clusters With
increase of the degree of surface coverage, the spectrum
characteristic of metallic silver gradually appears.

The nature of the clusters and their interaction with
carriers can in principle be inferred from XPE spectra.
However, it is first necessary to solve a number of com-
plex problems: (1) one must find a method of separating
chemical relaxation shifts and shifts caused by the matrix
effect. The difficulty is that the charging of the inhomo-
geneous surface of the specimen can also cause a broaden-
ing and distortion of the lines. More direct results can
be obtained by studying the UPE and XPE spectra of the
valence bands. (2) One must find a method of isolating
the components responsible for the alteration of the elec-
tronic properties of the clusters and for the interaction
with the support. For this purpose, it is necessary to
study the clusters on inert carriers and to compare the
experimental data with calculation. In view of the fore-
going, studies on "grafted" catalysts, particularly on
organic carriers, on which it is possible to obtain clusters
with rigorously specified dimensions, appear promising.
At the present time there have been few investigations, in
which only metals grafted via tf-allyl complexes to the
silica gel surface were investigated In the pres-
ence of low-valence molybdenum, tungsten, and rhenium
ions, the electron density of platinum diminishes174"178.
The enhancement of the interaction of tungsten grafted to
the SiO2 surface relative to the standard specimen obtained
by impregnation is indicated by the results of Shul'ga et
al.178

It has been suggested172 that, after the impregnation of
alumina with HiaPtCla and reduction, some of the platinum
atoms are coordinated to chloride ions and A l ^ , i.e. are
formally in the quadrivalent state. The state of a rhodium
complex deposited on a polymer has been characterised182:
E\> for Rh(3d) in the catalyst was close to the value for the
initial complex RhCl2[P(o-tolyl)3]2. A change in the
valence state of rhodium was not observed after prolonged
exposure of the specimen to air. After treating SiO2 with
hydrogen at 800°C in the presence of metals (Ni, Pt, Ta,
and W) but without physical contact with them, the Si-OH
groups were reduced to Si-H groups, which, judging from
the XPES data, is due to transfer of traces of metals to
the surface183.

In a heterophase system the expression for the intensity
ratio may be represented as follows184:

(6)

where 1^ and IQ are the signal intensities in the spectra of
infinitely thick metal and carrier specimens, / is the
fraction of the surface occupied by the metal, c the size of
the metal crystallites, and XM the mean free path of elec-
trons with a kinetic energy .EM. Thus, together with con-
centration, the surface coverage by the metal and the size
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of its crystallites influence the intensity ratio. Evidently
in the two extreme cases (where c « A and c » X) with
homogeneous coverage, a linear relation should be
observed between Iyi/Ic and the metal concentration.
Indeed, a direct correlation has been noted184'185 between
the ratio/(Pt)//(Si) and the characteristics of the platinum
surface, namely the volume of absorbed H2 and the ratio
of the number of Pt atoms, i.e. [Pt], to the specific sur-
face of the carrier SSp. For highly disperse systems
(Pt/SiO2 and Na/Al2O3), the composition determined with
the aid of XPES is close to that of the bulk phase. For
specimens with a lower degree of dispersion, a direct
relation is observed only when /(Pt)//(Si) is plotted against
[Pt]/cS sp(Fig.4).

0.5 1.0 1,5
10"26[Pt]/c5'Sp, atoms m

0.005 0.01
[Pt]/[Si] (bulk)

Figure 4. The influence of the particle size of the metal
and of its surface concentration on the metal: carrier sig-
nal intensity ratio in the spectra of catalysts with deposited
metals: a) dependence of the ratio J[Rh(3d)]//[C(ls)] on the
particle size of Rh° in the catalyst [(12 wt.% Rh)/C];186

6) dependence of the intensity ratio /[Pt(4/)]//[Si(2/>)] on
the surface concentration of platinum [see Eqn. (6)] in
Pt/SiO2 catalysts184'185 [1) and 2) specimens prepared by
ion exchange; 3) and 4) specimens prepared by impregna-
tion]; c) dependence of the surface concentration of plati-
num {determined by analysing the/[Pt(4/)]//[Si(2/>)] ratio}
on the total amount of platinum in Pt/SiC«2 specimens [1)
(1.2 wt.% Pt)/SiO2, ion-exchange method; 2) (3.5 wt.%
Pt)/SiO2, ion-exchange method; 3) (3.5 wt.% Pt)/SiO2,
impregnation method].

According to the results of Shul'ga and coworkers 178,
a linear relation between /(W)//(Si) and the tungsten content
is characteristic both of specimens obtained by impregna-
tion and of "grafted" catalysts. However, the increase of
the slope for specimens of the latter kind indicated a

higher degree of surface coverage by tungstate (higher by
a factor of 20 than for the "impregnated" specimens).
According to our results, the ratio [Pt]/[Si](surf.) (Fig.4)
found from the XPE spectra exceeds the average bulk-
phase value. Subsequent heat treatment and reduction of
the specimen led to a decrease of the ratio of the Pt and Si
signal intensities. One of the causes of this is the
increase in the size of the metal particles.

Similar phenomena in the spectra have been observed
in other studies120'172'173'186'187. Thus, with increase of
the size of the Rh° crystallites in the (12% Rh)/C catalyst
from 20 to 235 A (X = 18 A), the intensity ratio
/[Rh(3rf)]//[C(ls)] decreases by a factor of two186 (Fig. 4).
With increase in the size of the platinum crystallites from
10 to 25 A in the (1.2% Pt)/SiO2 ion-exchange specimens, a
decrease of the Pt and Si signal intensity ratio by a factor
of 1.8 was observed, and a slight decrease of the degree
of dispersion of the metal (from 50 to 60 A) in Pt/SiO2
specimens obtained by impregnation resulted in an appre-
ciable decrease of the intensity ratio (by a factor of 3).
These data show that the change in intensities is caused
not only by the change in the degree of dispersion, but also
by a redistribution of the metal atoms on the surface. In
consequence of the inhomogeneous distribution of the metal
in the 'impregnated" specimens, there is a possibility of
a transition of metal atoms from pores more accessible
to analysis to less accessible regions184'185. Clearly the
ratio of the metal and carrier signal intensities may
depend, other conditions being equal, on the porosity of
the carrier, which has in fact been observed experimen-
tally188'189.

5. Zeolite Catalysts

The study of the state of elements in the surface layers
of zeolites may be of considerable interest for the selec-
tion of conditions in the formation and operation of zeolite
catalysts. Such information is important also because
certain catalytic reactions apparently occur only in surface
layers of zeolite crystals.

(a) Z e o l i t e s not c o n t a i n i n g t r a n s i t i o n
m e t a l s . Fig. 5 presents the dependence of the ratio
7(Al)//(Si) on the zeolite modulus obtained in a number of
studies33 '190193. In all cases the relation is linear.
However, the calculations of [Al]/[Si](surf.) carried out in
these studies indicates a discrepancy between the experi-
mental results. According to some data23'193, within the
limits of experimental accuracy and the assumptions
made, the compositions of the surface and bulk-phase of
A, X and Y zeolites and mordenite are similar. Systema-
tic elimination of aluminium from the surface of zeolites
of these types has been pointed out The ratio
[Al]/[Si](surf.) increased when the zeolite structure was
disrupted The lower Al and Si signal intensity ratio
found by Tempere and Delafosse cannot be explained by
the shielding of the Al3* ions by water or by other cations,
because changes in these factors do not alter the intensi-
ties 196. The discrepancies between the experimental data
are probably due to the n on-equivalence of the specimens
used in different investigations

23,190-193
Comparison of

the Ca and Si signal intensity ratios for (NaCaA) and
Na/Si(HNaY) (Fig. 5) with the degrees of exchange of the
corresponding cations shows that non-transition metal ions
are apparently uniformly distributed in the zeolite struc-
ture. With increase of the SiO2/Al2O3 ratio, the energies
of the Al lines do not change and are similar to those in
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A12O3, while the Si(2/>) line shifts by 0.7 eV and the energy
of the Si{2p) bond approaches the value observed in SiC>2. 91

These data conflict with those123 for natural aluminosili-
cates where a correlation was found between the shift of
the Al(2p) line and the average Al-O distance.

[StJ/[Al] (surf.)

10

0 2 4 6
[Si]/[A1] (bulk)

0.3

0,2

0.1

b

<r I I
0,1 0,2

[Na]/[Si]

I I

0,3 OA
(bulk)

Figure 5. Composition of the surface layer of zeolites.
a) dependence of the ratio of the numbers of silicon and
aluminium atoms in the surface layers of zeolites (XPES
data) on the ratio of the total numbers of these atoms in the
zeolites [1) data of Temperet et al.191; 2) data of Finster
and Lorens193; 3) present authors' data]; b) dependence
of the intensity ratio /[Na(2s)]/J[Si(2/>)] on [Na]/[Si] in the
"bulk" of partly "decationated" type Y zeolites. For the
specimen marked with an arrow, [Na]/[Si](bulk) = 0.32
[Na]/[Si](surf.) = 0.39.

estimates of the fraction of Br^nsted and Lewis acid
centres192'196. The splitting £[N(ls)] - E[Si{2p)] is 297.4
and 298.3 eV after adsorption on Lewis centres and 299.5
and 300.1 eV after adsorption on Brj6nsted centres192. A
study of the adsorption of aniline on the HY zeolite was also
undertaken m.

(b) Z e o l i t e s c o n t a i n i n g t r a n s i t i o n m e t a l s .
Systematic studies on individual and polycationic forms of
zeolites have been made23*40'198"205. Since some of the
results obtained have already been published in a review200,
we shall confine ourselves to an examination of certain
examples.

1.0-1.5 eV

865 855

Figure 6. Variation of the valence and physical states of
nickel for different methods of treatment of the NiNaY zeo-
lite: a) dehydration, 400°C, air + 500°C, helium; b)
400°C, 10 mmHg CO; c) 350°C, 10 mmHg H2; d) 400°C;
10 mmHg H2; e) 450°C, 1 atm H2 (the spectrum is shown
in terms of a 1 : 3 scale); / ) 450°C; H2 + 500°C, air.

With increase of the degree of exchange of Na* for Ca2*
from 20 to 80%, a positive shift (0.5 eV) of the Ca(2/>) line
is observed, apparently characterising the increase of the
effective charge on calcium40. Comparison of the posi-
tions of the Na, K, Ca, and Mg lines in the spectra of
zeolites and compounds with different types of chemical
bonds permits the conclusion that the cations form pre-
dominantly ionic bonds with the zeolite skeleton23'40. A
similar conclusion was reached in other studies194'195 for
magnesium ions inMgNaX andMgNaY.

According to some data192'196, the adsorption of pyridine
on the HY zeolite at 150°C led to the reduction of surface
silicon ions to the elemental state. This result is not
altogether understandable from the standpoint of the ther-
modynamics of the reduction of silicon and apparently
requires further confirmation. The adsorption of pyridine
at room temperature can be used as a test for quantitative

Comparison of the parameters of the spectra of Cr, Fe,
Co, Ni, and Cu (the positions of the lines and of the satel-
lite structures) in zeolites and in compounds with different
types of bonds showed that the amount of ionic character
of the cation-zeolite skeleton bond is close to that in
fluorides or chlorides40'203. The capacity of cations for
reduction depends on the nature of the transition metal40 '
198~203, the type of structure40'201, the degree of exchange40'
200'201, and the cationic composition40'201"203. As an
example of the possible changes in the state of the ele-
ments in zeolites, we shall consider the spectra of
Ni(2/>3/2) in NiNaY, treated under different conditions
(Fig. 6). Spectrum a is due to Ni2+ ions. After dehydra-
tion, the lines characterising the distribution of the ions
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in regions with different crystal field symmetries are
broadened somewhat. The new line in the spectrum with
A£ = -4 eV, appearing after the reduction of the specimen
with hydrogen, corresponds to zerovalent nickel. With
increased temperature of the heat treatment in hydrogen,
the degree of reduction of zerovalent nickel increases, and
at high temperatures the ratio of the integral Ni and Si
signal intensities increases relative to the initial value.
The latter observation demonstrates the diffusion of zero-
valent nickel atoms on the outer surface. On treatment
in carbon monoxide, a line occupying a position interme-
diate between those of the Ni2+ and Ni° lines is observed.
It has been attributed to the formation of the Ni+ ion204.

S Eb,eV 0

Figure 7. The interaction of metallic silver and copper
in zeolites203; spectra: a) 0.14 AgNaY, 500°C, H2;
b) 0.26 CuNaY; 500°C, H2; c) initial 0.25Ag.0.31CuNaY
specimen; d) 0.25Ag.0.31CuNaY, 350°C, vacuum;
e) 0.25Ag.0.31CuNaY, 500°C, H2; / ) result of the addition
of spectra a and b.

Finally, after the oxidation of reduced Ni-zeolites, the
position of the spectral line is close to that observed in the
NiO spectrum 198. This indicates the formation of the
oxide phase on the outer surface. Thus XPES makes it
possible to obtain information about several valence and
phase states of metals in zeolites. Interesting results
were obtained in the study of polycationic forms (Ag-Cu,
Cu-Ni, Co-Ni, Cr-Ni)^"2 0 5 . In all cases the capacity
of cations for reduction and migration changes in relation
to individual forms. This is due to the interaction of
transition metals with one another. Fig. 7 illustrates the
spectra of the valence bands of silver and copper in indi-
vidual and polycationic forms203. Their comparison with
one another, and also with the spectrum obtained by adding
together curves a and bf shows that zerovalent silver and
copper interact with one another, forming alloys on the
outer surface or bimetallic clusters202'20 .

Despite the fact that quantitative analysis in zeolites
containing transition metals involves a number of diffi-
culties, one may reach certain important conclusions on
the basis of the changes in signal intensities concerning
the distribution of transition metals between the outer sur-
face and the bulk of the crystals. The changes in the
Cu(2/>3/2), Ni(2/>3/2), and Si(2s) lines occurring in the oxi-
dation-reduction treatment of Ni-Cu-zeolites have been
investigated205. After treatment with hydrogen, the
increase of the Cu and Si and of the Ni and Si signal inten-
sity ratios indicates the migration of zerovalent copper
and nickel onto the outer surface, while magnetic suscep-
tibility measurements indicate the formation of an Ni-Cu
alloy*5. Oxidative treatment of these specimens causes
a decrease of the intensity ratio of the Cu and Si lines,
although the absolute magnitude of the Si(2s) signal also
diminishes by a factor of two. The decrease of the inten-
sity of the Si(2s) line may be caused by the increased
shielding of the surface by metals as a result of their dis-
persion and hence should lead to an increase of the Cu and
Si signal intensity ratio. Since the opposite behaviour is
observed, presumably part of the copper diffuses after
oxidation to the bulk of the zeolite crystal, which has
indeed been confirmed by the appearance of an EPR signal
due to isolated Cu2* cations205. As for catalysts with
deposited metals, the metal distributed in the zeolite may
interact with the lattice. It has been stated206 that E\> for
Pt and Pd in zerovalent palladium and platinum clusters,
trapped within zeolite cavities, is greater by approximately
1.0 eV than for metallic palladium and platinum, which has
been attributed to the transfer of electron density from the
metal atoms to the elements of the skeleton and also by a
smaller relaxation energy.

In addition, a study has been made of the reduction
Eu3+ —• Eu2+ in the Eu-form of the zeolite, which is accom-
panied by an unusually large shift of the 3d line of europium
(-7.6 eV).23 The photochemical reduction of nickel in
nickel-containing zeolites has been observed' Under the
conditions adopted in the measurement of spectra199"203,
this was not observed, although such effects were noted for
silver, palladium, and copper cations.

(c )Other c a t a l y s t s . The surface composition of
rhenium heptasulphide has been studied208'209: the presence
of sulphur in two states (S2~ and S6+) was noted. It was
shown that the hydrogenating activity of catalysts varies as
a function of the ratio of sulphate and sulphide ions. When
pyrolytic graphite, with silver sputtered onto the surface
of the basal planes as the catalyst, was oxidised210, no
shifts of the Ag(3^) lines were observed. The decrease of
the intensity of the Ag(3d) signal was explained by the
agglomeration and evaporation of (Ag). It was noted that,
when WC is formed, the density of states near the Fermi
level becomes close to that for platinum211. This
explained the similarity of the catalytic properties of WC
and Pt in many reactions.

6. The Surface Compositions and Catalytic Properties of
Heterogeneous Catalysts

Together with direct study of the catalytic reactions by
the PES method (see below), there are also other proce-
dures for the determination of the relation between the
catalytic properties of heterogeneous catalysts and the state
of their surfaces.
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( a )The i n f l u e n c e of t h e s t a t e of t h e e l e -
m e n t s on t h e a c t i v i t i e s and s e l e c t i v i t i e s of
c a t a l y s t s . An industrial silver catalyst for the synthe-
sis of epoxyethane has been studied212'21 before and after
y-irradiation. It was shown that irradiation leads to an
increase of the concentration of calcium ions on the sur-
face, which entails an increase of the activity of the cata-
lyst. With increase of the oxide/metal ratio in Rh/C
catalysts, an increase of their hydrogenating capacity was
noted214. Comparison of XPES data obtained in the reduc-
tion of Ni-, Co-, Ni-Co, Ni-Cu-, Ni-Cr, and Cu-zeolites
and the activities of the catalysts in the reactions of carbon
monoxide with nitric oxide and molecular oxygen led to the
conclusion that the reduction of transition metal ions to the
metals entails an appreciable increase of activity215. The
same conclusion was arrived at for the reaction of carbon
monoxide with nitric oxide on NiO, CO2O3, and Fe2C>3. 216

The highest activity among copper(II) oxide catalysts is
shown by that containing Cu+. After the addition of plati-
num, the catalytic activity of the perovskites Lao.7Pbo.3.
.MnO3 in the oxidation of cobalt increases by a factor of
100. The increase of activity exceeds the effect expected
for the homogeneous redistribution of platinum, whose
activity corresponds to that of metallic platinum on A2O3.
XPES data show that platinum is localised in the perovskite
lattice in the form of Pt4+.217
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Figure 8. The influence of the state of transition ele-
ments on the activity and selectivity of zeolites in hydro-
carbon conversion reactions: 1) variation of the degree of
conversion of C2H4 on PdCaNaY220 with the degree of reduc-
tion of palladium; 2) variation of the selectivity of NiNaY
in the synthesis of s-butylbenzene with the degree of reduc-
tion of nickel219.

Comparison of data for the catalysis of the oxidative
dehydrogenation of paraffins in the presence of mixtures of
nickel and tin oxides promoted by phosphorus and potassium
and the results of physicochemical experiments (EPR,
XPES)218 led to the hypothesis that the lattice oxygen is
involved in the reaction. The changes in the state of
vanadium and of the ratio [V]/[Mo](surf.) in V2O5-MOO3
catalysts promoted by Na^PCU are correlated with the
changes in catalytic activity in the oxidation of furan to
maleic anhydride152. In the case of C0M0O4 modified by
oxides the decisive factor determining the activity in the
oxidation of propene and acrolein is the nature of the addi-
tive and not the ratio [Co]/[Mo](surf.)155. With increase

of the fraction of Mo4* bound to sulphur and oxygen in the
overall amount of molybdenum in the CO-MO-AI2O3 cata-
lyst, an increase of the yield of CH4 in the reaction
involving the hydrodesulphurisation of CS2 is observed143.

The study of Ni- and Pd-zeolites219 '220 showed that the
main factor determining the selectivity in the alkylation of
benzene by ethylene to s-butylbenzene and the dimerisation
of ethylene is the state of nickel and palladium respec-
tively. In both cases cations are active in catalysis and
a qualitative parallel relation between the fraction of the
cationic form and the catalytic activity is observed (Fig. 8).
The data examined show that in many instances a relation
has been found between the state of the elements on the
surface and the activity. It is also clear that, in order to
obtain more far-reaching relations, additional data on the
reaction mechanisms are required.
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Figure 9. Correlation between the changes in the surface
state of palladium alloys and their activity {a is the yield
of CeH6) in the dehydrogenation of cyclohexane: a) Pd-Rh
(10% Rh)221; b) Pd-Ru (10% Ru)222.

(b)M od if i c a t i on of t h e s u r f a c e of t h e c a t a -
l y s t s u n d e r t h e i n f l u e n c e of t h e r e a c t i o n
m e d i u m . Modification of the surface layer of catalysts
in the reaction medium is characteristic of many speci-
mens and reactions. The surface composition of binary
alloys of palladium with rhodium (5 and 10%) and ruthenium
(10%) changes only slightly when the catalysts are treated
in H2 and O2.82 At the same time the interaction of these
alloys with hydrocarbons under the conditions of the
dehydrogenation of cyclohexane to benzene leads to an
appreciable enrichment of the surface in rhodium or
ruthenium. Fig. 9 shows that there is a parallel variation
of the catalytic activities of these alloys and of the surface
composition221'222. It was shown, on the basis of these
data and adsorption measurements, that the active surface
is formed as a result of the segregation of the second com-
ponent on the surface and the increase of the roughness of
the latter 222. A study of the initial and spent Pt-Rh
catalysts for the oxidation of NH3 showed that their deacti-
vation is due to the segregation of rhodium on the surface
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in the form of Rh2C>3 and Rh°, which takes place as a
result of the volatilisation of oxidised platinum. The
activation of the Rh/Al2O3 catalyst in the tricyclomerisa-
tion of ethylene was accompanied by a positive shift of the
Rh(3rf) line by 0.6-0.8 eV. This was caused by the appear-
ance of a positive charge on rhodium as a result of its
interaction with hydrocarbons. Treatment with the
CeH6 + H2 mixture leads to partial reduction of rhenium in
Re/Al2O3 catalysts and to the appearance of catalytic
activity126 (Fig. 3). On the other hand, the reduction in
ethylene of the zeolite palladium and of its reaction prod-
ucts deactivates the catalyst220. The reduction of palla-
dium in the Pd/SiO2 catalyst in the hydrogenation of hex-1-
ene has been pointed out224.
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Figure 10. The influence of the state of transition ele-
ments on the catalytic activity of zeolites in the oxidation
of CO by oxygen and the reduction of NO by carbon monox-
ide215: a) lines of Ni(2/>3/2) in NiNaY [1) dehydrated speci-
men; 2) specimen treated with CO at 400°C; 3) specimen
treated with OO + O2 at 400°C]; b) kinetics of the oxidation
of CO on NiNaY at 400°C [1) first experiment; 2) second
and subsequent experiments]; c) lines of Ni(2/>3/2) in
CuNiNaY [1) dehydrated specimen; 2) specimen treated in
CO at 400°C; 3) after subsequent treatment with NO at
400°C; 4) specimen treated in NO + CO at 400°C]; d)
N(ls) lines [1) heat treatment of CuNiNaY in NO + CO at
400° C; 2) heat treatment in NO at 400° C].

Fig. 10 illustrates the changes in the XPE spectra and of
the catalytic activity of NiY in the oxidation of carbon
monoxide215. The interaction of the zeolite with the CO +
O2 mixture under the conditions of the catalysis leads to
the reduction of Ni2+ to the metallic and possibly the uni-
valent states. The period of the activation of the given
specimen is apparently associated with this process. The
concentration of Cr2+ in Cr/SiO2 catalysts subjected to
preliminary reduction in CO diminishes on subsequent
interaction with NO at 300° C.164 When the specimen is
maintained in the NO + CO mixture, Cr2+ is reformed.

The activity of the complex ReCl(NO)(Py)2 in the hydro-
genation of pyridine or cyclohexene was four times greater
than that of Re3Cl9.

225 According to XPES and infrared
spectroscopic data, this is due to the fact that part of the
rhenium in the complex retains its coordinate linkage with
NO, while the surface layer of the chloride is completely
reduced to zerovalent rhenium.

Thus XPES data show that changes in the surface layer
under the influence of reaction medium, which may lead to
both activation and deactivation of the specimens, are
characteristic of catalysts of different types.

The products formed on the surface during the reac-
tions may be investigated with the aid of XPES. The con-
secutive aldehyde —>acid —» CO2 + H ^ transformations on
the selective MOO3, MoO2, and CoMoO4 oxidation catalysts
were investigated at 77-773 K.22S The interaction of NO
with CoO and NiO 227 leads to the appearance of the N(ls)
peak, whose position indicates electron transfer from the
oxide to NO. In the adsorption of nitrogen on Fe2O3, the
Fe(3/>) bond energy did not change, while the positive shift
of the spectrum of iron in Fe3O4 indicated the oxidation of
the surface228. The two forms of adsorption of NO have
been observed to a lesser extent on the surfaces of nickel-
containing zeolites after their interaction with NO or NO +
CO at 220-550° C. 215 The higher- and lower-energy peaks
characterise the formation of the nitrosyl and nitrate com-
plexes respectively. The deactivation of zeolites at low
temperatures in the reduction of NO is probably due to the
formation of stable nitrate complexes215 (Fig. 10).

Results obtained by UPE and XPE spectroscopy led to
conclusions concerning the mechanisms of the decomposi-
tion of HCOOH and the adsorption of pyridine on metallo-
phthalocyanines The adsorption of pyridine is not
accompanied by a change in the charge on iron, while
HCOOH dissociates heterolytically with adsorption of the
formate ion on the central atom and of the proton on the
bridging nitrogen atom in the porphyrin ring.

7. Results of Adsorption Studies

As mentioned above, there is an extensive literature on
the application of PES to the study of adsorption34'25'29"37.
Two international conferences have been devoted to prob-
lems associated with the interpretation of the spectra of
adsorbates32'33. Taking this into account, we decided to
give only a brief account in the present review (retaining
as far as possible the complete bibliography) of the prin-
cipal research trends. New results of studies on the
adsorption of hydrocarbons and catalytic reactions at low
pressure of reactants are described in greater detail.

(a) Ads o r p t i on on m e t a l s . The study of the
interaction of simple gases with metallic surfaces is the
main field of application of PES to adsorption. In these
systems there is in fact a possibility of obtaining polycrys-
talline and single-crystal atomically pure surfaces and of
deriving the maximum information with the aid of other
physicochemical methods.

The interaction of CO with tungsten230"238, molyb-
denum 30,232-234,239-24! p l a U n u m 23^242-250 ^ ^ ^ 8 , 2 5 1 -
255, palladium256'257, nickel232 '233 '241 '249 '2^2" iridium263'
264, iron166'266, copper232'241'266'267, titanium268, and
cobalt269 has been studied vigorously. Several forms of
adsorption of CO on poly crystalline tungsten have been
observed230'231'238: The a-form with bonding close to that
in carbonyls, which disappears in the temperature range
300-640 K, the dissociative form, and the weakly adsorbed
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"virgin" state. In molecular adsorption on tungsten, and
on other metals, the chemisorption linkage is formed by the
bd orbitals with the lone electron pair. A correlation has
been observed232 between E\j for the 0(ls) level and the
heats of adsorption on five metals, which indicated a con-
tribution of the Trd component to the chemisorption linkage.
For the strongest adsorption (Ni, Pt, Pd, Ru, Fe),
2 eV, and for the weakest adsorption (y = CO/Mo)
-3.2 eV. According to the authors232, there is a CO dis-
sociation threshold at room temperature: A#ads = 260 kJ
mole"1. Apart from tungsten (/3-form), dissociative
adsorption has been observed on molybdenum (/3-form)240,
iron2*, nickel233'261, titanium268, and copper266.

Polycrystalline tungsten and platinum do not catalyse the
dissociation of NO at temperatures up to ioo°C30'270"272.
Ruthenium248, iridium273, nickel262'274, and iron275"277 are
more active in the dissociation of NO. NO dissociates on
the (1010) faces of ruthenium even at 100 K (NO exposure =
1.5 L). The peaks of nitride nitrogen and atomic oxygen
in the spectrum of NO adsorbed on the (111) face of iridium
are observed at 323-373 K; it has been suggested that
oxygen blocks the active centres for the decomposition of
NO.273

Numerous studies have been devoted to the interaction
of O2 with metal surfaces, and, together with adsorption on
reconstructed surfaces, the oxidation of surface layers was
investigated, from the initiation of the oxides until the
formation of oxide phases. These processes may con-
stitute the individual stages of the reactions with partici-
pation of oxygen.

The interaction of O2 with the surfaces of polycrystal-
line tungsten231'265 and the (111), (110), and (100) tungsten
faces 238)274'278-280, polycrystalline molybdenum30'240, plati-
num243'248'281, palladium2*6, iridium [(100)*» and (111)282],
ruthenium [(1010) and (ooi)]253'279'283, polycrystalline
nickel30'232'284"286, nickel (100)287, polycrystalline silver288'
289, the (100) face of silver278 polycrystalline copper266'
289'291, the (110)292 and (100) ̂  faces of copper, polycrys-
talline gold289, sputtered iron267'286'294'295, zinc296, and

and magnesium, aluminium, chromium, mangan-
lanthanide299, cerium84, titanium84, and cobalt269

tin"
ese :

films.
It has been stated in a report300, and in a number of

reviews30'32'33'36'37 that the adsorption of oxygen on a num-
ber of metals (V, Mn, Fe, Co, Ni, Cu, Ag, Zn, Mo, W,
Ru, Ir, Au, and Na) at room temperature leads to the
appearance of the O(ls) peak with Eh = 530 ±0.5 eV(in UPE
spectra there is a maximum with-Eb ~ 6 eV). This may
indicate a similarity of the structures of the adsorption
complexes of oxygen, which are believed33 to be of "the
oxide-like" type. However, it is more likely that the
agreement is merely formal and does not reflect the con-
stancy of the charge on oxygen but is caused by the different
contributions of the Madelung and relaxation terms to &&b.

At the same time other forms of adsorbed oxygen were
also observed: O(ls) signals with 531.4-532.0 eV (Ni, Co,
Mn) and 533 eV (Pt) corresponding to them. The adsorp-
tion of O2 on nickel at 300 K and 9 < 1 led to the appearance
of two O(ls) peaks, one of which was assigned to adsorbed
oxygen and the other to oxygen which penetrated underneath
the surface of the crystal (531.4 eV). Three types of
oxygen were observed in another study285 in the range 77-
500 K {0 < 1) on nickel. Finally, the transition from
adsorption to the generation of the NiO phase and the forma-
tion of the bulk-phase oxide were observed in the range
0.5 < 9 ^ 2.0. The exposure and temperature required for
the bulk-phase oxidation are determined by the nature and
reactivity of the metal. Thus, an O2 exposure of 2 L is

sufficient for the formation of a ~ 10 A cerium oxide film
at room temperature84 (Fig. 11). The first oxidised layer
on titanium, magnesium, aluminium, and chromium
becomes protective and prevents the formation of the bulk-
phase oxide84'293. A kinetic study of the oxidation of iron29

showed that the oxidation process proceeds in two stages—
rapid oxidation with formation of four oxide layers, and a
slow stage with formation of ten atomic oxide layers.
Evidently studies in this field are extremely informative.
Table 3 gives a brief compilation of the results of studies
on the adsorption of other inorganic molecules: CO2, NO2,
N2, H2O, and H2.

910 890 870 160 150 £b,eV

15 10 5 0 Eb, eV
10 5 0 £b,eV

Figure 11. Adsorption of O2 and surface oxidation of
metals84: a) adsorption of O2 on cerium, Ce{3d) lines [1)
0L; 2)2L; 3) 10L; 4) AOL; 5) 100L; 6)10001,]; &)
adsorption of O2 on titanium, Ti(2/>) lines [1) OX; 2) 1000X;
3) 3000X]; c) adsorption of O2 on titanium, XPE spectra
of the (Altfa) valence band [1) 0L; 2) 300X; 3) 100OL;
4) 3000L]; d) adsorption of O2 on titanium, UPE spectra,
He(II) [1) 0.L; 2) 1L; 3) ZL; 4) 10L; 5)301,; 6)1001,;
7) 300L].

Until recently the number of PES studies dealing with
the adsorption of hydrocarbons on metals was very limited.
This was due to the experimental difficulties and the diffi-
culties in the interpretation of the spectra. At the same
time, this application of the method is of significant inter-
est for organic catalysis. Studies which yielded extremely
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interesting data about the nature of the chemical bond
between a number of hydrocarbons and metal surfaces have
been carried out recently.

Table 3. Results of the study of the adsorption of certain
inorganic molecules on metals.

Adsorbate

CO,

CO,

CO,
CO,

N,

N,
N,
N3
NO,

NO,
N,0

H,0
H,0
H,0

H,0

H2O
H*

Adsorbent

Mo

Au

Ni
Pt

W

W(100)
Ni
Fe(100)
Ni

Fe
Ni

Mo, Au
Pt
Mg

Al, Cr, Mn

r.e.
W

Principal results

the reaction COa (gas) - COads + Oa<js - Cads +
Oa(js observed in the temperature range
77-298 K

monolayer and multilayer adsorption observed
at 77 K

reversible adsorption observed
physical adsorption observed at 77 K

300 K
7-state (weakly ads.) • /3-form (strongly ads.)

transition observed
two states of nitrogen observed
molecular adsorption found at 80 K
two states of nitrogen found at 298 K
molecular and dissociative adsorption found

(77-400 K)
dissociative adsorption observed at 298 K
multilayer condensation with subsequent

dissociation of N,0 observed at 80 K
molecular and dissociative adsorption found
molecular adsorption observed at 160 K
formation of OH groups at 77 K followed by

formation of MgO found
conditions for the formation of oxides and

hydroxides investigated
the formation of oxides and hydroxides observed
two adsorption states found on the (100) and (110)

faces

References

240

244

262
243,245

278

301,302
262,292
303,304
292,303

277
292,303

238,240
281
298

298

299
302,305

*The adsorption of H2 was also investigated on Ir(100)
Pd(llO)256, Ni(lll)306, Fe, Cu266, and Ti307.

One of the first studies dealt with the condensation and
adsorption of ethylene, acetylene, and benzene on nickel
[(111) face of a single crystal] and it was shown31'308 that
E\y and the intensity of the peak of the valence o orbital
depend on the type of hybridisation of carbon atoms and
are consistent with LCAO-MO SCF calculations. Physical
adsorption entails a relaxation shift of the o and tf orbitals
relative to£b in the gas phase. In chemisorption the
energies of the IT orbitals approach those of a-orbitals,
which indicates the formation of a jrrf-bond at right angles
to the surface; there is no rehybridisation of the cr-bond.
Data for C ^ / N i have been used309 to calculate the struc-
ture of the adsorption complex. It has been shown by the
method of ^arscattered waves that UPES data support the
formation of a it-complex of ethylene adsorbed on two
nickel atoms, the Ni-Ni bond being perpendicular to the
plane of the molecule. It has been noted that UPES data
do not make it possible to distinguish this structure from
that of the cr-complex in which the Ni-Ni bond is parallel
to the C2H4 plane. The latter complex may be intermedi-
ate in the catalytic process in view of the weaker C-C
bond. We may note that the model proposed cannot be
regarded as rigorously proved because of the assumptions
made in calculations and in the separation of chemical and
relaxation shifts.

In studies on the adsorption of ethylene and acetylene
on copper and iron266'310 no correlation was observed
between the heats of adsorption and the shifts of the signals
due to the n-levels. The importance of taking into account
the interaction within the adsorption layer was pointed out

in an investigation of the adsorption of ethylene on Pt (100),
although it is not clear how this is reflected in the spec-
tra247. Interesting results were obtained in a study of the
interaction of ethylene and acetylene with the Ir(100) and
a-Fe(l00) surfaces by a combined method: LEED, UPES,
and Auger spectroscopy311*312. According to the changes
in the spectra, the formation of a ffd-bond ("back-dona-
tion") is accompanied by perturbation of low-lying a-orbi-
tals, which are not directly involved in the bond. Such
perturbation results in distortion (extension and twisting)
of the bonds in the chemisorbed molecules, with subse-
quent bond dissociation and formation of fragments
(Fig. 12). Depending on the reactivity of the metals and
on the state of the surface (clean, carbon-coated, oxidised)
the fragmentation process can occur at different tempera-
tures. Thus, no distortion in the structure of the C2H2
molecule was observed on nickel and copper, on Ir(100) the
acetylene molecule is stretched and twisted at 298 K 3 u ,
while on a-iron at 123 K it fragments with formation of
CHn (n = 1 or 2) radicals and possibly CCH2. 3l2 The bond
distortion effect in C2H2 diminishes on passing from the
clean to the carbon-coated surface and is scarcely observed
on the oxidised surface312. C2H4 behaves significantly
differently: on a-iron the molecule fragments with forma-
tion of CH2 (Fig. 12). This hypothesis is supported by data
for the adsorption of H2 on the carbon-coated surface of
a-iron (Fig. 12); the spectra are close to the corre-
sponding C2H4 spectra. In contrast to a-iron, on iridium
and nickel at T < 300 K, ethylene undergoes preferential
dehydrogenation with formation of acetylene '3l2 (Fig. 12).
At a higher temperature (600° C) a spectral band charac-
teristic of the CT-band of pyrolytic graphite arises in the
Ni(100) spectrum, which indicates the cracking of C2H4.

313

The mechanism of the formation of carbon on the W(100)
surface in the decomposition of butadiene at 1000 K has
been investigated301.

When halogenoalkenes interact with the Pt(100) and
Pt( l l l ) surfaces, both dissociative adsorption (vinyl fluo-
ride and chloride), accompanied by the elimination of the
halogen, and non-dissociative adsorption (CH = C-CF3,
CH2=CH-CF3, CF2CFCI) are observed314'315. The degree
of dissociation of vinyl fluoride, determined from the ratio
/[F(ls)]//[C(l/s)] depends on the crystal face index [80%
for the (111) face and 40% for the (100) face] and is inhib-
ited in the presence of CO on the surface. The adsorption
and decomposition of methanol and formaldehyde on tung-
sten316 and palladium317 and of CH3OCH3, (CH3)CHO and
(CH3)2CO on palladium317 were investigated. On tungsten,
for coverages corresponding to saturation, methanol and
formaldehyde form molecular complexes and at low cover-
ages the j3-C0 state arises already in the early stages of
adsorption316. At 120 K on palladium, the bond between
the adsorption complex and the surface is formed via an
atomic orbital of oxygen, which has a lone electron pair,
while at 300 K the decomposition of the molecules begins
and chemisorbed CO appears. The rf-band of palladium
is involved in the formation of the bond, which entails a
decrease in the intensity of the spectrum on adsorption.
Using the chemical shifts, an attempt was made to esti-
mate the strength of the adsorbate-adsorbent interaction
and E for the chemisorption bond within the framework of
Mulliken's theory of donor-acceptor complexes317. Cata-
lytic decomposition of HCOOH on copper, nickel, and gold,
at 80-295 K leads to a change in the UPE spectra and a
shift of the Is level of O by 2 eV, which is associated with
the formation of a formate ion" With increase of tem-
perature, the formate ion decomposes and the H2 and CO2
formed are desorbed into the gas phase. The activation
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energies found from these data are close to those obtained
in the catalytic experiment. Comparison of the catalytic
activities in the sequence Au < Fe < Ag < Ni < Cu < Pt in
the decomposition of HCOOH and the densities of states in
the vicinity of the Fermi level in these metals led to the
conclusion that there is no correlation between the above
quantities37}3lB.
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Figure 12. Adsorption of ethylene and acetylene on
metals: a) C£l2, CaHU, and H2 on a-Fe(lOO) , UPE
spectra, He(I) [1) clean surface; 2) 123 K, C2H2 (6£); 3)
123 K, C2H4 (6£); 4) carbon-coated surface of a-Fe(lOO);
5) adsorption of H2 on the carbon-coated surface of a-
Fe(100)l- b) adsorption of C2H4 on nickel, differential Hed)
spectra468 [1) C2H4 1.2L, 100 K; 2) C2H4 1.21., heating to
300 K; 3) CaH2 1.2L (100-300 K)]; c) high-temperature
adsorption of CzH* onNi(HO), He(H) UPE spectra313 [1)
C2H4, 780L, 873 K, C2H4 — 2H2 + 2C(graphite); 2) spec-
trum of pyrolytic graphite cleaved in vacuo] [N{E) is the
intensity and AiV(E) the differential intensity].

Of the other studies which have been made, we shall
mention the investigation of the layer-by-layer condensa-
tion of CB4

 a46 and the chemisorption of C2N2 on platinum319.
In the latter case interaction with transfer of a d electron
of the metal to the unoccupied 2n* orbital of the adsorbate
was postulated. There are data for the adsorption of NH3
on W(100) 320 of iodoaniline on gold321, and of H2S and SO2
on nickel*9'283.

The spectra of CaHs, C6H6, CH3OH, CaHsOH, H2CO,
H ^ , and NH3 in the gaseous state and condensed at 77 K on
MoS2

 322 confirm the hypothesis that the relaxation shifts
are equivalent in different systems. In general, the same
conclusion may be arrived at by examining the physical
adsorption of Xe on W(lll)274 and nickel323, for which the
spectra of the inner and valence levels exhibit identical
shifts relative to the gas phase (1.1-1.3 eV for nickel).
However, in a study of the excited Hel line in the spectrum
of the 5/> level of Xe on the (100) face of tungsten324 a
marked broadening of the signal due to the 5/>3/2 sublevel
was observed and interpreted as a consequence of the
splitting of the 5/>3/2 xenon sublevel under the influence of
the crystal field. Thus even in physical adsorption the
system of adsorbate levels may undergo non-identical per-
turbations .

(b) C a t a l y t i c r e a c t i o n s on m e t a l s u r f a c e s .
The methods for the measurement of XPE and UPE spectra
make it possible to investigate surface reactions under
two sets of conditions: (1) with the reaction mixture
passed over the catalyst and scanning of the spectra. Since
the pressure of the reactants is very low (< 10"7 mmHg),
coverages sufficient for the recording of the spectra
(approximately 0.05 of a monolayer) cannot always be
attained; (2) reactions in the adsorption layer; in this
case it is possible to achieve a higher surface concentra-
tion of one of the components. Evidently the interactions
of many adsorbates with the surface, leading to a chemical
alteration of the adsorbate (for example, the decomposition
of NO and CH3OH, the dehydrogenation of C2H4, etc.) can
be regarded as reactions in the adsorption layer. How-
ever, mainly qualitative data concerning the structures of
the adsorption complexes were obtained in the studies
quoted above. Furthermore, there have been investiga-
tions where the reaction kinetics were studied by PES, and
definite conclusions about the reaction mechanisms were
reached. This applies to the investigations of reactions of
molecular hydrogen with molecular oxygen281'325'326, of
carbon monoxide with molecular oxygen253'259'264'327'328, of
carbon monoxide with molecular hydrogen and nitric
oxide256'329, and of hydrogen sulphide with molecular oxy-
gen265.

The first attempt to investigate the reaction of H2 with
O2(ads)/Pt directly during the scanning of the XPE spectra
was apparently made in Norton's study281. After the
adsorption of oxygen at 120 K (Eb[O(ls)] = 530.2 eVJ, a
stream of H2 (10" mmHg) was passed through the system
and the specimen was subjected to linear heating. An
O(ls) peak with-Eb = 533 eV (evidently H2O(ads>) appeared
at 140 K, indicating the onset of the reaction, which ter-
minated at 150 K. The line with#b = 533 eV disappeared
at 170 K and water was desorbed. The kinetics of this
reaction were studied and an equation describing the reduc-
tion of O2<ads> w a s derived. In contrast to this reaction,
the oxidation of adsorbed H2 was much slower, which was
explained by the poisoning of the active centres by hydro-
gen. According to some results325'326 the probability of
the interaction of an H2 molecule with an O2(ads> molecule,
leading to reaction at 9 = 0.5 at room temperature on
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platinum, is approximately 0.7, which is ten times greater
than the value found by Norton. The authors325>326 believe
that this discrepancy is caused by the inaccuracy of the
measurement of pressure in Norton's study281.

The adsorption of CO on theRu(OOl) surface covered by
oxygen entails a change in the O(ls) lines, indicating the
joint adsorption of 00 and 0 2 and then a displacement of
O2 from the surface (15-20% of the initial coverage257).
It is suggested that part of the CO reacts with 0 2 even at
low temperatures. The oxidation of CO on Ir( l l l ) was
studied directly during the recording of the spectra328.
The results obtained with the aid of XPES show that the
reaction proceeds via the Langmuir-Hinshelwood mecha-
nism. According to data obtained with the aid of LEED,
flash desorption, and UPE spectroscopy, the oxidation of
carbon monoxide on I r ( l l l ) can proceed via the Eley-
Rideal mechanism264.

The interaction of carbon monoxide with molecular
hydrogen on the Ni(lll) surface was studied at relatively
low temperatures (< 400 K). According to LEED data,
a (2 x 2) structure of the adsorbate is produced323,
although the interaction of CO with H2 is still insignificant
and does not lead to a change in the energy of the valence
orbitals. At low coverages, H2 is present in the ^-state ,
passing to the j32-state as the degree of coverage increases.
The formation of reaction complexes on the surface and of
the products in the gas phase was not observed under these
conditions. The interaction of H2S with O2 adsorbed on
lead is a typical instance of a surface reaction leading to
a change in the state of the elements of the support265.
The observed changes in the positions and intensities of
the O(ls) and S(2/>) lines constitute the basis for the hypo-
thesis that the reaction PbOSUrf + H2gas ~* PbSsolid +
H ^ takes place.

(c) O t h e r a d s o r b e n t s . The interaction of oxygen
with the basal and prismatic faces of graphite was begun
by Thomas and coworkers330>331. In the study of catalysts
having semiconducting or insulating properties certain
difficulties are encountered due to the charging of the sur-
face, the possibility of a more ready modification of the
properties of the surface under the influence of radiation
compared with metals, etc. One can only mention one of
the first attempts to study adsorption on clean catalyst
surfaces. Almy et al. obtained the spectra of partly
dehydrated a-AlaOa (0001) and of the surface after the
adsorption of H2O, excited with the aid of He(I) lines. The
specimen was subjected to preliminary cleaning in O2 and,
according to Auger spectroscopic data, its surface was
free from impurities. There is an appreciable difference
between the spectra of the clean surface and the surface
coated by H2O. Calculation by the method of Xa-scattered
waves agreed satisfactorily with the experimental spec-
trum. A cluster model was chosen, according to which
H2O molecules are strongly bound to the at-Al^Oa surface.
The number of UPE studies on powdered non-conducting
specimens has been extremely limited118'156. Studies by
the XPES method, but not under "clean surface" conditions,
were examined above.

- - - 0 O 0 - - -

The studies carried out hitherto demonstrate the high
efficiency of the PES method in the study of catalytic and
adsorption problems. The method makes it possible to
obtain unique information about the structures of the sur-
face layers of catalysts and about the nature of adsorption
complexes. There is no doubt that, as the theory of the

method is developed further and experimental technique is
improved, the range of problems soluble by PES in this
field will be extended. The wide-scale application of PES
in the study of catalytic problems will assist in deepening
our knowledge about the nature of the catalytic activity of
solids.
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