Lawrence Berkeley National Laboratory
Recent Work

Title
X-RAY PHOTOELECTRON SPECTROSCOPY: A TOOL FOR RESEARCH IN CATALYSIS

Permalink
https://escholarship.org/uc/item/82p24211

Authors

Delgass, W. Nicholas
Hughes, Thomas R.
Fadley, Charles S.

Publication Date
1970-02-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/82p24211
https://escholarship.org
http://www.cdlib.org/

. Submitted to Catalysis Reviews

]
T :
t!]

A

hog

A

UCRL-18958
Preprint
c.2,

X-RAY PHOTOELECTRON SPECTROSCOPY:

A TOOL FOR RESEARCH IN CATALYSIS

W. Nicholas Delgass, Thomas R. Hughes, Charles S. Fadley

February 1970

AEC Contract No. W-7405-eng-48

a )
TWO-WEEK LOAN COPY
This is a Library Circulating Copy
o which may be borrowed for two weeks.
& For a personal retention copy, call
Tech. Info. Division, Ext. 5545
N\ J

VS - - . A

89681 -T1dDN



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



Submitted to Catalysis Revieus
‘ N

e,

-iii-

X-RAY PHOTOELECTRON SPECTROSCOPY: A TOOL FOR RESEARCH IN CATALYSIS

W. Nicholas Delgass,a"c Thomas R. Hughes,b_Charles S. Fédley?’d

-E a.Departmeﬂt of Chemistry and The Lawrence Radiation Laboratory,
v l - University of California, Berkeley |
‘ '_ S.CheVron Reséarch Company, Richmond, California
| e
I. INTRODUCTION...;..........., ...... P 1
IT.  FUNDAMENTALS...... e e, e ST 5
Ao Overview...... B R 5
B. - Interpretation of Data..iiiiiii it i i i e 7
C. - Extraction of Chemi;al Information from
X-Ray Photoelectron‘Spe;tra‘ ................ et eene e 13
ITT. ~ EXPERIMENTAL EQUIPMENT;..;.‘ ...... PR e, e eeeaeaa. 21
IV. 7 EXPERIMENTAL RESULTS AND DISCUSSION,..... ER R R R 26
A. Adsorption....................; ............ eeeeeireaea 29
B. Supported Metals....................; ................... 33
C. . Crystalline Oxides., .................................... 43
V.  CONCLUSIONS........... S e 47
Referencésg.,....; ......... e ee N e, 51
-
=

¢. Present address: Department cf Enginesring and Applied Science,
' ' Yale University
New Haven, Connecticut 06520

d.Present address: Physics Department

Chalmers University of Technology
Gothenburg, Sweden



A

I. INTRODUCTION

Over the last ten years, a new technique for measuring electron
bind%ng~enérgiesihas.been developed by Siegbahn and co-workers at
Uppsalai(l).'_The method, nbw variously calléd electron spectroscopy
for cpemical.ahélysis (ESCA),'x—ray.photoelectron spectroscopy (XPS),
or induced electron emission (IEE), has stimulated the interest of
researchers in sevéral'fields.‘ By virfue~of the semi-surface nature
of the measurement on solids and the relation of shifts in photoelectron
line positions.to(fhe chemical.state of the atoms under study, this
technique repreéents abnew tool with high potential for catalytic re-

search.

In an XPS experiment photoelectrons are ejected from the sample

by x~ray excitation (See Figure 6). The kinetic energy of the

ejeéted electrons is analyzed and peaks in the resulting kinetic

energy spectrum correspond to electrons of specific binding energies

-in ﬁhe sample. Of the many interesting results already produced by -

XPS, a few are éummarized here to illustrate some of the characteris-
tics of the technique. Chemical shifts in photoelectron line>positions
and, theréfore,_in the electron binding energies are of prime impor-

tance. The'cﬁrbon (1s) (seé (1) for the rela;ion between chemical and.

x-ray notations for energy levels) spectrum of ethyltriflouroacetic’

it

nicely demonstrates such shifts. The four chemically different carbon

acid (1, p. 21)

atoms produce a four line spectrum with a shift of nearly 9eV between

the methyl and trifluoro carbon atoms. The spectrum also shows that
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more electrohcgative ligands ihcreasc the binding energy of electrons
on the cenfrai atom. Many corrclations between chemical shifts and
.calculated charges on atoms have been drawn. An example for nitrogen
is shown in Figure 1(2). The charges were calculated by the complete
b.neglect of differCntial'0vorlap (CNDO) molecular orbital method. The
compounds epfrespOnding to the numbers on the correlation diagram are
given in Table'lg |

Another.study presented in referenee'(l) demonstrates the sensi;
tivity of the XPS technique to monolayer surface coverages. Figure 2

shows the I(3d ) lines from 1, '3, and 10 double layers of iodostearic acid.

5/2: |
on a Chromium-plated surfacc. From the saturation of the intensity of
the iodine lﬁhe, Siegbahn et al. eétimated'é-mean escape depth of.less'
than 100 z_fo?'tbe I(Sds/z) photoelectrons. Thus, while st%dies ef h
monolayers ere'pbssible, the photoelectron spectrum of a Solid normally
reflects‘the characteristics of a surface layer several atoms thickﬁ

’.Altﬁough'ﬁost of the discussion in this paper will be devoted to
studies of co:e‘electrons, it should be noted that studies of outer
electrons can also be carried out with‘x-ray photoelectron Spectroscopy.
Siegbéhh'gz_gly (1) have sho&n that for simpie moleculest sﬁch as ben-
zene, molecﬁle; orbital structure can be elucidated. Densities of states
for Valence"bands in solids can also be detefmined 3).

Reference (3 conta1ns, in addition, a study of the reduction of

the surface ox1de on an iron foil (Figure 3) The double 11ne from

the Fe (3p) level at 25°C shows that photoelectrons escape from both

B}
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Table 1

" Identification of Nitrogen Compounds in Figure 1}

NaNO

3
NaNO2

Na[ONNO,]

‘NaNNN-

NaNZOZ.

W 00 . .~N &

10.

KCN
KOCN
p-HOCGH,NO,

C6H5NO2

n-C_H. ,ONO

.= 75711

11.
12.
13.

15.

N2H6804

(CH;) LNO
NH,NO,

(CH3) 4NBHg

NH30HC1-

17.
18.
. CHN

(CONH,) ,
(NH,) ,CNCN

C6H5CN

55
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the oxide layer and the metal béneath it. The line corresponding

to oxidized Fe falls to the left of the Fe metal line. This corre-
sponds to higher electron binding energy or lower kinetic energy, as
shown on the abscissa of Figure 3. As the temperature of the iron

foil was raiséd in a f]qw of Hz at ca. lo'ztorr, the_reduction of the
surface oxide layer:was demonstrated by the disappearance of the left "
peak. A corresponding decrease in the intemsity of the 0 (1s) line

was found. Fadléy and Shirley suggest-that the shoulder on‘the 0 (1s)

line at 25°C may be due to adsorbed, oxygen4c6ntaining gases.

'Quantitafive analysis from k—ray photoelectron spectravis de-
monstrated in‘Figufe 4.‘ The ratio of Si (2p) to_Al (2p) peak areas
for Y zeolite, divided by that ratio for mordenife, gives aﬁ experi-
ﬁental value of 0.48. The value calculated from known‘Si/Al ratios
for the sampleslis‘0;47.

We have been fortunate to have had thenopportun—
ity to further ekplore the potential of x-ray photoelectron spectro-
.scopy for studies in catalysis and will present our findings here.
Tﬁe paﬁer is divided into four major sectiéns: 1) a review of the fund-
amentals of XPS; 2) comments on experimental equipment required; 3)
experimentél results on systems of.catalytic.interest; and finally, 4)
some concluding remarks on the general applicability of x-ray photo-

electron spectroscopy to catalysis.
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II. FUNDAMENTALS

{
A. Overview

In electron speéfroscopy? bound electrons are ejected from solids
or gases by means of monoenergetic x-ray or ult;aviolet photons or‘by
electron impact. Two important typés of electrons are éjected. The
first type is photoeleétrons ejected difectly from bound electronic energy

levels. ‘The_kinetic energy of the photoelectrons depends on botﬂ the '

energy of the'exciting radiation and the electron binding energy. The

second type results from Auger processes following ejection of an electron

~ from an inner shell., The vécancy is filled by an electron from an outer

shell, and the.energy released is transferred to another outer eléctron
which leaves the atom as an Auger electron. The kinetic energy of an
Auger electron.is independent of the primary radiation and depends‘only

on’ the enéfgy levels of the electrdnic states'invoived. Ultraviolet |
radiationvhas been used for studies of gases (4), densities of statesr

in solids (5), and adsorbed species (6). Many Auger eleétron studies'of-
solids (7) and some on gases (1,8) have also been reported. In this paper,

we éonsider primarily photoelectrons excited from core levels‘by x-radia-

tion, since these electrons directly reflect the charge aistribution in

the sample.

The priqciple of x-ray photoelectron spectroécopy is straightforwérd.
X-rays incident on the sample cause the ejection of photoelectrons
whose’kinetic energy is then measured with high pfecision;' A plot
of the number of electrons detected versus the electron.kihetic energy

is the photoelectron spectrum. The binding energy of the electrons

!



is caiculated_ifom.the energy of the x~ray photon and the kinetic
energy of the electrons which escape from thebsamplelwitho%t signi-
ficant energy ioss. Shifts in the binding energy réflect ghe chemiétry
of the atoms under study. Since the chemicél shifts are of the order
of a few eV, thé photoelectron peaks can usually be assigned to the
electron levels pf origin by comparison with tasulatéd éléctron bind-
‘ing,eneréies. Invadditidn, the areas of the primafy peéks in é photo-
elégtron spectrum are proportional to ;he‘product of the phbtoelectric
cross section per atom and the number of atoms pfodupiﬁg photoelectrons
which escape from the sample without significaht energy loss. With;
calibratioﬁ or prior knowlédge.of crosé sectigps;.peak areas can,
therefore, yield qﬁantitative chemical analysis of a low-pressure,
gaseous sample. Quantitative analysis of solids by thisimethbd is more
 difficult because photéelectrons escape without energy loss only frdm a
layer near #hg surface and photoeiectrons of different enérgies may pene-
trate the sample to different extenfs. .Thus; the:peak;areas yield the
_bulk éompogition oniy if the sample is Homogeneous. |
In~pr1néip1e, then, XPS offers the following feé;ures: a) sensiti-
vity.to ﬁedrly all elements; b) ability to sﬁﬁdy samples in gas, solid,‘
and in so@e cases, liquid phases; c¢) determination of.chemiCal effecés
related to the electronic charge distribution within the sample; and,

d) a qualified chemical analysis of the effective sample composition.

V4



B. Interpretation of Data.
 The.first step in the interpretation of a photbelectfon spectrum
is the éalculation»of an electron binding energy for each'peak from
the kinetic ené}gy corfesponding to its position...Forva gas, if changes

in the vibrational and rotational energy of the molecules during photo-

|
. L. ' o ’
emission are small, the binding energy,'Eb, is given by '

v, _ | : o
Bp =Bv- By 1)

-where hvis the energy of the x-ray photons and Ekin is the measured
kinetic energy of the photoélectron peak. The superscript v in Esv
indicates that the reference for zero energy in a gas experiment is an
electron at reﬁt in the vaéuum.

.For sélids, the existence pf the contact pétential, ¢c,_§etﬁeeh thé/
sample and the Spectrometer"suggésts the adoption of a differenf,
energy reference. .Since the sample and thé spectrométer aré elecfrically
connected; at equilibrium their Fermi levels are equal. As shown in

Figure 5-(9), the kinetic energy of an electron leaving the sample (El:in

) is
adjusted by the contact potential so that kinetic energy is measured
with respect to the vacuum level of the spectrometer. A binding energy

may be calculated from E s, by Equation (2)

f

=hv- By sp

where ¢S is the work function of the spectrometer and isusually assumed

to be constant from experiment to experiment. The superscript f indicates



that the zero of energy is taken for an electron at rest.at the Fermi
level. Equation (3) relates Ebf to Ebv if ¢S‘is taken to be the work ,
i ' i .

function of the sample.

A A (3)

Before the binding energy corresponding'to a particﬁlar peak
imay be taken asvindicative of the chemistry of the atdm génerating
the electron, a few additional considerations, particulérly for éx—
periments on solids, must be made. When experimentsqére carried out
on semi-condﬁctors or insulators, the sample may‘become'charged due
to the depietion of eleétrons in the sample by the photoelectric effect.
This chafging'effect is common in samples encountered in qatalytic |
experimeﬁts but has not been a serioué problem in most cases. In some
experiments, the caibon'(ls) iiﬁe.from pump oil or other contaminants

can be used for calibration. A line from any chemically inactive com- .

ponent of é_éample can be used as a standard;for determining relati§e
chemical shifts. One can alsobgheék for charging bf changing the x—fay
vflux impiﬁging-on thg sample énd, fherefore, changingAﬁhe'photoeléqtron'
current (10). In any case, chargihg affects all électfbn levels equally .
and is sensitive to faqtors, such as temperature and hydration, which
affect the conauctivity of a sample.

Also in semiconductors and insulétors, surface states can produce 3
a surface potential which is propagated into the éolid. The depth of
the affected layer can.be as much as 10,000 Z and‘depends roughly on tbé
dielectric éonsténf of the material. In such a case, the.Fermi'levél
remains constant; but all electron energy levels are bent in the‘affected

(-] .
region. Since the analysis depth is ca. 100 A in solids, such level



bending couldhaﬁpgar as a shift or broadening of the photoelectron
lines. ‘Littlé information on this effecﬁ is available so far, but
such shifts Qould be a sﬁfong function of s;rface conditions,

Radiation.éamage auriﬁg an experiment is another possibility
which can lead. to errdnequs results. In the Berkeley XPS apparatus,
theftotalveieétron current leaving the sample is about 1010 electron/sec.

- In short egperiments, therefore, chemical alterations of the sample due
to damagé from the photoelectrons is unlikeiy. In’longer experiments,
damage is possible in cases where chemicél changeé caused by the elec-
trons are ifreversible or iéﬁg—lived. Chemical alteration of the sample
due to the high x-ray flux can also occur and has been obsefved.in,photo—
sensitive samples suqh aé certain alkali halides. In either of these
cases, it is often possible to detec; radiation damage by the time de-
pendence of the spectrum and/or by comparison of the physical éppeér;
ance of the sample before and after an expefiment. For éroblems in -
catalysis, the question of radiation damage is likely to be most im-
portant in adsorption studies, where electron or photon induced desorp- .
tion'can‘take place.

In addition to the photoelectron lines alréady discussed, other
lines can occur in a photoelectron spectrum,‘and these must belcarefully
identified to avoid confusion in the interpretation of results. First of
these are theiAuger lines already’disqussed. Although Auger liﬁes are the
subject of many studles, they are less desirable thén photoelectron lines

in this context because they are usually broader than photoelectron lines
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and are less simply related theoretically to the chérge distribption

in the samﬁle. Auger lines are easily identified in a spectrum by
cémparing it to a spectrum of the same sample taken with a different anode
and, therefore, a different x-ray energy. The photoelectron lines shift

with x-ray energy, but the Auger lines dd_not.

A second source of additional lines in spectra from soliés is
discrete enefgy loss (DEL) processes. These include'intgrband
transitions, excitons and plasmons. Peaks of thig origin have so
far‘not been carefully investigated by XPSvalthough peaks on the left,
or lower kinetic energy siae, of a main peak can sometimeé be identi-
fied.as loss peaks (3). In most cases the probability for DEL pro-
cesses is not a'strong function of electron kinetic energy,'énd |
neighboring lines shoﬁld show similar loss structure on the low kinetic
-energy side. Plasmdn lines, pbésible in metals and semiconductors, ?
may be of particular interest since surface plasmon loése§ at energies
depending on the bulk plasmon frequency and dielectric constant of
‘the surf?éé laxei élso occur (11). If both surface and bulkvplasmon peaks
'were present on phoioelectron lines of differeént kinetic energy, the
relative intensities éf the surface to bulk piasmon peaks might re-
'flect differences in the mean escape depth of the photoelectrons

studied (12).

Another source of additional lines is the x-ray spectrum itself..

-
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\
In most spectrometers now in use, little effort is made to filter

the exciting x-rays. The spectra from commonly used anodes;are simple,
however, - and ail additional lines ére well characterized and easily idehti-
fied [1,3]. When computer fitting is used for spectrum analysis, it is
usually advantageous to include even the low iptensity x-ray satellite lines
in the fit.

The limitations of the measurement of chemical properties by XPS
are strongly dependent on the spectral linewidth. First of the three
contributions to the linewidth is the width of the exciting x-ray 1ineg
The narrowest width obtainable directly from a conveniently usable
anode is ca. 0.8eV froﬁ the chl’2 x-rays of Mg. The somewhat more
energetic KQI;Z x-réys of Al, with a slightly larger linewidth, are
also often used. The second contribution to the width is the width of
the eiectrbn;leveivbeing studied and cam range from less ;hen.one tenth to
several eV. Finally, spectrometer broaaening contributes to the width.

In a given experiment, the resolqtion, AE/E, of the electron analyzér.

is fixed,_ and thé absolute spectrometer broadening, AE, is a function
of‘electron kinetic energy. The lowest energy x-ray source, therefore,
gives the sﬁallest spectrometer broadening, and for a given x—fay sourée;
‘electron 1inesrcorresp6nding to higher binding energy have asomewhat lower

spectrometer contribution to the width. In the high precision machines

being used in XPS, AE/E is adjustable. Instrumental broadening
is usually tuned to 0.05 - 0.01% of the electron kinetic

energy and is, therefore, of the order of a few tenths of an eV.
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Observed total linewidths, then, are of the order of 1 eV or more.
Chemical;shifts, which vary from 0 - 10 eV, are often of the
same order of magnitude as the linewidth. Extraction of accurate
shift values from spectra in these cases is diffizﬁlt; and it is
desirable in many cases to perform a computer resolution of spectra.
Such a task is not simple, however, becauée of the difficulty in
estimating the effect of inelastic 1osses.oﬁ'the lineshape. Two
approaches to the fitfing problem have been pursued in recént
work . at Berkeley. The first:(S) is an empirical technique in_Which
a response function aérived'from the characteristics of a sharp single

photoelectron peak is applied to the resolution of more complex peaks of

only slightly-différeﬁt kinetic energy; The second method [13] approximates
the lineshépe by a Ggussian or Lorentzian peak with a flat or exponential
tail on the low kinetic enefgy side to account for energy loss. This.ar-
"bitrary lineéhape for each peak in the region of interest is optimized by
least-squares anélysis (13). Even witﬁ computer fitting, however, thg‘re—
.solutioq_of small Spiittings is difficult. This fact is undoubtedly aﬁpre—
ciated by those who work with Gaussian lineshapes; A splitting of two
standard deviaﬁions (~0.9 times the full width at half maximum) betWéen
Gaussian lines of equal heightﬁbnd width produces a broadened peak with

only one maximum.\
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C. Extraction of Chemical Information from X-Ray Photoelectron Spectra

A simple classical model (9,1) provides a qualitative understand-
ing of the reiationship’between XPS chemical shifts and actual charges
on atoms. In thé model, an ion with charge q'is approximated by a con-
ducting spheré of radius r, corresponding to the radial maximum of the
valence electron orbitéls. The ion witﬁ charge q+1 is formed by re-
moval of an electfon from the surface of the‘sphére to infinity. !Upon
increasing the charge on the ion, the change in poténtial energy of an
electron inside the sphere is given by -ez/r. Thus;'thé modelfpredicts
that the binding energy of all the electrons in an atom will be shifted
by the same amount and that the magn%tudé of the shifts shoﬁld be of
the order of ez/r or ca. 10eV per unié change in the charge on the atom.
Similar predictions result if a calcu;gtion of the éhangé'in poteﬁtial of
inner shell electrons due to a change 1n the number of valence electrons‘
is made by the unrestricted Hartree—Fock method (9). .ﬁev1ations from
Koopman's Theorem, important in interpretation of these calculations,
are discussed in [1] and [3].

In molecules and solids, a valence electron is removed not to
infinity by a change in the oxidétion state, but to some distance
roughly equal to the nearest neighbor separation. The éxpréssion
for the chanée in potential in the atom must then be modified to
read —ez/r + e2/R where R is approximately the nearest neigh-

bor distance. Applications of a variation of the charged-shell
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model to eurdpium compounds are given by Fadley et al. (9). Europium
is particularly'interesting because oxidation from Eu2+ to Eu3+ corre-
sponds closely to the actual removal of one electron from the 4f orbital,
Since oxidation of Eu2+ corresponds to nearly a unit change in the
actual ionic charge, the classical model qualitativély predicts the large
shifts which are observed. |
iAn alternativevmodel for the calculation of shifts in solids divides
the photoelectric process into three steps (9): -Level i of ion A with.
éharge_z is.assumed to be the electron level of interest.. In step one,
A is removed from the solid. In Step 2, an electron is ejected froﬁ
level .i of A, producing an ion.witﬁ charge z + 1.Then A is re—intro&uced
into the solid. The net result is the process of interest; thevprbductibn
of a photoeléctron ejeéted from the solid. The cycle leads to Eqﬁation‘(4),
for the chemical shift of A with charge z in solid X with respect to A

with charge 2' in solid Y.

f _ gV . - | :
AE, = AEb (A,i,z-2') + A(El + E2) + MC _(4)

where

AEi = Fermi-reference binding energy shift.

AE; (A;i,z-z') = shift in vacuum-referenced binding energy
fof'an electron in the i-th level of free~ion

A with charge z vs. z'.

A(E1 + Ez) = difference, between X and Y, in the sum of the
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energies for extracting atom A with charge q from
the solid and that for replacing A with charge

q + 1 into the solid.

Abc = difference in contact potential of X and Y with respect
to the spectrometer.
As shown by Fadley et al., [9] neglect of 8¢, and polarization effects
and consideration of only point charge Coulombic forces between ions

lead . to Equation (5),

f _ oV o,
AEb = AEb (A,1,z—z').+__AEm(+1) _ (5)

2 . . , .
where Em(q) f eq i qk/rAk: Tp 1 the distance between the ion of
“interest, A, and the other ions, k, in the solid; and I is a sum over

. k
the entire lattice.

The AEZ (A, i, z-2') term, or free-ion term, in Equation (5) is equi-
valent to the e?/r term in the classical model. The Hartree-Fock calcula-
-ﬁioﬂé of Fadley et al. indicate that the size of this term increases to-
ward thé“upper right hand corner of the periodic table. The AEm(+l) term
indicates the_necessity‘of considering the lattice potential at the site
of the atom emitting the photoelectron and is equivalent to the e2/R term
in the classical or shell model. The contact potential difference, A¢C,

~1s probably S lev, but its neglect is primarily due to the lack of suffi-
cient wofk function data and represents a current limitafion in the inter—
pretation of XPS shifts. Correlations, such as that in Figure 1,
show that a roughly linear relationship exists between-calculated

charge on an jon and the measured binding energy of its electrons.
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The existence of two lines in Figure 1, however, may be a result .
of the neglect of the second and third terms in Equatioh (4).
An alternéte approach to the analysis of chemical shifts uses ' o
a cycle similar to that discussed above bﬁt relafés the various
energies to tﬁermodynamic quantities [14].. Application of this scheme
is also restricted by several assumptions, but good correlations
of shifts in certain classes of compounds have been found and the
use of shifts for prediction of some thermodynamic qﬁantities'has'
been demonstrated (14). .
Although the relationship between chemical shifté and atomic
charge has réceived the most attention, other effects of chemical
interest have also been studied by x-ray photoelectron spectroscopy.
One such effect is the splitting of the pS/é levels in heavy atoms.
Novékov an& Hollander [15] report x-ray photoelectron
spectra showihg spli@tings of the 5p3/2 levels of Th metal, U metal
and U0 The 4f5

and 4f7 lines of the same samples were unsplit.

3 /2 /2
A more rgcent study by those authors (16) indicates that similar
splittings found for the‘Au Sp.:,,/2 levels in gold compdunds correlate
linearly with the MBssbauer quadrupole splittings of the compounds..
Thié résult.suggests that the p3/2 level splittings may be related to
thé electric field gradient within the atom and that in some cases

XPS will provide information about the symmetry of the atomic environ-
ment.

Another type of core level splitting, multiplet splitting, arises pri-

marily from the exchange interaction between core electrons and unpaired
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valence electrons [3] . Such effects have now been observed
in paramagﬁetic‘gases a7 and"in solids (18). 1In some cases, these
splittings may be used to identify spin states of paramagnetic ions [18].

Since studies in catalysis are oriented primarily towards surface
phenomena, the electron escape depth in x-ray photoelectron measure-
ments on solids is of great importance. Although thorough quantitative
investigations have not yet been undertaken, some pertinent data are
summarized in Table 2. The first two entries are the results of an
experiment by Palmberg and Rhodin (19) in which low energy electron
diffraction and Auger spectroscopy were combined to measure the inteﬁsity
of Auger electrons as a function of the number of monolayers of silver
covering a gold single crystal. The third entrf is the result of the
experiment by Siegbahn et al., shown in Figure 2. As expected, the
escépe depth'debends on both the atomic number of the material and the
kinetic eﬁergy of the electrons. 1In general, fast electrons from low
Z materials probably sample the bulk, while slow electrons from high Z
ﬁateriélg_should be expected to show a strong surface influence. In
principle, one can diffefentiate bulk from surface effects by measuring
spectra of both high and low kinetic energy electrons from the same
sample. Differences in the two spectra could then be used to deduce
surface chemistry.

The electron escape depth is also an important factor in the inter-
pretation of the chemical composition of heterogeneous samples from

peak areas. With careful calibration and a study of lines at several
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Table 2

Mean Escape Depth of Electrons in Solids

Electron Kinetic Energy Mean Escape Depth Ref.
72 eV 4 A 19
362 eV 8 A 19

860 eV <100 A 1
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kinetic energies, one should be able to use the cdmposition corre-
sponding to various electron escape depths to differentiate between
a soiid solufion.versus surface segregation of a particular species;
Begause of the relatively low escape aepth for electrons in many ex-
periments, a study of several electron lines (perhabs using a Cu or
Cr jas well as Mg or Al‘anode) may be needed before a reliable aséign—
ment of the qhemical composition of the bulk or surface layer can be
made . |

Even if a solid sample is homogeneous all the way to the surface,
the atoms at the surface experience a different crystal potentiél than
those in the bulk [9]. Thus, the Em(+l) term in Equation (5) is altered
at the surface (and'approéching the surface) and can lead to a chemical
shift betweeh surface and bulk atoms. If the Em(+1) term for a parti;ular

solid is known, Em(+1) for a surface atom (Em S(+1)) may be calculated
’

(20) by Equation (6),

Em,s(+1) = [E_(+1) - E_(+1)]/2 + E(+1). (8

The surface is defined by a plane passing through the crystal.
The term ES(+1) = e2§ Q£/rAi’ where-i is summed over the atoms in the
-plane. The term [Em(+1) - ES(+1)]/2, then; represents the potential
due to a semi—infinitevcrystal, up to, but not including, thé surface
plane. The_term.E;(+1) = e2§ qj/rAj’ where j is summed over fhe

correctly terminating surface plane of interest. The surface plane

may include defects or adatoms but must terminate the crystal to preserve
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2
charge neutrality. For the NaCl structure Em(+1) = % %—2, where RO
o

is the cation-anion distance and a is the reduced Madelung constant.

For an infinite crystal, o= 1.75. For atoms at the (100) surface of

1.68, assuming that the surface is terminated

t]

a semi-infinite crystal, «
with a complete plane of atoms. For a surface atom adjacent to an NaCl
'vacapcy, a can be as low as 1.18. Thus,'Em(+1) is decreased in magni-
tude by only about 4% at a perfect surface, but by as much as 30%, or
about 4eV, adjacent to a surface defect. If the charges on the surface
atoms are similar to those on atoms in the bulk, then surface shifts

of the Brder of leV and higher should be expected. Experimentally,
such effects would most often appéar as a broadening of a photoelectron
line, since atomic iayers near the surface are also partially affected.
In many cases linewidths of photoelecfron lines from solids aré‘less
than 2.5eV, and in no case has an extreme broadening due to surface
shifts been reported.v Little work has been done so far, however, on,.
the determination of natural linewidths or on clean surfaces, to whiéh.
the above estimates apply.

Summarizing, we find that the measurement and assignment of x-ray
photoelectron peaks are direct. The interpretation of data is eaéiesf
for gases, but the spurious effects encountered in some measurements on
solids can often be corrected for or at leaét recognized. The Fermi level
reference for solids complicates a detailed interpretation of chemicai
shifts; but useful correlations of shifts with ionic charges or ther-

mochemical data are possible. Under most conditions, x-ray photoelectron
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spectroscopy is only asemi-surface technique, but several aspects of -

the measurements relate directly to surfaces.-

IIT. EXPERIMENTAL EQUIPMENT
This,seétion describes the functional componénts of an x-ray photo-

eIQCtron spectrometer and summarizes, based on our experience, several

;
opérating characteristics desirable for research in catalysis. The
reader is referred to (1, 21, 22 )} for the details of specfrometer design.
Figure 6 is a schematic diagram of the Berkeley iron-free spéétrometer.

The main components are the x-ray source, the sample chamber, the electron
analyzer and the electron detector.

In tﬁe x—ray tube, a high voltage between the cathode and anode o
causes electrons ehitted'from the heated tungsten cathode to be acqelerated
ana strike the anode to produce the deéired X-Tays. Typical anode |
materials are Mg; Al,-Cr and Cu. Consideration of linewidth and energy
- of the x-rays dictates anode choiceF A multiple position anode allowing
quick change from one anode material to another is convenient. The
x-rays pass through a window, usually thin Be or Al, to the sample.

The purpose of the window is to prevent electrons in the tube from
reaching‘the'electron analyzér. Geometric restrictiéng and the need
for iron-free construction in magnetié spectrometers often require
custom construction of x-ray tubes. It is advantagéous’to have an.
indirect electron path from cathode to anode so that tungsten from the

cathode does not condense on the anode or the window. Also,‘an isolated
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vacuum system for the tube is desirable, in spite of the difficulties
caused by the presence of the fragile Be or Al window. Otherwise,
gases introduced into the sample chamber during an experiment may

cause rapid deterioration of the tube.

Although monochromatization for narrowing the x-ray linewidth
_would often be desirable, the associated sagrifice in intensity must
be compensated by means of higher electron flux striking the anode
[1]. As meﬁtioned in the Fundamenfals section, excitation of photo
electrons by ultraviolet radiation and production of Auger electrons
by elecgron bombardment are also of interest in electron spectfoscopy.
The availability oflsuch sources would increase the versatility of

a photoelectron spectrometer.

The arrangement of the radiation source, sample, and the'aﬁalyzer{
must‘be'such that photon; or electrons ffom the radiation source can
strike the sample, and electrons emitted from the Sample can pass |
through the defining slit into the electron analyzer. In light
of éxperiments‘in Agger spectroscopy [23] , an enhancemen; of
the influence of surfaces on the x-ray photoelectron spectra of -solids’
might be achieved by working at low angles between the plane of the
surface and the electron path to the analyzer. No such experiments
have yet beeﬁ reported in photoelectron studies of solids.

In order to mihimize scattering of electrons during analysis, the

pressure in the analyzing chamber should be about 10-5torr or lower.
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Any gases in theﬂsample‘chamber must, therefore, be differentially
pumped across the defining slit; In some éxperiments, introduétion ofvthe
gaseous sample in a‘moleéular beam may facilitate pumping. With differential
pumping, experimenté on“gases can be done easily‘[il. Low wvapor pressure
liquids may also be studied if the spéctrometer geometry permifq a
hofﬁzontal sample surface. Otherwise liquids can be ffdzen or ;tudied
as .. continuous, fiowing tﬂiﬁ films. |

An important consideration for XPS studies iﬁvcétalysis, as well
as other fields, is the vacuum required in the samplé chamber. For
low-area samples, simple kinetic theory calculationSﬂshow that pressures
lower than about.lo-gtorr are needed for clean surface studies. However,
Eischens has argued that pressures from 1078 to 107*torr are adequate |
for infrared studies of catalyst samples with high adsorptive capacity(24).
This view is supborted by much infrared evidence that.easily oxidized,
adsorbed species such as carbon monoxide and hydrogen ére'stéble for -
many_hburs on.supported metal catalysts in vacuum systems which cannot:
be operéEed at pressures lower than 10_6torr. In infrared experiments,
all of the cataiyst wafer is examined by the radiation.. In a photo-
electrqn expefimenf, however, the advantage of the self-gettering
action of the wafer may be miniﬁized because only the outer'sufface
layers are examined, and these exposed layers may become conﬁaminated
sooner than the inner portions of a sample. We expect, thérefore, that
reproducibility and clear interpretation of results from solid samples

with reactive surfaces will require better vacuum conditions in the
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sample chamber than are needed for infrared studies. In many cases,
ultrahigh vacuum\may.be needed. In addition, great care must be
taken to limit contamination from oil pumps. In‘any caée, it is
desirable that the sample chamber be designed so that pfetréatment
of samples may be carried out in a controlled environmenti

After electrons leave the sample chamber, their kiﬂetic'energy
must be carefuily measured in the electron analyzer. The resolution
of the analyzer should be 6f the order of é few parts in 104 in ordér
that the spectrometer_broadening for high kinetic energy electrons be
vof the order of a few tenths of an eV. The second-important'character-
istic of the analyzer is high sensitivity in order to minimize the
counting times required for the collection of data. In general, double
‘focusing devices (25) are employed to achieve both of the abové re;_-
quirements. In some cases, retardation of electrons is ﬁsed'fo improve
resolution. ‘Since'higher resolution is usualiy accompanied by a sacri-
fice of semsitivity, it is desirable that a spectrometer have tunable
vresolutign. | |

Both mégnetic and electrostatic double focusing analyzers have been
used [1,21]. Magnetic'de;iceé now in use have optical paths 30-50 cm
in radius, and,focus electrons in the.regibn between sets of solenoidai
deflection coils, Thié configuration restricts the workingvspace |
around the sample chamber. A new coil configuration reported by
Fadley, Miner and Hollander (22) uses the field external to the coils:

and allows much greater accessibility to the source.
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The magnetic, doﬁble focusing analyzer has the advantages that
electrostatic fine.tuning is possible and the sample and analysis
- chambers are réadily adaptable to ultrahigh §acuum. The-focél‘plane
characteristics of this design and some electrostatic designs wili
becoﬁe increésingly iﬁbortant with the advent of ;mall multichannel
ele¢tron muitipliers; The large enhancement in coﬁhting efficiency
pro¢ided by such detecto:é is further discussed in (22).

The disadvantage of the magnetic analyzer is that elaBorate'
methods are required for shielding the analyzer from external fiélds. .
Typically, the spectrometer is placed in the Cenﬁer.of a large Helmholtz
coil arrangement and care must be exercised to excludevhigh—permeabil—
ity materials from the immediate Vicinity. Other types of shielding.
may also be poséible, but none has yet been developed.

) A principle advantage of the several electrostatic aﬁéljiérs>that
have been developed is that shielding'may be placed close .to the ahalyzer
without distorting the deflecting field, and a controlled environment
is not needed; This type of device is, thereforé, better suited tﬁan__
.the_magnetic'oné fof a standard laboratory. In general, the performances
of existing electrostatic aﬂd magnet analyzers are éomparable;,although
parti;ular spectrometers have strong and weak features. In some
electrostatic spectrometers, large sliﬁs are used to enhance‘sensitiviﬁy.
Differential pumping of gases in such deviceé may be difficult. fIn
electfostatic analyzers, the deflecting plates must be witﬁin the walls
of the vacuum chamber. Dimensional iﬁstability as a result of bake-

out may complicate ultrahigh vacuum studies in such spectrometers..



In an experiment, the analyzer is set to fécus electrons of a
certain kinetic energy on the detector. Various kinetic energies are
scanned by chénges'in the anaiyzer field settings or changes in the
retarding potential. The detector is usually a windowless electron
mﬁltiplier which produces a pulse for each electron reachingvthe
detector.x.The‘pulses are then counted and recorded. In an instrument
having a focal plane, each row of electron multipliers in a multichannel
unit counts eléctrons of a slightly different energy. Thus several
data points can be taken simultanebusly. Scanning of the anaiyzer
fields may be continuous or point by poiﬁt. In either case, a smai}
programable computer provides the greatest versatility for efficient

collection of data.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The_@ata reported here were‘taken on the Berkeley SOch iron-free
.spectrometer (Figﬁre 6). Two types of three-position holders for
solid samples (26) were hséd. The room temperature holder had no
provisionvfor &ifferential pumﬁing. Powdéred samples weré usually
sprinkled on’dohble-sided; conducting tape. In some cases pressed
wafers, 13 mm in diameter and about 1 mm thick, were taned to the holder.
In the heated sample holder the defining slit was mounted on a stain- -

less steel chamber enclosing'the samples. The x-rays were admitted
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through a Be window.' Metal‘foil or pressed wafer samples were held
at the edges on a >boton nitride heater Sy a stainless steel

cover plate. In situ treatment in hydrogen was accomplished by ad-.
mitting hydrogen to the sample enclosure Ehrough”é stainless steel |
tube directed toward the sample surface. The.hydfogen bressure |
aro@nd the sample was approximately 10-2torr or lgss; The detecLor
cha;ber, sample:chémbe¥, x-ray tube, and analysis chaﬁbér were pumped.

by a silicone oil diffusion pump, backed by a mechanical pump.‘ The

inlet to the diffusion pump was in the analysis chamber. The Base
pressure, measufed just above the liquid nitrogen trap above»thev
diffusion pumb, wasﬂusually_less than 10-5torr."The pressure ih the
sample region was not measured, but coyld have been 16_4torr in some
experiments. Although the diffusion pumpIWas well trapped, a

large lucite viewing port, :ubber.o—rings, and a poofly trapped mechanical
roughing pump.for the sample-chamber contributed carbon containing
molecules to the béckground gas. The vacuum conditions were less than

ideal, but the data shown in Figure 3 indicate that relatively clean

surface layers could be maintained at high temperature in hydrogen.

In figures to follow, data are reported aé plots-of eléctrons count-
ed versus the current in the deflecting coils of the speéfrometer. Ex-
cept where indiéated, the data presented have beeﬁvcorrected for samﬁle
charging by adjpSting energies so that the kinetic energy of the C (lsj
line from carbén_contamination on the sample wés equal to the energy of the
C (1s) line from a metal foil placed in one of the two reﬁaining sample

positions. In the Cu/MgO experiments the Mg (2p) line was used to méke
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a relative charging édjustment. Because of the reactivity of the sur-
faces.studied in experiments on catalysts, charging corrections using
the carbon line from carbon contamination may not be reliable. Splitﬁ—
ings in a single sampie and shifts between.similé;.samples should bei
unaffected.by chafgiﬂg. . Comparisons of line positions froﬁ dissimilar
samﬁles, ﬁowever, are highly susceptible fo errors in the charging |

correction.

~ In this work, chafging corrections as high as 3-5eV have been
required. vBecéugé of the'magnitude and uncertainty.of this correction,
we have nét_repqrted ébsqlute binding energies. The kinetic energy
corresponding to a particular peak may be obtained from the table
of kinetic energy vs. ﬁégnetic rigidity (Bp)'in Appéndix 5 of reference
(1), using a value of Bp calculated from Equation (7), |

go=C-1, 7

‘where I is the éurrent'vaiue, in amps, of the peak position and C is
the spectrometér'calibration constant. It has been assumed that the
binding energy of the C (ls)'electron in a hydrocarbon adsorbed on a

metal is the same as that for graphite. The data in (10) then

Gcm.

yield C = 78.706
; amp

for most of the spectra reported here. Except
where indicated, all spectranere taken with an Mgrandde so that

hv= 1253.6eV. The work function of the spectrqmeﬁer, ¢sp is taken fo
be 4 eV. [2]. Splittings of lines may be calculated by Equation (8),

AE £.1.09 (A1) T (8
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where

splitting in eV

AE =
AT = splitting in ma.
I = the average of the currents of the two peaks, in amps., °

Experiments were carried out in three general areas: adsorption,

supported metals and crystalline oxides.

A. Adsorptioﬁ

As mentioned in the Introduction, large shifts have been measurcd
for several carbon and nitrogen containing molecules. Since some of

these molecules are common participants in catalytic reactions, studies

of carbon and nitrogen containing molecules adsorbed on catalyst surfaces

seem to be an intercsting and important application of x-ray photoelectfon
spectroscopy. The data of Siegbahn Eﬁ_al., represented in'Figuré:Z,:

show that a spectrum of the I(3d5/2) line from a double layer of iodostearic

" acid can be collected in a few minutes. ' In order to cstimate the counting

times required to see a monoléyef of adsorbed carbon'containing molecules,
one mustfknow the fe}ative crqss—séction for the photoelectric effect |
in the C (1s) ievels as éompared‘to the I (365/2) lcvél. This in—v
formation is readily obtained from the data for gas phase methyl iodide
shown in Figure 7. The relative areas under the curves indicate that

for magnésium x-rays.the I (3d5/2) cross-section is 13‘times thét.for,

C (1s), wﬁile the same ratio is 17 for aluminum x-rays. AIthough the

gas pressures vere not identical for the Mg and Al anode experiments,
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the data indicate that approXimétely 3 minutes per pdintvshopld be
the required_countiné time:for ob;ervatibn of a“carbon monoiayer onva
metal foil in a spectrometer with theféame ovérall-spectrometer sen-
'sitivity as that used to obtain Figure 2.

Since CO is strongly held to Pt and is oxidized to CO, and desorbed

2
only slowly even in the p;esente of small amounts of Qé (27); we chose to
attempt observation of CO on platinum. For prereduced Pt foil and 5% Pt
on Si0, (56% dispersed);-meésurable carbon and oxygenvlines were observed
in counting times of ~ 0.3 min/point, but they were identicﬁllto lines
present before CO adsorption. Since the ratio of spectrometer sensitivi-
ties in these experiments and those carried out on iodostearic acid is un-
known, it is not possible to accurately estimate the amoﬁﬁt of carbon
present on fhe Pt samples. Clearly, howeQer, the carbon and oxygeh
backgrdunds were high enough to maék co adsorpfioh effects. Althougﬁ

the experiment was a negative one, it represents a limit of the vacuum

‘conditions in the particular spectrometer and not of the technique.

Studies of nitrogen containing moleéules adsorbed on high-surface

area materials are experimentally more favorable because of the increased

L1



-31-

number of adsorbed atoms and anegligible nitrogen.b;ckground. A study of
’4hitrogen containing Y zeolite is shown in Figure 8. Spectrum8(a) is
for an 85% exchanged NH4Y,zeolite wafer. Because of the high exchange
capacity pf the zeolite, spectrum8(a) represents"an>approach to the
upper limit in intensity to be expected from an adsorption experiment
of ?he type_diséussed here. The total counting time required for that
spectrum was over 7 hours, but, with fewer points, could have béen Te-
duced to about four’hours. The desirability'of hiéh spectrometer sensi-
tivity is thus quite clear. The position of the nitrogen (1s) line in
8(a) corrgsponds to a binding energy of 402 eV, iﬁ good agreemgﬁt with
the value for NH4+ in NH,NO, as shown in Figure 1.

SpectrumB(B) was taken after the wafer giving spectrum8(a) was
héatedvtd 150°C'for ~10 hours iﬁ.XESEE: Spectrum8(bj shows, as expected,
that more than half of the nitrogen hﬁd been desorbed by the heat treat-

‘ment. fThe increase in the linewidth may indicate the presence of two
of.morg chemiéal states of nitrogen, but the counting statistics were not
.sufficiegt to permit resolution of the peak components. Invother ex-
petiments, a>Qafer of silica-alumina was evacuated at room temperature,

exposed to 1 atm of NH, and then transferred through the air to the

3
spectrometer. Also, a wafer of NH4—Y zeolite was deammonated at 1073 torr
at SSOOC, exposed to 1 atm of NH3 at room temperature and transferred
to the spectfometer. The N (1s) Spedtra of both of these wafers were

similar to8(a) but lower in intensity. Both spectra showed a broadening

and decrease in intensity after evacuation at 150°C.
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Spectrum (c) of Figufe 8 was taken after the wafer giving8(b) was

heated ig_situ in a low'pressure.6f H, for 4 hours at 350°C and 1 hqur
at 450°C, then cooled to 120°C, and exposed tb pyridiné at a pressuie
ofvapproximateiy 5 torr. The hydrogen was employed during heating ihﬂ
order to try to keep.Fhe”Sample su?face free of tﬁe hydroéarbons pre-.
sent in the spéctromefer. Spectrum 8(c) is a broad doublet with a
.splitting of 3.4eV. A ;imilar experiment on an NH4Yvwafer heated to
450°C and cooled to 1SO°C gave a broad N (1s) peak at a current of
1.2486namp.:;Thus, it is assumed that the left peak in 8(c) is due

to residual nitrogen'from NH4Y andAright peak is due to adsorbed
pyridine. Estimates of peak areas indicate that,lbased on the above
assignment of peaks, approximatéiy 30%'Qf the original nitrogen was
left in 8(c) and the adsorbed pyridine corresponded to approximately

15% of the original nitrogen.

The shift in the residual'nitrogen.line in8(c) was supported by a .
later eXperiment in which'NH3 adsorbed at‘120°C on an Eu3+:exchaﬁged
mOrdenitE‘wafer @ehydrated-lg_hour; at 4§O°C) gave a bfoad N (1s) line
a£v1;2492 amps. The effect of déhjdration on the nitrogen in the
zeolite éould»involvé removal of H,0 from the coordination sphere of
NH4+'ions not in the hexagonal prisms. At_450°C, some}dehydroxylation 
of the zeolite surface accompanies deammbnation,”and the_resﬁlting

Lewis acid sites could adsorb NH3 Removal of water from the zeolite

pores can also change the lattice potential at the nitrogen atom site.
Although it is not possible to make chemical inferences about

adsorbed pyridine from the results of spectrun» 8{c) alone, the
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spectrum shows that the adsorption can be observed. The shift between

the NH&+line in8(a) and the pyridine line in8(c) is similar in magni-

tude and sign to the shift between NH4+ in NH,NO, and pure pyridine,
as shown in Figure 1. |

‘ Thus, differéntlnitrogen—containihg molecules adsorbed on high
sur%ace area materials can be observed in thé x-ray photoelectron
h spectrum‘and'chemical changes in those molecules‘recorded. More de-
tailed studies of the actual chemical states of the molecules involved

would be aided by higher spectrometer sensitivity and a better control

of the environment of the samples."

B. Supported Metals

DiSpersionvof active metals on supports is a technique~wide1y.
used in catalysis to improve the catalytic efficiency pef metal atom.
- X-Ray photoeléctron spéctroscopy offers the possibility of studying
changes ofvbbth the oxidation state.of various atoms and the chemical
composition of surface layers during the preparation of such materials.:
Interactions of activated catalysts with adsorbed or reacting gases
are also amenable to study if chemical changes in thé surface layer
are significant at gas pressures below 10‘1torr.

In an attempt to study the chemical states of surface atoms, a
series of experiments on supported and unsupported Pt was undertaken.
The - Pt (4f5/2)and(4f7/2) iines from several samplés are shown in Figure 9.

Spectra9(a),9(d) andd(e) have been adjusted for charging but spectra
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9(b) and9(c) have not. A comparison -of spectfqu(d) with9(a) shows. a
shift of 3.8 eV for Pt atoms in a foil versus Pt ions in Pt0,. As

the energy dependence of the photoelectric cross sectionper'elecfroz is
~essentially the same for the 4f5/é aﬁ'd"4f7/2 levels, the theoretical
5/2 (left)

peak is 1.33, as determined by the degeneracies of the levels. Computer

ratio of the area of the 41-'7/2 (right) peak to that of the 4f

fitting with 2 Gaussian peaks with  flat  tails gave estimates of -
1.4 and 1:1 for the 4f7/2/4f5/2 area ratios of9(a) and9(d) respectively.
An x-ray diffraction patfefn of the Pto, powder'§howed the presencé of
a Small'amount.qf platinum métal.'.This observation is in agreeﬁent with
the high value of the peak ratio in épectrqu(a) since the low intensity
Pt metal peaks contribute to the area of the 4f7/2vline of PtOé.

As mentibﬁed in the Fundamentals section, the Gaussian peak_withxa
flat téil is only an approximation of thedline shapé. The reliabiiity'
of the calculated area ratios is, therefore, unCértain. The data in
Téble.Z suggest,'howevér, thaf electrons have a low mean escapevdepth
4throughbheavy metals. In addition to their resulfs for Ag deposition
‘on Au, Palmberg and Rhodin (19) estimated a mean eséépe depth of 3 to 4
monolafefs for 950 eV Cu Auger electrons through gold deposited on |
copper. On fhe basis of these data, a small influence of the surface
layer could be present in the Pt foil spectfqu(d). Since fhé foil héd
been exposéd to the atmosphere, it was pfobably covered with a layer
of oxide during the experiment. Peaks from the oxidized Pt atomsvwould

fall under the left (4fs/2) peak in9(d) and could, therefore, account

{




for the low hfea iatib. This -hypothesis is supported by‘the fact that
a Pf black»sampié* having'a highcf surface ;o'vqluﬁe'fatip:than the foil, pave
an area ratio of 1.07' A.definitivc test of surfaceveffééts‘will requireb
accuraté-cdhtrol of surfacévconditions, however.

Spectfa (B)Iand.(c) in Figuie 9 are for 5% Pp on 8102, prepared
by impregnation of Sibz withvchloroplatiﬁic-acid and preréduction before
tran;fer fo ;hé spectrometer. The platinum was found tojbe 56% dispecrsed
(i.e.,'SC% of all the Pt atoms‘weré on the surface) by €O chemisorption
measuremenfs-(ZB). Since_no charging correction was made, shifts bétwéen
spectra cannot be evalﬁated. The -shift to the right with increased
temperature, however, is similar to that atﬁfibuted to a change in the-
amount of charging in Cu/MgO and zeolitc'éamples,"The rélativevint¢nsifies )
of the 4f$/2 and 4f7/2 lines invspectra 9(b) and 9(c) cléarlynindicate s

the presence of oxidized Pt. Similar peak ratios were found for the_Pt/Si02

sample at roomjtemperatpre, One must recall that the term "in H2”

means in a low pressure flow of H,. Apparently, in the configuration

used.to obtain the results shown in Figure 9,. the H, pressure at -
the sampié surface was not high enough to maintain significaht re-
duction. An improved experimental configuration allowed pértial
reduction of oxidized Pt as shown in Figure 10, for a”i% Pt

on graphon sample (29). The dispersion of this sample was approxi- .
mately 20%. Spectrum'IO(c) is for a prereduced sample; exposed

to air before the XPS experiment.. The area ratio of th{s spectrum

was 1.1, A wafer of the same material was heated to' SOOOC in flowing

oxygen for 1 hour before transfer to the spectrometer to,yieid 10(a). :



The breadth of the 4f5/2 (left) line ofvthat spectrum'may indicate

the presence of Pt in more than one oxidation state. Partial reduétion

of the most highly oxidized Pt by H, treatment ig_giﬁg_ié shown in 10(b)
byvthe narroWing'of the 4f5/2 line. This spectrgm'is similar to (b)

and (c) in Figﬁre 9.‘3A1though it seems clear frém thé_spectra for
supportéd Pt in both Figurgé 9 and 10 that the relative intensity of

‘the 4f5/2 and 4f7/2 lines indicate the presence of oxidized Pt, a
Quantitafive assignment of thevokidized species was not possible. .Spectra
(b) and (c) in Figure_Q cannot be éCcounted fof byvthé assﬁmption that’
tﬁe increased intensity'éf the Ieft-peak was dué to 56% of the Pt being
present as PtO. vAt this time, thergfore; the spectra céh be taken as

only a qualitafi&eviﬁdication of an‘effect of dispersion on the oxidizability
of platinﬁm.”

A second study of supported metal was done on a 5% Cu on Mg0O sample )
prepared byrimpregnation of Mg0® with a solution of cupric acetate in H
ethanol (30): The carbon (1s) lines from MgO and Mg0 impregﬁated wifh

'cﬁpric acetate are shown in Figure 11. The large right peak is due to
adsorbed cﬁrbon-cohtaining-material from the backgrouﬁd gas and is ,
assumed to répfesent adso;bed hydrocarbons. The left peak in spectrﬁm
11(b) is sﬁifpe& 3.9 éV from the hydrocarbon peak. The sﬁlftting of
the C (1s) line in sodium acetate is approximately 3.6 eV (1, p.79).
Thus, assignment of tﬁe left peak in spectrum 11(b) to acetate ion on-
the MgO surface seems reasonable. The broadening of that~peak may |

indicate some chemical interaction of the acetate ions with the MgO

N
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surface. After heating the sample giving spectrum 1i(b) to 500°C
in H2, the‘léft peak was not observed in the.C(ls) spectrum, |
Speétrum (a) of Figure 11 shows a weak peak 4.8 eV from the

carbon backgrouhd peak. This large shift to higher binding energy
indicateé thé‘presence of carbon atoms more highly oxidized than
those in the acetate. On this basis, the peak is assumed to be due '
to C03='or HCO%, fdrhed on the.Mgﬂ surface by adsorption of o, from
the air; 'ThevO(ls) line from MgO at room temperaturé in vacuo had a

shoulder 6n the'high-kinetic energy side, indicating the presence of
more than one kihd of o*ygen dn the MgO surface. Under theée'con—;
ditions, OH  and H,0, in addition to CO§ and HCO% are likely surface
species (31). T ' | . | l .
The copper on Mg0 was studied by taking both Cu>(3p) and Cu
(2p3/2) spectra. The Cu (3p) region, however, was obscured by a
stfqng pgak from the MgO support. Subsequent work on MgO has
shown this peak to be a magnesium KLL Auger line: Since mag-
lnesium X-rays do not have sufficient energy to eject a ls electron
from Mg; the Auger peak was presumably caused by Bremstrahl@ng from |
the x-ray tube thch was operated at 12 kilovolts and 20 milliamps.
The Cu (2p3/2) spectra are shown in Figurévlz. Spectrum 1263)
was produced‘by a sample calcined at 1000°C in air in an attempt to
forﬁ a.Cu/MgO solid solution. . Spectrum 12 (b) is for the impregnétéd'
sample,'dried by evéporation and not heated. Both peaks are broadened

and ‘a splitting into at least two components is evident in spectrum

o
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12(b). Because of the oxidizing conditions ueed in the preparation
of the sample giving 12(a), the broad line is taken ‘to 1nd1cate (‘u2+
on and/or in the surface layer of MgO. The doublet in 12(b) can be
accounted for by some cupric acetate and some Cuvwhich is bonded-
to the'MgO surface. A small multiplet splitting [18] or spllttlng of
| the type found for heavy atoms (15) cannot be ruled out at this time,
however. The ratio of the area (counts/sec X amps)‘under the Cu (sz/z).
line to that under the Mg (2p) 1line was 0.4'for spectfum'IZ(a)fand
0.9 for 12(b).

Spectrum (¢) in Figare 12 Qas taken after the Cu acetate/MgD eample

~giving 12(b) was heated to 500°C in low pressure H2 32_51tu The narrowing

of the Cu (2p3/2) peak-indicates that one Cu‘spec1es predominated over .
others in the product produced by the reducing treatment. The shift of
the line to lower b1nd1ng energy suggests that reduction of the Cu2_

was accomplished. When the position of the peak in_lZ(c) is compared:
to that fer Cu foil shown in spectrum 12(el‘however,:it is clear that

Call factors have not been accounted for. Spectrum 12(c). appears to sﬁow
a Cu (2p3/2) binding energy lower than that for Cu metal. It is likely
that the shift between 12(c) and 12(e) is an artifact caused by an in-
adequate charging correction. Spectra 12(a)-(d), on the other hahd;'
showed a good internal consistency since the Mg (2p) 1line ia all samples
fell close to the same value after the C (1s) charging correction was
applied. In Figure 12, a alight adjustment has been made on these sﬁectra'

to bring the Mg (2s) lines into coincidence. On the basis of the present
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data, a meaningful comparison between supported Cu and Cu foil cannot
be made, but we take the shift between 12(b) and 12(c) to indicate re-
duction of Cuzf.

The area ratio of the Cu (2p3/2) line to the Mg(2p) line in spectrum
12(F) was 0.3. The loss in the amount of Cu measuréd‘by XPS in 12(c)
vefsus 12(b) can be explained by sintering of the Cu-containing particles.
Some of the Cu may also have gone into solid solution and/or migrated
into the Mgolpores. Photoelectrons from the Cu deep in the pores or
in the bulk have less chance of escaping from the solid than do photo-
electrons from Cu on the outer surface of the Mg0Q particles. A similar
iéss in Cu inténsity was noticed in the Cu (Sp) spectrum of the "solid
solution" heated to 500°C in H.,.

2
A Cu/MgO wafer which was prereduced at 500°C in flowing H, and then

2

transferred to the spectrometer and heated to 530°C in a low pressure:
of H2 gave spectrum 12(d). The reduction of the Cu in this sémple
~appears to be more complete than in 12(c). The data suggest assignment
of 12(d) to copper metal and 12(c) to Cu+, but such an assigﬁment Qould
require further calibration with shifts in known compounds and a more
complete understanding of the charging corrections for this system.

A clearer observation of reduction of a supported metal was
afforded by a study of 6% nickel on silica—aluminé (32). Characteristics
of the Ni (2p3/2) lines from nickel metal and black NiO [33] are shown in

Figuré 13. Spectrum 13(d) for NiO has two peaks, split by 6.1 eV.

Spectrum 13(c), from Ni foil "off the shelf,'" has peaks similar to those
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|
! [
in 13(d) and an.gdditioﬁal peak to the right. When nickel foiIVWas I
sandéd to expose fresh surface, spectrﬁm 13(b) was ohtained. fhis
spectrum shows an enhaﬁcement of the right peak in 13(c) and a rela-
~ tively low intensity of the two left peaks.‘,Spééﬁrum 13(a), for.a
polished Ni (lil) single crystal (34), is similar fo 13(bj.

-‘Sincé the Ni foil "off the shelf' was sfored in air, the surface
layer of the foil is expected to be oXidized; The similarity of the
left peaks in 13(c) and the peaks in the Ni0O spectrum leads to assign-
ment of the left peaks in 13(c) to a surface layer of.NiO and the right.
peak to nickel metal. Sanding:the foil is then seen in 13(b) to.have'
removed a considerable amount of £he pxide, éxposing more Ni metal. R

The.wide sﬁlit.ddublet spectrum for NiO is an unexpected result énd
reqﬁires further examination. - The 0}(15} line of NiO did not show any -
splitting or any indication of a second peak at 6.1 éV lower kingtic
energy from the main peak. The.left peak in 13(d) could, fherefore, Bé
.characteristié of Ni and not a discrete energy loss characteristic of
the NiO. Adsorbed watef or oxygen on the NiO could maék é loss peak‘in
the O (1s) spectrum. This possibility cannot be definitely ruled out
at this time, but éuch an interpretation would require the peak from ad-
sorbed oxygen-containing molecules to have béen ten times more intense
than the oxygen peak from NiO. |

A doublet with approximately the same splitting and intensity ratio
as shown in 13(d)‘has also beén obsérved in the Ni (Zpk) and (35)vlines

of NiO (35). Since muitiplet splittings should be different for s, Pi,
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and P3/2 levels'(18), it seems unlikely that the splitting is caused
by the unpaired electrons of the Ni%* ion. On the other hand, it is
known (33) that black NiO is non-stoichiometric, containing excess

oxygen and some'NiSf, The shift of 6.1 eV is large for N12+ to N13+

but large shifts in electron binding energies of impurity atoms in a
lattice are sgggested by the following, crude approximation for Ni3+
in NiO. If NiO is assumed to have the NaCl structure and to be 50%
ionic, then Em(+1) = -12eV. The shift of 3 eV between Ni metal and

the right peak of NiO and the use of Equation (5) yield

Vo - /
AEb (N1,2p3/2,0-+1) = 15§V./gﬂ’b . . (9

-

Assuming that the actual charge on Ni:I>+ in NiO would be +1.5 units in

analogy to the +1 charge for Niz+, AEbV above may be scaled to give
e Vs o . '
AEb (N1,2p3/2,+1-+1.5) = 7.5eV. . (10)

1£, following (33, Ni>® is placed in the NiO lattice by substituting -
‘ .3

2 Ni3+ for 3 Ni2+ and leaving an‘Ni2+ vacancy, Em(+1) for the Ni”"

site = -12 to -13.5 eV, depending on the positions of the vacancy

and the second N13+ ion. Then, using Equation (5),

o, FNi, 2py N3 in NiO - mNi2* in NiO) = 7.5 to 6.0 eV. (11

Because of the uncertainty of the calculation and the relatively
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large surface concentration of Ni3+ implied, this assignment of the
NiO spectrum must be considered tentative. Studies of the more near-
ly stoichiometric, green NiO and in situ oxidation experiments should

provide the information necessary to test the assignment.

Even without assignment of the left peak in the Ni0 spectfum, (d)

in Figure 13 can be taken asla "fingerprintﬁ characteristic of NiO.

Such a point of view is useful for the interpretation of the Ni (2p3/2)
spectra of 6%‘Ni'6n silica-alumina shown in Figure 14. Spectrum 14(a)
resultediafter the Ni(N03)2 imprégnated support was éalcined 2 hours in
air at 760°C and a wafer of the material was transferred to the spec-
trometer. The strong resemblance of this spéctrum to the one character-
istic of NiO is taken to indicate that ~Ni is present on the catalyst

as NiO [36]. Treatment of thiS sample in H, at 480°c, iﬁ_é}iﬁ} led to
spectrum 14(b) which shows that most of the Ni near the surface was re-
duced to Ni;metal [37]. The additional peaks to the left of the Ni metal
peak in 14(b) are not well resolved but suggest that if unreduced Ni was pre-
‘sent, it was different from most of that originally on the surface. Ex-
posure of the reduced sample at 200°C to air, iﬁ.§i§2’ led to 14(c) which
is similar to 14(a),‘a1though ;he left peak is not so wéll resolved, énd
indicaﬁes a reoxidation of the Ni. Spectrum 14(d) was obtained after a
supported Ni sample was sulfied in an Hz/st.flow for 2 houfs at 480°C. The
binding energy of the S (2p) line was 158.4 eV, indicating (1,p.122)

that most of the sulfur was present on the catalyst as sulfide ion

and was not oxidized during exposure of the sample to air during transfer.
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The Ni (2p3/2j lihe-in.14(d) seems to be split but has a splitting
different from that for NiO. Interpretation of‘14(d) is not possible
since it is not known whether all the Ni was sulfided. It is important

to note, however, that this spectrum does not resemble the "fingerprint"

of NiO. Spectrum 14(e) shows a sémewhat Surprising result obtained from a

evacuated to 10-6torr, and then treated at 80°C

sample which was reduced in H,,
J .

for 16 hours in CO. It was assumed that this procedure would Temove

all the reduced nickel as Ni(CO)4. Spectrum 14(e), however, shows that

a considerable amount of unoxidized Ni was present even after exposure
of the sample to air during transfer to the spectrometer. Apparently,

a surface ox;datioﬁ of the Ni parficleé during the evacuation step ﬁre—
vented the fbrmation of Ni(CO)4 and passivated_the Ni‘surface'to prevent
complete oxidatioﬁ of the Ni particlés during exposure to air.

The spectra in Figﬁre 14 demonstrate qualitatively how XPS can be
used to follow the chemical state of a supported metal aftef various:
treatments. A more precise identification of the extra peaks left after
reduction, 14(b), and a more detailed study of the left peak in 14(a) are

topics of interest for future study.

C. Crystalline Oxides

In some catalysts, active sites result from a change in the coordina-
tion number of surface atoms. In an attempt to study the sensitivity of
x-ray photoelectron spectroscopy to coordination number changes, we took

spectra of the crystalline aluminosilicate minerals kaolinite, microcline,
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and sillimanite. - In ﬁao]initc the Al is G-coordinate, in microcline it
is 4~coordinate,and in sillimanite half fﬂc aluminun is G6-coordinate and
hd]f is 4—cqordinnto. To within the limits of the charging cerrcction,
no diffcrbnccs in.thc Al (2p) spectra for the threc Snmelos werc‘oh-

1

_scrvea;' A point charge calculation for siJJimanitc (38), assuming thc
[ : : .

formal charpés for A1, Si and 0 ya\o a d)ffcrcncc of 4 ¢V bhetween thc

potential at the G-coordinate Al site and the 4-coordinate Al site.

Since no b]oﬂdcnjng of the 2.2 oV vide Al (2p) linc was ochlxcd an

upper ‘limit for the blnulnn energy shift between the two types
: ef"a]uminum in sillimnnile is 1 eV.  Becausc of the unccrtaintyvof the
.surfaéc conditions of the samples, the rcasen for the negative result
of tﬁe sillihanitc experiment cannet be dctcrmincd._ The rcsuit sugpests
however, that shifts due to a change in coordinetion nusber in oxides
arc small and difficu]t to measure. | |

Another set of experlments was performed on Fe\/2 4 spinel catalysfs.
The lower curves (squares) in Flgure 15 are for Fev,0n 4 unused,and the
upper curves in that f1gure are for FeV2 4 after use as a catalyst for
the dehydrogenation of cyclohexane at 425°C'in a pulsed microreactor (39).

Both samples_were exposed to air before thewspectra were taken at room -

temperature. If the lower spectrum is taken'as the standard, the

result of use of FeV204 as a catalyst and subsequent exposure fo air

is seen to be twofold. The wanadium lines shifted to higher binding

energy while the oxygen lines split sl%ghtly and shiftedvto lower hinding

energy. The iron was unperturbed. The shift, rather than a broadening, .

of the lines indicates that the chemical changes caused by the treatment
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affected a surface layer and lot just the surface itself. _The\treatQ
ment did not cause a major change in the buik, hpwever, since the x-ray
diffraction patterns*of both samples were identical.

The act1v1ty of the catalyst has been found to decrease with use (40).
The upper spectrum may, therefore reflect chemical changes caused by
agng of the catalyst at reaction conditions. In any case, the ab111ty
of the technlque to 1nd1cate changes in the surface layers of crystalline
- oxides should prove useful in studies of both the activation and aging of
such catalysts. With more accurate control of surface conditione, surface

layer'stoichiometfy of mixed oxides and perhaps. the nature of the surface de-

‘fects can‘be studied. ‘

Finally, a study of Eu exchahged zeolites was undertaken. Zeolites’
exchanged withbtrivalent rare earth cations are widely'used eetalysts:
Although research has been carried out on the structural propertieé and
the relation of rare earth exchange to the production of OH gioups in the
zeolites, few studies have been aimed at investigation of chemical changes

vof the rare earth cations as a function of treatment. The high internal

surface area of zeclites makes them particularly well suited for catalyst

experiments with XPS. Although the outer surface of the zeolite particles

may differ from the "bulk" because of lattice terminatioh, photoeiectrons
escaping from'helow the surface reflect the properties of.a relatively
well-defined, crystalline internel surface; Europium is aleo particuiérly
wedl suitedvfor these experiments because, as mentioned; the shifts be-

tween Eu2+ and Eu3+ are unusuélly large.
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The Na forms of mordenite and Y-zeolite were exéhanged with a 3-5
fold excesg (over 100% exchange) of Eu(NOSf3 in aqueous splution(4131.
X-Ray diffra;tion patterns showed'that'a high degree Qf crystallinity
was maintained after exchangé. Quantitative anai}sis to determine the
stoichiometry of the exchange was not done. ,
| ' Eu,0, was taken as a reference coﬁpound for this work. Figure 16ﬂ
»shows the Eu (4d3/2) and (4d5/2) lines of Eu203 at room temperaturc and
at 175°C after 4 hours at 450°C in H,, in situ. The spin-orbit splitting
of 5.7 eV betwéen the 4d3/2 -4d5/2 levels is in_égreement with theXPS*re-
sults of Nilsson gz_gl;'(42)d Mbst important is that there is ﬁo obvious
differénce betheh spectra (a) and (b) in Figure 16. Therefore, no sig-
nificant changes in . the éurface.layer of Eu,0, occurred as a result of
the reduction tfeatment} Reduction of the:Eu zeolites is shbwﬁ in Figure
4d lines of Eu>' is obscﬁred

17. The intensity ratio of ﬁhe 4d3/2 - 4dg s

by the presence of theMg, Ko x-ray satellite peaks of the Si (2s)

3,4
level. The presence of Eu2+ in the,reducedvéamples is clear, however,
and thewmeasured Shift of 7.6 eV is again in agreement with values of
Nilsson gs_gl;;for the Eu3+ - Eﬁ2+.5hift. Reduction times were about -
4 hours. As can be seen in spectrum 17(d), the redﬁction‘of Eu3+Y is ét
least partly reversible since treatment of the sample in_O2 at 80°C led
to reoxidation of about half of the Eu2+.

The differencé in behavior between Eu203 and thé Eu-zeolites can bé
accounted for by the properties of the zeolite. In most solids, the

arrangement of atoms with respect to one another is determined by mutual
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interactions. Cation exchanged zeolites are ususual in this respect.
Since the alumino-silicate framework is relatively rigid, the exchange

cations must adjust to the lattice as a function of treatment rather

than vice versa. This adjustment can lead to unusual chemical environ-
ments fongarious caFions and, further, can allow some unusual chemical
reations., '-;

Mény rare;earth'cations have trivalent states more stable than
Eu3+. Since zeolites-é:é usually exchanged with a mixture of rare;
earfh ions, however, the observation of the reduction of the Eu3+ inr
zeolites suggests ihat'furtﬁer studies of»the chémistry.of rare-earthé
in zeolites may be useful in the.understanding of zeolite aétivify.

V. CONCLUSIONS

The experiments presented in the previous section hav¢ Been hampered by
poor vacuum conditions aﬁd in some cases by inadequate calibration. In spite
of these limitations, we'feél that the utility of x-ray photoelectron”spectfo-
scopy to the study of chemical states on a variety of catalyst surfaces has
beeﬁ demonstrated. Nitrogen containing molecﬁles.adéprbed on éeolites have
been obs;rvéd and chemical shifts in the N (1s) line of NH;Y zeolite as a func-
tion of temperature have been recorded. Spectra of supported Pt have shown

effects of dispersion on the oxidizability of the Pt. Spectra of Eu3+-

exchanged zeolites and supported Cu and Ni-have given evidence of in situ

reduction after treatment with hydrogen at elevated temperatures. Chemical

.changes in an oxide surface after use as a catalyst have also been observed.
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On the basis of thesc‘rcsﬁlts, we feel that x—rayvnhotoe]cctfbn anctro~
scopy will find use in many important arcés of catalyst,réécarch. Through
measurement of chemical shifts and peak arcés; studies of such subjécts as
catalys£ characterization, activation, aging, and poisoning, as well as
adsorption ana_surfacc segregation ih-multicohpqﬁeht systems shouldvbe |
fruizful. In ;ome cases, studies of alloys, homogeneous catalysts in frozcen
solutions andﬁreactioﬁs of molecular beams'at surfaces -may also bg

" possible. Low intensities and.the relatively wide x-ray line make
investigation of valence bands and thc‘d—bands of very small metal particles
diffiCUIt-'.ThC use of ultraviolet excitation of ?hétoelectrons may’be
more fruitful in fhose cases.

The value bf_iﬁveétigations-o% the type outlined above wil]; Of'course,
depend on the extent to which the pfoblems encountefed in this researcﬂ can
be resolved. High ratesAof data accumulation and good control of the surface

condition of the sample.are imperative for XPS studies of catalysts.‘-A
mdrévthorough study of shifts in known compounds and electron escape
dép#h; in ;oiias Qoald aid ihfefpfe;aiién 6f &até.

At this sfage in tﬁevdevclopment of the technique, investigation of
chemical effects involving lérge changes in the chafge'on atoms of intefést
havé the best’chaﬁcc for success. More subtle chenmical changes will beconc
amennblc to quantitative study with more accuraté charging and band beﬁding
corrections and improybd methods for dealing with the Fermi level encrgy
reference for sblids. X-Ray photoe]cctrén spectroscopy is still develownine.

rapidly, both experimentally and theorctically. TWe expect, therefore, that
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the scope of applications of this technique to catalysis will continue

to broaden.
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~ Figure Captions

Nitrogen (1s) binding ehergies vs. charge on the nitrogen

~atom calculated by the Complete'NéqleCt of Differenfiay

Overlap, molecular orbital method (2). Compounds are identi-

fied in Table 1.

" Todine 3d . photoelectron lines from 1, 3, and 10 double

%

layers of a -iodostearic acid (1, p.140 - by permission of

Nova Acta Reg. Soc. Sc. Upsaliensis]}.

0 (1s) and Fe (3p) photoelectron lines from iron foil at

various temperatures in a low pressure of H2 (3.

Partial photoelectron spectra from Y zeolite and Mordenite.

. Schematic representation of energy levels in a solid sample

-in a photoelectron spectrometer (9):

Schematic diagram of the Berkeley, 50 cm,iron-free, magnetic

x-ray photoelectron spectrometer (9).

!
|

I (3d§é) and C (1s) photoelectron lines from gas phase CHSI.
Left spectra taken with an Mg anode, right spectra with an

Al anode.
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N (1s) photoclectron lines from NH44Y zeolite as a function

of treatment ig_situ.

Pt(4fs/2) and (4f7/2) photoelectron llnes from various Pt

'sémples.

Pt(4f5/2) and (4f7/2) photoelectron lines from 1% Pt on

graphon as a function of treatment.

C (1s) photoelectron from MgO and 5% Cupric acetate on

© MgO.

Cu(?ps/z) photoelectron lines from various copper samples.
Ni(2p3/2) photoelectron lines from NiO and nickel metal.

Ni(2p3/2) photoelectron lines from 6% Ni on silica-alumina.

Partial photoelectron spectra from FeV,0, before (squares)

274

‘and after (dots) use as a catalyst for the dehydrogenation

of cyclohexane at 425°C.

Eu (4d3/2) and (4d5/2)~pbotpelectron 1ines from Eu203 at room
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temperatufe and ét 175°C ?fter heating in H, to 450°¢

in situ. ' '

‘Figure 17 - | Eu (4d ) and (4d ) photoelectron 11nes of Eu exchanoed

% %

. . mordenite and Y zeolite as a function of treatment 1n situ.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, ''person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






