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I. INTRODUCTION 

Over the last teil years, a new technique for measuring electron 

binding -energies has been developed by Siegbahn and co-workers. at 
' 

Uppsala (1). The method, now variously called electron spectroscopy 

for chemical analysis (ESCA),· x-ray photoelectron spectroscopy (XPS), 
I 

or induced electron emission (IEE), has stimulated the interest of ' 

researchers in several fields. By virtue-of the semi-surface nature 

of the measurement on solids and the relation of shifts in photoelectron 

line pos-itions to .the chemical state of the atoms under study, this 

technique represents a new tool with high potential for catalytic re-

search. 

In an XPS experiment photoelectrons are eJected from the sample 
T 

by x-ray excitati.on (See );"igure 6). The kinetic. energy of the 

ejected electrons is analyzed and peaks in the resulting kinetic 

energy spectrum correspond to electrons of specific binding energies 

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

XPS, a few are summarized here to illustrate some of the characteris-

tics of the technique. Chemical shifts in photoelectron line positions 

and, therefore, in the electron binding ener~ies are of prime impor-

tance. The carbon (ls) (see (1) for the relation between chemical and 

x-ray notations for energy levels) spectrum of ethyltriflouroacetic 

acid (1, p. 21) 

~p-0-H-H· 
nicely demonstrates such shifts. The four chemically different carbon 

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

the methyl and trifluoro carbon atoms. The spectrum also shows that 



-2-

more electronegative ligands increase the binding energy of electrons 

on the central atom. Many correlations between chemical shifts and 

calculated charges on atoms have been drawn. An example for nitrogen 

is shown in Figure 1 (2). The charges \vcre ca 1 culated by the complete 

neglect of differential overlap (C:NDO) molecular orbital method. The 

compounds corresponding to the numbers on the correlation diagram are 

given in Table 1. 

Another study presented in reference (1) demonstrates the sensi­

. , ti vity of the XPS technique to mono layer surface coverages. Figure 2 

shows the I(3d512) lines from 1, 3, and 10 double layers of iodost~aric acid 

on a chromium-plated surface. From the saturation of the intensity of 

the iodine line, Siegbahn et ~· estimated a. mean escape depth of less 
0 

than 100 A for the 1(3d
512

) photoelectrons. Thus, while studies of 
I 

monolayers arc possible, the photoelectron spectrum of a soli9- normally 

reflects the characteristics of a s~rface layer several atoms thick. 

A1 though most of the discussion in this paper \~ill be devoted to 

studies of core electrons, it should be noted that studies of outer 

electrons can also be carried out \~i th x-ray photoelectron spectroscopy. 

Siegbahn ~ ~· (1) have shown that for simple molecules, such as ben­

zene, molecular orbital structure can be elucidated. Densities of states 

for valence·bands in solids can also be determined (3). 

Reference (3) contains, in addition, a study of the reduction of 

the surface oxide on an iron foi 1 (Figure 3). The double line from 

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

... 

, 
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Table 1 

Identification of Nitrogen Compounds in Figure 1 

1. NaN03 6. KCN 11. N2H6so4 16. (CONH2) 2 
2. NaN02 7. KOCN 12. (CH3) 3NO 17. (NH2) 2CNCN 

3. Na[ONN02] 8. p_-HOC6H4No2 13. NH4No3 18. c6H5CN 

4. NaNNN 9. c6H5No2 14. (CH3) 4~B3H8 19. c5H5N 

s. NaN2o2 10 . . ~-C5H 110NO 15. NH30HC1 · 
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the oxide layer and the metal beneath 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 

-2 foi 1 was raised in a fl m~ of H2 at ca. 10 torr, the reduction of the 

surface oxide layer \~as demonstrated by the disappearance of the left '' 

peak. A corresponding decrease in the interrsity of the n (ls) line 

was found. Fadley and Shirley suggest that the shoulder on the n (ls) 

line at 25°C may.be due to adsorbed, oxygen-containing gases. 

Quantitative analysis from x-ray photoelectron spectra is de-

monstrated in Figure 4. The ratio of Si (2p) to Al (2p) peak areas 

for Y zeolite, divided by that ratio for mordenite, gives an experi-

mental value of 0.48. The value calculated from known Si/Al ratios 

for the samples is 0.47. 

We have been fortunate to have had the opportun-

i ty·. to further explore the potential of x-ray photoelectron spectra-

scopy fo.r studies in catalysis and will present our findings here. 

The paper is divided into four major sections: 1) a review of the fund-

amentals of XPS; 2) comments on experimental equipment required; 3) 

experimental results on sys.tems of catalytic interest; and finally, 4) 

some concluding remarks on the general applicability of x-ray photo-

electron spectroscopy to catalysis. 

I . / 
'/ 

.. 
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II • FUNDAMENTALS 

j 

A. Overview 

In electron spectroscopy, bound electrons are ejected from solids 
,• 

or gases by means of monoenergetic x-ray or ultraviolet photons or by 

electron impact. Two important types of electrons are ejected. The 

first type is photoelectrons ejected directly from bound electronic energy 

levels. The kinetic energy of the photoelectrons depends on both the 

I 
I 

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

·second type resul~from Auger processes following ejection of an electron 

from an inner shell. The vacancy is filled by an electron from an outer 

shell, and the energy released is transferred to another outer electron 

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 energy levels of the electronic states involved. Ultraviolet 

radiation has been used for studies of gases (4), densities of states 

in solids (5), and adsorbed species (6). Many Auger electron studies of . 

solids (7) and some on gases (1,8) have also been reported. In this paper, 

we consider primarily photoelectrons excited from core levels by x-radia-

tion, since these electrons directly reflect the charg~ aistribution in 

the sample. 

The principle of x-ray photoelectron spectroscopy is straightforward. 

X-rays incident on the sample cause the ejection of photoelectrons 

~·, 
whosekinetic energy is then measured with high precision. A plot 

of the number of electrons detected versus the electron kinetic energy 

is the photoelectron spectrum. The binding energy of the electrons 
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is calculated .from the energy of the x-ray photon and the kinetic 

energy of the electrons which escape from the sample _witho~t signi-
. I . 

ficant energy loss. Shifts in the binding energy reflect the chemistry 

of the atoms under study. Since the chemical shifts are of the order 

of a few eV, the photoelectron peaks can usually be assigned to the · 

electron levels of origin by comparison with tabulated electron bind-

I ' 
ing energies. In addition, the areas of the primary peaks in a photo-

electron spectrum are proportional to the product of the photoelectric 

cross section per atom and the number of atoms producing photoelectrons 

which escape from the sample without significant energy loss. With 

calibration or prior knowledge of cross sections, peak areas can, 

therefore, yield quantitative chemical analysis of a low-pressure, 

gaseous sample. Quantitative analysis of solids by this method is more 

difficult because photoelectrons escape without energy loss only from a 

1ayer near the surface and photoelectrons of different energies may pene-

trate the sample to different extents. Thus, the peak areas yield the 

bulk compo~ition only if the sample is homogeneous. 

In principle, then, XPS offers the following features: a) sensiti-

vity to nearly all elements; b) ability to study samples in gas, solid, 

and in some cases, liquid phases; c) determination of chemical effects 

related to the electronic charge distribution within the sample; and, 

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

··.: 
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B. Interpretation of Data 

The first step in the interpretation of a photoelectron spectrum 

is the calculation of an electron binding energy for each peak from 

the kinetic energy corresponding to its position. For a gas, if changes 

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

emis~ion are small, the binding energy, Eb' is given by. 

E v = 
b h v- Ek. . ln 

(1) 

where h vis the energy of the x-ray photons and Ek. is the measured ln 

kinetic energy of the photoelectron peak. The superscript v in Ebv 

indicates that the reference for zero energy in a gas experiment is an 

electron at rest in the vacuum. 

1 

I 
' 

For solids, the existence of the contact potential, ~ , between the­
C· ··. 

sample and the spectrometer suggests the adoption of a different 

energy reference. Since the sample and the spectrometer are electrically 

connected, at equilibrium their Fermi levels are equal. As shown in 
-, 

Figure 5 -(9), the kinetic energy of an electron leaving the sample (Ekin) 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 Ek. by Equation (2) ln 

Eb f = h v - Eki n - ~ sp (2) 

where~ is the work function of the spectrometer and isusually assumed . sp 

to be constant from experiment to experiment. The superscript f indicates 
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that the zero of energy is taken for an electron at rest at the Fermi 

level. Equation (3) relates E f 
b to E v 

b if <P is taken to be the work s 

function of the sample. 

E v = E f + <P (3) b b s 

Before the binding energy corresponding to .a particular peak 

may be taken as indicative of the chemistry of the atom generating 

the electron, a few additional considerations, particularly for ex-

periments on solids, must be made. When experiments are carried out 

on semi-conductors or insulators, the sample may become charged due 

to the depletion of electrons in the sample by the photoelectric effect. 

This charging effect is common in samples encountered in catalytic 

experiments but has not been a serious problem in most cases. In some 

experiments, the carbon (ls) line. from pump oil or other contaminants 

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

ponent of a sample can be used as a standard for determining relative 

chemical shifts. One can also check for charging by changing the x-ray 

flux impingingon the sample and, therefore, changing the photoelectron 

current (10). In any case, charging affects all electron levels equally 

and is sensitive to factors, such as temperature and hydration, which 

affect the conductivity of a sample. 

Also in semiconductors and insulators, surface states can produce 

a surface potential which is propagated into the solid. The depth of 
0 

the affected layer can be as much as 10,000 A and depends roughly on the 

dielectric constant of the material. In such a case, the Fermi level 

remains constant, but all electron energy levels are bent in the affected 
0 

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

•. 

1;.-' 
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bending could appear as a shift or broadening of the photoelectron 

lines. Little information on this effect is available so far, but 

such shifts would be a strong function of surface conditions. 

Radiation damage during an experiment is another possibility 

which can lead to erroneous results. In the Berkeley XPS apparatus, 

. 10 
the :total electron current leaving the sample is about 10 electron/sec • 

. In short experiments, therefore, chemical alterations of the sample due 

to damage from the photoelectrons is unlikely. In longer experiments, 

damage is possible in cases where chemical changes caused by the elec-

trons are irreversible or long-lived. Chemical alteration of the sample 

due to the high x-ray flux can also occur and has been observed in photo-

sensitive samples such as certain alkali halides. In either of these 

cases, it is often possible to detect radiation damage by the time de-

pendence of the spectrum and/or by comparison of the physical appear-

ance of the sample before and after an experiment. For problems in 

catalysis, the question of radiation damage is likely to be most im-

portant in adsorptio'n studies, where electron or photon induced desorp-

tion can take place. 

In addition to the photoelectron lines already discussed, other 

lines can occur in a photoelectron spectrum, and these must be carefully 

identified to avoid confusion in the interpretation of results. First of 

these are the Auger lines already discussed. Although Auger lines are the 

subject of many studies, they are less desirable than 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 charge distribution 

in the sample. Auger lines are easily identified in a spectrum by 

comparing 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, ~ut the Auger lines do not. 

A second source of additional lines in spectra from solids is 

discrete energy loss (DEL) processes.· These include interband 

transitions, excitons and plasmons. Peaks of this origin have so 

far not been carefully investigated by XPS although peaks on the left, 

or lower kinetic energy side, of a m"!-ill peak can sometimes 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, and 

neighboring.lines should show similar loss structure on the low kinetic 

energy side. Plasmon lines, possible in metals and semiconductors, 

may be of particular interest since surface plasmon losse~ at energies 

dep~nding on the bulk plasmon frequency and dielectric constant of 

the surface larer also occur (11). If both surface and bulk plasmon peaks 

were present on photoelectron lines of different kinetic energy, the 

relative intensities of the surface to bulk plasmon peaks might re-

fleet 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 all additional lines are well characterized and easily identi-

fied [1,3]. When computer fitting is used for spectrum analysis, it is 

usually advantageous to include even the low intensity 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 line. 

The narrowest width obtainable directly from a conveniently usable 

anode is ca. 0. 8eV from the K '1.. 2 x-rays of Mg. The somewhat more , 
energetic K '1. 2 x-rays of Al, with a slightly larger linewidth, are 

. , 
also often used. The second contribution to the width is the width of 

the electron level being studied a1'1d can· rang-e from less then one tenth to 

several eV. Finally, spectrometer broadening contributes to the width. 

In a given experiment, the resolution, ~E/E, of the electron analyzer. 

is fixed,_and the absolute spectrometer broadening, ~E. is a function 

of electron kinetic energy. The lowest energy x-ray source, therefore, 

gives the smallest spectrometer broadening, and for a given x-ray source, 

electron lines corresponding to higher binding energy have asomewhat lower 

spectrometer contribution to the width. In the high precision machines 

being used in XPS, ~E/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, ~re often of the 

same order of magnitude as the linewidth. Extraction of accurate 
•0:?·•' 

shift values from spectra in these cases is difficult, and it is 

desirable in many cases to perform a computer resolution of spectra. 

Such a task is not simple, however, because of the difficulty in 

estimating the effect of inelastic losses on the lineshape. Two 

approaches to the fitting problem have been pursued in recent 

work at Berkeley. The first (3) is an empirical technique in which 

a response function derived from the characteristics of a sharp single 

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

only slightly different kinetic energy. The second method [13] approximates 

the lineshape by a Gaussian or Lorentzian peak with a flat or exponential 

tail on the low kinetic energy side to account for energy loss. This ar-

bi trary lineshape for each peak in the region of interest is optimized by 

least-squares analysis (13). Even with computer fitting, however, there-

solution of small splittings is difficult. This fact is undoubtedly appre-

ciated by those who work with Gaussian lineshapes. A splitting of two 

standard deviations c~o.9 times the full width at half maximum) between 

Gaussian lines of equal height i':/and width produces a broadened peak with 
. 't 

only one maximum. 
I 
' 



C. Extraction of Chemical Information from X-Ray Photoelectron Spectra 

A simple classical model (9, 1) provides a qualitative understand-

ing of the relationship between XPS chemical shifts and actual charges 

on atoms. In the model, an ion with charge q is approximated by a con-

ducting sphere of radius r, corresponding to the radial maximum of the 

valence electron orbitals. The ion with charge q+l is formed by re-

moval of an electron from the strrface of the sphere to infinity. Upon 

increasing the charge on the ion, the change in potential energy of an 

electron inside the sphere is given by -e2/r. Thus, the model predicts 

that the binding energy of all the electrons in an atom will be shifted 

by the same amount and that the magnitude of the shifts should be of 
\ 

the order of e2;r or ca. lOeV per unit change in the charge on the atom. 
l 
I , 

Similar predictions result if a calculktion of the change in potential of 
I, 
I 

inne:r shell electrons due to a change i~ the ~umber of valence electrons! 

. \ 
is made by the unrestricted Hartree-Fock method (9). Deviations 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 oxidation state, but to some distance 

roughly equal to the nearest neighbor separation. The expression 

for the change in potential in the atom must then be modified to 

read 2 e /R where R is approximateiy the nearest neigh-

bor distance. Applications of a variation of the charged-shell 
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model to europium compounds are given by Fadley et al. (9). Europium 

. . 1 1 . . b . d . f E 2+ E 3+ 1s part1cu ar y 1nterest1ng ecause ox1 at1on rom u to u corre-

sponds closely to the actual removal of one electron from the 4forbital. 

Since oxidation of Eu2+ corresponds to nearly a· u'nit change in the 

actual ionic charge, the classical model qualitatively predicts the large 

shifts which are observed. 

iAn alternative model for the calculation of shifts in solids divides 

the photoelectric process into three steps (9). Level i of ion A with 

charge 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 from 

level_.i of A, producing an ion .with charge z + l.Then A is re-introduced 

into the solid. The net result is the process of interest; the production 

of a photoelectron ejected from the solid. The cycle leads to Equation (4), 

for the chemical shift of A with charge z in solid X with respect to A 

with charge z' in solid Y. 

where 

~E~ = Fermi-reference binding energy shift. 

~Ev (A,i,z-z') = shift in vacuum-referenced binding energy 
b 

(4) 

for an electron in the i-th level of free-ion 

A with charge z~ z'. 

~(E1 + E2) = difference, between X andY, in the sum of the 
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'i 

energies for extracting a tom A \vi th charge q from 

the solid and that for replacing ~with charge 

q + 1 into the solid. 

~C =difference in contact potential of X andY with respect 

to the spectrometer. 

As sho,wn by Fadley ~ al., [9] neglect of li~C and polarization effects 

and consideration of only point charge Coulombic forces between ions 

lead , to Equation (5) , 

6E: = AE~ (A,i,z-z') + liE ( + 1) 
m 

2 where E (q) = e q E qk/rAk 1 rAk is the distance bet\veen the ion of 
m . k 

(S) 

interest, A, and the other ions, k, in the solid; and E is a sum over 
k 

the entire lattice. 

The 6E~ (A, i, z-z') term, or free-ion term, in Equation (5) is equi­

valent to the e 2/r term in the classical model. The Hartree-Fock calcula-

tions of Fadley et al. indicate that the size of this term increases to-

ward the upper right hand corner of the periodic table. The liE (+1) term 
m 

indicates the necessity of considering the lattice potential at the site 

2 of the atom emitting the photoelectron and is equivalent to the e /R term 

in the classical or shell model. The contact potential difference, li~C' 

is probably ~ leV, but its neglect is primarily due to the lack of suffi-

cient work function data and represents a current limitation 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 ion 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 Equation (4j. 

An alternate approach to the analysis of chemical shifts uses 

a cycle similar to that discussed above but relates the various 

energies to thermodynamic 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 quantities has 

been demonstrated (1'4), 

Although the relationship between chemical shifts and atomic 

charge has received 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 p
312 

levels in heavi atoms. 

Novakov and Hollander [15] report x-ray photoelectron 

spectra showing splittings of the Sp
312 

levels of Th metal, U metal 

and _uo
3

• The 4f
512 

and 4f
712 

lines of the same samples were unsplit. 

A more recent study by those authors (16) indicates that similar 

splittings found for the. Au Sp
312 

levels in gold compounds correlate 

linearly with the Mtlssbauer quadrupole splittings of the compounds. 

This result suggests that the p
312 

level spli ttings may be related to 

the 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 paramagnetic gases (17) and in solids (18). In some cases, these 

splittings may be used to identify spin states of paramagnetic ions [18]. 

Since studies ~ 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 intensity 

of Auger electrons as a function of the number of monolayers of silver 

covering a gold single crystal. The third entry is the result of the 

experiment by Siegbahn et al., shown in Figure 2. As expected, the 

escape depth depends on both the atomic nwnber of the material and the 

kinetic energy of the electrons. In general, fast electrons from low 

Z materials probably sample the bulk, while slmv electrons from high Z 

material~- should be expected to show a strong surface influence. In 

principle, one can differentiate 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 

Solid Electron Kinetic Energy Mean Escape DeEth Ref. 
.. 

Ag 72 eV 4 A 19 
0 

Ag 362 eV 8 A 19 
a 

Iodostearic Acid 860 eV < 100 A 1 



... 

' 
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kinetic energies, one should be able to use the composition corre-

sponding to various electron escape depths to differentiate between 

a solid solution versus surface segregation of a particular species. 

Because of the relatively low escape depth for electrons in many ex-

pe~iments, a study of several electron lines (perhaps using a Cu or 

Cr las well as. Mg or AI anode) may be needed before a reliable assign­

ment of the chemical 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 potential than 

those in the bulk [9]. Thus, the E (+1) term in Equation (5) is altered 
m 

at the surface (and approaching the surface) and can lead to a chemical ' 

shift between surface and bulk atoms. If the E (+1) term for a particular 
m 

solid is known, E (+1) for a surface atom (E (+1)) may be calculated m m,s 

(20) by Equation (6), 

E (+1) = [E (+1) - E (+1) ]/2 + E' (+1). m,s m s s . 
(6) 

The surface is defined by a plane passing through the crystal. 

2 The term E (+1) = e E ~./rA'' where i is summed over the atoms in the s . l 1. 
1 

plane. The term [E (+1) - E (+1)]/2, then, represents the potential m s 

due to a semi-infinite crystal, up to, but not including, the surface 

2 
Plane. The term E' (+1) = e E n./rA'' where J. is summed over the . s . 'lJ J 

. J 
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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For the NaCl structure E (+1) 
m 

is the cation-anion distance and a is the reduced 

2 
= ± e a 

;r-' 
0 

t-1adelung 

where R 
0 

constant. 

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

a semi-infinite crystal, ex= 1. 68, assuming that the surface is terminated 

with a complete plane of atoms. For a surface atom adjacent to an NaCl 

vacancy, a can be as low as 1.18. Thus, E (+1) is decreased in magni-, , m 

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 order of leV and higher should be expected. Experimentally, 

such effects would most often appear as a broadening of a photoelectron 

line, since atomic layers near the surface are also partially affected. 

In many cases linewidths of photoelectron lines from solids are less 

than 2.SeV; and in no case has an extreme broadening due to surface 

shifts been reported. Little work has been done so far, however, on 

the determination of natural linewidths or on clean surfaces, to which 

the abov~ estimates apply. 

Summarizing, we find that.the measurement and assignment of x-ray 

photoelectron peaks are direct. The interpretation of data is easiest 

for gases, but the spurious effects encountered in some measurements on 

solids can often be corrected for or at least recognized. The Fermi level 

reference for solids complicates a detailed interpretation of chemical 

shifts, but useful correlations of shifts with ionic charges or ther-

mochemical data are possible. Under most conditions, x-ray photoelectron 

' 



... 

. I 

-21-

spectroscopy is only a sera:i-surface technique, but several aspects of 

the measurements relate directly to ·surfaces.-

III. EXPERIMENTAL EOUIPMENT 

This section describes the functional components of an x-ray photo­
! 

el~ctron spectrometer and summarizes, based on our experience, several 
i 

operating characteristics desirable for research in catalysis. The 

reader is referred to (1, 21, 22) for the details of spectrometer design. 

Figure 6 is a schematic diagram of the Berkeley iron-free spectrometer. 

The main components are the x-ray source, the sample chamber, the electron 

analyzer and the electron detector. 

In the x-ray tube, a high voltage between the cathode and anode 

causes electrons emitted from the heated tungsten cathode to be accelerated 

and strike the anode to produce the desired x-rays. Typical anode 

materials are Mg, Al, Cr and Cu. Consideration of linewidth and energy 

of the x-rays dictates anode choice. 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 AI, to the sample. 

The purpose of the window is to prevent electrons in the tube from 

reaching the electron analyzer. Geometric restrictions and the need 

for iron-free construction in magnetic spectrometers often require 

custom construction of x-ray tubes. It is advantageous 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 orAl window. Otherwise, 

gases introduced into the sample chamber during an experiment may 

cause rapid deterioration of the tube. 

Although monochromati~at:ion tor nar:rowing the x-ray linewidth 

would often be desirable, the associated sacrifice in intensity must 

be compensated by means of higher electron flux striking the anode 

[1]. As mentioned in the Fundamentals section, excitation of photo 

electrons by ultraviolet radiation and production of Auger electrons 

by electron bombardment are also of interest in electron spectroscopy. 

The availability of such sources would increase the versatility of 

a photoelectron spectrometer. 

The arrangement of the radiation source, sample, and the analyzer. 

must be such that photons or electrons from 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 experiments in Auger spectroscopy [23] , an enhancement 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 been reported in photoelectron studies of solids. 

In order to minimize scattering of electrons during analysis, the 
-5 . . 

pressure in the analyzing chamber should be about 10 torr or lower. 

, 



Any gases in the sample chamber must, therefore, be differenti~lly 

pumped across th~ defining slit. In some experiments, introduction of the 

gaseous sample in a molecular beam may facilitate ptunping. With differential 

pumping, experiments ori gases can be done ~asily [1). Low vapor pressure 

liquids may also be studied if the spectrometer geometry permits a 
I 

I 
hor[izontal sample surface. Otherwise liquids can be frozen or studied 

'• 

as continuous, flowing thin filrns. 

An important consideration for XPS studies in catalysis, as well 

as other fields, is the vacuum required in the sample chamber. For 

low-area samples, simple kinetic theory calculations 'show that pressures 

lower than about 10-9torr are needed for clean surface studies. However, 

-6 . -4 Eischens has argued that pressures from 10 to 10 torr are adequate 

for infrared studies of catalyst samples with high adsorptiv~ capacity(24). 

This view is supported by much infrared evidence that easily oxidized, 

adsorbed species such as carbon monoxide and hydrogen are stable for·.· 

many_ hours on supported metal catalysts in vacuum systems which canno~·: 

-6 be operated at pressures lower than 10 torr. In infrared experiments, 

all of the catalyst wafer is examined by the radiation. In a photo-

electron experiment, however, the advantage of the self-gettering 

action of the wafer may be minimized because only the outer surface 

layers are examined, and these exposed layers may become contaminated 

sooner than the inner portions of a sample. We expect, therefore, 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 vacuu~ may be needed. In addition, great care must he 

taken to limit contamination from oil pumps. In any case, it is 

desirable that the sa~ple chamber be designed so that pretreatment 

of samples may be carried out in a controlled environment. 

After electrons leave the sample chamber, their kinetic energy 

must be carefully measured in the electron analyzer. The resolution 

of the analyzer should be of the order of a few parts in 104 in order 

that the spectrometer broadening for high kinetic energy electrons be 

of the ord~r 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 above re­

quirements. In some cases, retardation of electrons is used to impro~e 

resolution. Since higher resolution is usually accompanied by a sacri­

fice_ of sensi ti vi ty, it is desirable that a spectrometer have tunable 

resolution. 

Both magnetic and electrostatic double focusing analyzers have been 

used [1,21]. Magnetic devices now in use have optical paths 30-50 em 

in radius, and focus electrons in the region between sets of solenoidal 

deflection coils. This configuration restricts the working space 

around the sample chamber. A new coil configuration reported by 

Padley, 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, double focusing analyzer has the advanta&es that 

electrostatic fine tuning is possible arid.the sample and analysis 

·chambers are readily adaptable to ultrahigh vacuum. The focal plane 

characteristics of this design and some electrostatic designs will 

become increasingly important with the advent of small multichannel 

ele~tron multipliers. 
I 

The large enhancement in counting efficiency 

I I 
pro~ided by such detectors is further discussed in (22). 

The disadvantage of the magnetic analyzer is that elaborate 

methods are required for shielding the analyzer from external fields. 

Typically, the spectrometer is placed in the center of a large Helmholtz 

coil arrangement and care must be exercised to exclude high-permeabil-

ity materials from the immediate vicinity. Other types of shielding 

may also be possible, but none has yet been developed. 
/ 

/ 

. . / . 

A principle advantage of the several electrostatic an~lyzers that 

have been developed is that shielding may be placed close to the analyzer 

without distorting the deflecting field, and a controlled environment 

is not needed. This type of device is, therefore, better suited than 

the magnetic one for a standard laboratory. In general, the performances 

of existing electrostatic and magnet analyzers are comparable, although 

particular spectrometers have strong and weak features. In some 

electrostatic spectrometers, large slits are used to enhance sensitivity. 

Differential pumping of gases in such devices. may be difficult. In 

electrostatic analyzers, the deflecting plates must be within the walls 

of the vacuum chamber. Dimensional instability as a result of bake-

out may complicate ultrahigh vacuum studies in such spectrometers. 
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In an experiment, the analyzer is set to focus electrons of a 

certain kinetic.energy on the detector. Various kinetic energies are 

scanned by changes· in the analyzer field settings or changes in the 

retarding potential. The detector is usually a windowless electron 

multiplier which produces a pulse for each electron reaching the 

detector. The.pulses are then counted and recorded. In an instrument 

having a focal plane, each row of electron multipliers in a multichannel 

unit counts electrons of a slightly different energy. Thus several 

data points can be taken simultaneously. Scanning of the analyzer 

fields may be continuous or point by point. In either case, a small 

programable computer provides the greatest versatility for efficient 

collection of data. 

IV. EXPERIMENTAL RESULTS AND DISCUSSION 

The data reported here were taken on the Berkeley 50 em iron-free 

spectrometer (Figure 6). Two types of three-position holders for 

solid samples (26) were used. The room temperature holder had no 

provision for differential pumping. Powdered samples were usually 

sprinkled on double-sided, conducting tape. In some cases pressed 

wafers, 13 mm in diameter and about 1 rnm thick, were taped 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 boron nitride heater by a stainless steel 

cover plate. In situ treatment in hydrogen was accomplished by ad­

mitting hydrogen to the sample enclosure through a stainless steel 

tube directed toward the sample surface. The hydrogen pressure 
I 

aro~nd the sample was approximate.ly l0- 2torr or less. The detector 
I 

chamber, sample chamber, x-ray tube, and analysis chamber 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, measured just above the liquid nitrogen trap above the 

. -5 
diffusion pump, was usually less than 10 torr. The pressure in the 

sample region was not measured, but could have b~en 10-4torr in some 

experiments. Although the diffusion pump was well trapped, a 

large lucite viewing port, rubber a-rings, and a poorly trapped mechanical 

roughing pump for the sample chamber contributed carbon containing 

molecules to the background 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 as plots of electrons count-

ed versus the current in the deflecting coils of the spectrometer:. Ex-

cept where indicated, the data presented have been corrected for sample 

charging by adjuiting energies so that the kinetic energy of the C (ls) 

line from carbon contamination on the sample was equal to the energy of the 

C (ls) line from a metal foil placed in one of the two remaining sample 

positions. In the Cu/MgO experiments the Mg (2p) line was used to make 
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a relative charging adjustment. 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. Splitt-

ings in a single sample and shifts between similar samples should be 
l. 

unaffected by charging. Comparisons of line positions from dissimilar 

samples, however, are highly susceptible to errors in the charging 

correction. 

In this work, charging corrections as high as 3-5eV have been 

required. Because of the magnitud~ and uncertainty of this correction, 

we have not reported absolute binding energies. The kinetic energy 

corresponding' to a particular peak may be obtained from the table 

of kinetic energy vs. magnetic rigidity (Sp) in Appendix 5 of reference 

(1) ~ using a value of 8p calculated from Equation (7), 

Bp = C • I, (7) 

where I is the current valu~, in amps, of the peak position and C is 

the spectrometer· calibration constant. It has been assumed that the 

binding energy of the C {1s) electron in a hydrocarbon adsorbed on a 

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

yield C = 78.706 Gem. for most of the spectra reported here. Except 
amp 

where indicated, all spectra \<Jere taken with an Mg anode so that ,. 

h v = 1253. 6eV. The work function of the spectrometer, <P is taken to 
. sp 

be 4 eV [2]. Splittings of lines may be calculated by Equation (8), 

l\E = 1.09 (8I) I (8) 
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where 

6E = splitting in eV 

61 = splitting in rna. 

i' = the average of the currents of the tw<D peaks, in amps., 

Ex1)eriments '"ere carried out in three genera 1 areas: adsorption, 

sup~orted metals and crystalline oxides. 

A. Adsorption 

As mentioned in the Introduction, large shifts have been measured 

for several carbon and nitrogen contai nil1g molecules. Since some of 

these molecules are co~non participants in catalytic reactions, studies 

of carbon and nitrogen containing molecules adsorbed on catalyst surface;; 

seem to be an interesting and important a1~plication of x-ray photoelectron 

spectroscopy. The data of Siegbahn et al., represented in Figure 2> ---
show that a spectrum of the I (3d

512
J line from a double layer of iodostearic 

acid can be collected in a few minutes. In order to estimate the counting 

times required to see a monolayer of adsorbed carbon containing molecules, 

one must knO\v the relative cro.ss-section for the photoelectric effect 

in the C (ls) levels as compared to the I (3d5/ 2) level. This in­

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 magnesium x-rays the I (3d
512

) cross-section is 13 times that for 

C (ls), while the same ratio is 17 for aluminum x-rays. Although the 

gas p_ressures were not identical for the Mg and Al anode exueriments, 



·-30-

the data indicate that approximately 3 minutes per point sho,uld be 

the required counting time •for observation of a carbon monolayer on a 
'•·1 

metal foil in a spectrometer with the same overall spectrometer sen-

sitivity as that used to obtain Figure 2. 

Since CO is strongly held to Pt and is oxidized to co2 and desorbed 

only slowly even in the presence of small amounts of 02 (27), we chose to 

attempt observation of CO on platinum. For prereduced Pt foil and 5% Pt 

on Si02 (56% dispersed), measurable carbon and oxygen lines were observed 

in counting times of ~ 0. 3 min/point, but they were idet:1tical to lines 

present before CO adsorption. Sirice 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 amount of carbon 

present on the Pt samples. Clearly, however, the carbon and oxygen 

backgrounds were high enough to mask CO adsorption effects. Although 

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 molecules adsorbed on high-surface 

area materials are experimentally more favorable because of the increased 

.. 
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number of adsorbed atoms and a negligible nitrogen background. A study of 

nitrogen containing Y zeolite is shown in Fig~re 8. SpectrumR(a) is 

for an 85% exchanged NH4Y zeolite wafer. Because of the high exchange 

capacity of the zeolite, spectrum8(a) represents an approach to the 

upper Hmi t in intensity to be expected from an adsorption experiment 

of the type discussed here. The total counting time required for that 
I 

spectrum was over 7·hours, but, with fewer points, could have been re-

duced to about four hours. The desirability of high spectrometer sensi-

tivity is thus quite clear. The position of the nitrogen (1s) line in 

8(a) corresponds to a binding energy of 402 eV, in good agreement with 

+ the value for NH4 in NH4No3 as shown in Figure 1. 

Spectrum8(b) was taken after the wafer giving spectrum8(a) was 

heated to 150°C for ~10 hours iri vacuo. Spectrum8(b) shows, as expected, 

that more than half of the nitrogen had been desorbed by theheat treat-

ment. The increase in the linewidth may indicate the presence of two 

or more chemical states of nitrogen, but the counting statistics were not 

sufficient to permit resolution of the peak components. In other ex-

periments, a wafer of silica-alumina was evacuated at room temperature, 

exposed to 1.atm of NH3 and then transferred through the air to the 

spectrometer. Also, a wafer of NH4-Y zeolite was dealliPionated at 10-3 torr 

0 at 550 C, exposed to 1 atm of NH3 at room temperature and transferred 

to the spectrometer. The N (ls) spectra of both of these wafers were 

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

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

0 heated in situ in a low pressure of H2 for 4 hours at 350 C and 1 hour 

at 450°C, then cooled to 120°C, and exposed to pyridine at a pressure 

of approximately 5 torr. The hydrogen was employed during heating in 

order to try to keep .the sample. surface free of the hydrocarbons pre-
. I 

sent in the spectrometer. Spectrum 8(c) is a broad doublet with a 

splitting of 3.4eV. A similar experiment on an NH4Y wafer heated to 

450°C and cooled to 150°C gave a broad N (Is) peak at a current of 

1.2486 amp. ·Thus, it is assumed that the left peak in 8(c) is due 

to residual nitrogen from NH4Y and right peak is due to adsorbed 

pyridine. Estimates of peak areas indicate that, based on the above 

assignment of peaks~ approximateiy 30% of the original nitrogen was 

left in B(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 

0 3+ . 
later experiment in which NH3 adsorbed at i20 C on ah Eu exchanged 

I 

0 mordeni te wafer (dehydrated .!£ hours at 450 C) gave a broad N (ls) line 

at 1.2492 amps. The effect of dehydration on the nitrogen in the 

zeolite could involve removal of H2o from the coordination sphere of 

+ 0 . 
NH4 ions not in the hexagonal prisms. At 450 C, some dehydroxylation. 

of the zeolite surface accompanies deammonation, and the resulting 

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 spectrU!l• 8'(c) alone, the 
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spectrum shows that the adsorption can be observed. The shift hetween 

the NH: line inS (a) and the pyridine line in8 (c) is similar in magni­

tude and sign to the shift between NH4+ in NH4No
3 

and pure pyridine, 

as shown in Figure 1. 

Thus, different nitrogen-containing molecules adsorbed on high 
I 

surface area materials can be observed in the x-ray photoelectron 
I 

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 

Dispersion of active metals on supports is a technique widely 

used in catalysis to improve the catalytic efficiency per metal atom. 

X-Ray photoelectron spectroscopy offers the possibility of studying 

changes of both 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 the surface layer 

-1 are significant at gas pressures below 10 torr. 

In an attempt to study the chemical states of surface atoms, a 

series of experiments on supported and unsupported Pt was undertaken. 

The Pt (4f
512

) and ( 4f7 12) lines from several samples are shown in Figure 9. 

Spectra9(a),9(d) and9(e) have been adjusted for charging but spectra 

II 
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9(b) and9(c) have not. A comparison of spectrum9(d) with9(a) shows a 

shift of 3.8 eV for Pt atoms in a foil versus Pt ions in Pt02. As 

the energy dependence of the photoelectric cross section per electro::-. is 

essentially the same for the 4f512 and 4f712 levels, the theoretical 

ratio of the area of the 4f712 (right) peak to that of the 4f
512 

(left) 

peak is 1. 33, as determined by the degeneracies of the levels. Computer 

fitting with 2 Gaussian peaks with flat tails gave estimates of 

1. 4 and l.l for the 4f7 ;/4f512 area ratios of9 (a) and9 (d) respectively. 

An x-ray diffr;<:lction pattern of the Pt02 powder ~howed the presence of 

a small amount of platinum inetal. This observation is in agreement with 

the high value of the peak ratio in spectrum9(a) since the low intensity 

Pt metal peaks contribute to the area of the. 4f7 12 line of Pto2 . 

As mentioned in the Fundamentals section, the Gaussian peak with fl. 

flat tail is only an approximation of the line shape. The reliability 

of the calculated area ratios is, therefore, uncertain. The data in 

Table 2 suggest, however, that electrons have a low mean escape depth 

through heavy metals. In addition to their results for Ag deposition 

on Au, Palmberg and Rhodin (19) estimated a mean escape depth of 3 to 4 

monolayers for 950 eV Cu Auger electrons through gold deposited on 

copper. On the basis qf these data, a small influence of the surface 

layer could be present in the Pt foil spectrum9(d). Since the foil had 

been exposed to the atmosphere, it was probably covered with a layer 

of oxide during the experiment. Peaks from the oxidized Pt atoms would 

fall under the left (4f512) peak in9(d) and could, therefore, account 

.:. .... 
·.',, 
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for the lmoJ area ratio. This hypothesis is supported by the fact that 

a Pt black sample, having a higher surface to· volume ratio than the foil 1 . gav<-" 

an area ratio of 1.0. A ·definitive test of surface effects will require 

accurate· control of surface conditions, hO\vcver. 

Spectra (b) and (c) in Figure 9 are for 5% Pt on Si02, prepared 

by impregnation of Sio2 \vi th chloropia tinic acid and prereduction before 
I 

transfer to the spectrometer. The platinum was found to be 56% dispersed 

(i.e., 56% of all the Pt atoms were on the surface) by CO chemisorption 

measurements (28). Since no charging correction was made, shifts bet,.,rcen 

spectra .cannot be evaluated. TI1e shift to the right with increased 

temperature, ho\\·ever, is similar to that attributed to a change in the· 

amount of chirging in Cu/l'-tgO and zeolite samrles. The relative intensities 

of the 4f
512 

and 4f
712 

lines in spectra 9(b) and 9(c) cl~arly indicate 

the presence of oxidized Pt. Similar peak ratios were found for the Pt/Sin2 

sample at room temperature. One must recall that the term "in H2" 

means in a lmoJ pressure flow of H2 . Apparently, in the configuration 

used to obtain.the results shown in Figure 9, the H2 pressure at 

the sample surface was not high enough to maintain significant re-

duction. An improved experimental configuration allowed partial 

reduction of oxidized Pt as shown in Figure 10, for al% Pt 

on graphon sample· (29). The dispersion of this sample was approxi-

mately 20%. Spectrum lO(c) is for a prereduced sample, exposed 
\ 

to air before the XPS experiment. The area ratio of this spectrum 

was 1.1. A wafer of the same material was heated to 300°C in flowing 

oxygen for 1 hour before transfer to the spectrometer to yield lO(a). 
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The breadth of the 4f512 (left) line of that spectrum ma:y indicate 

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

of the most highly oxidized Pt by H2 treatment in situ is shown in lO(b) 

by the narrowing of the 4f512 line. This spectrum is similar to (b) 

and (c) in Figure 9. · Although it seems. clear from the spectra for 

supported Pt in both Figures 9 and 10 that the relative intensity of 

the 4f512 and 4f712 lines indicate the presence of oxidized Pt, a 

quantitative assignment of the oxidized species was not possible. Spectra 

(b) and (c) in Figure 9 cannot be accounted for by the assumption that 

the increased intensity of the left peak was due to 56% of the Pt being 

present as PtO. At this time, therefore, the spectra can be taken as 

only a qualitative indication of an effect of dispersion on the oxidizahility 

of platinum. 

A second study of supported metal was done on a 5% Cu on MgO sample 

prepared by impregnation of MgO with a solution of cupric acetate in 

ethanol (30). The carbon (ls) lines from MgO and MgO impregnated with 

cupric acetate are shown in Figure 11. The large right peak is due to 

adsorbed carbon-containing· material from the background gas and is 

assumed to represent adsorbed hydrocarbons. The left peak in spectrum 
I 

ll(b) is shifted 3.9 eV from the hydrocarbon peak. The splitting of 

the C (ls) line in sodium acetate is approximately 3.6 eV (1, p.79). 

Thus, assignment of the left peak in spectrum ll(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 l\igO 
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surface. After heating the sample giving spectrum 11(b) to S00°C 

in H2, the left peak was not observed in the C(1s) spectrum. 

Spectru!p (a) of Figure 11 shows a weak peak 4.8 eV from the 

carbon background peak. This large shift to higher binding energy 

indicates the presence of carbon atoms more highly oxidized than 

those in the acetate. On this basis, the peak is assumed to be due 

to co3- or Hco;, formed on the Hgn surface by adsorption of co 2 from 

the air. The 0(1s) line from MgO at room temperature in vacuo had a 

shoulder on the high kinetic energy side, indicating the presence of 

more than one kind of oxygen on the MgO surface. Under these con-

ditions, OH and H2o, in addition to co; and Hen; are likely surface 

species (31) • ' / 

The copper on MgO was studied by taking both Cu (3p) and Cu 

(2p312) spectra. The Cu (3p) region, however, was opscured by a 

strong peak from the MgO support. Subsequent work on MgO has 

shown this peak to be a magnesium KLL Auger line. Since mag­

nesium x:rays do not have sufficient energy to eject a ls electron 

from Mg, the Auger peak was presumably caused by Bremstrahlung from 

the x-ray tube which was operated at 12 kilovolts and 20 milliamps. 

The Cu (2p
312

) spectra are shown in Figure 12. Spectrum 12(a) 

was produced by a sample calcined at 1000°C in air in an attempt to 

form a Cu/MgO solid solution. Spectrum 12 (b) is for the impregnated 

sample, dried by evaporation and not heated. Both peaks are broadened 

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

. ., 
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12(b). Because of the oxidizing conditions used in the preparatjon 

of the sample giving 12(a), the broad line is taken to indicate Cu 2
+ 

on and/or in the surface layer of MgO. The doublet in 12(b) can be 

accounted for by some cupric acetate and some Cu which is bonded 

to the MgO surface. A small multiplet splitting [18] or splitting of 

the type found for heavy atoms (15) cannot be ruled out at this tim'e, 

however. The ratio of the area (counts/sec x amps) under the Cu (2o
312

) 

line to that under the Mg (2p) line was 0.4 for spectrum 12(a) and 

0.9 for 12(b). 

Spectrum (c) in Figure 12 was taken after the Cu acetate/Mgn ~ample 

0 giving 12(b) was heated to 500 C in low pressure H2 in situ. The narrowing 

of the Cu (2p312 ) peak indicates that one Cu species predominated over 

others in the product produced by the reducing treatment. The shift of 

the line to lower binding energy suggests that reduction of the cu2
+ 

was accomplished. When the. position of the peak in 12 (c) is compared 

to that for Cu foil shown in spectrum 12(e), hO\.,rever, it is clear that 

all factors have not been accounted for. Spectrum 12(c) appears to show 

a Cu (2p312) 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 othe.r hand, 

showed a good internal consistency since the Mg (2p) line in all samples 

fell close to the same value after the C (ls) charging correction was 

applied. In Figure 12, a slight adjustment has been made on these spectra 

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 Cu2+. 

The area ratio of the Cu (2p312) line to the Hg(2p) line in spectrum 

12(c) was 0.3. The loss in the amount of Cu measured by XPS in 12(c) 
I 

ver:sus 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 MgO pores. 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 HgO particles. A similar 

loss in Cu intensity was noticed in the Cu (3p) spectrum of the "solid 

solution" heated to 500°C in H2. 

A CuiMgO wafer which was prereduced at 500°C in flowing H2 and then 

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 sample 

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 assignment would 

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~alumina (32). Characteristics 

of the Ni (2p312) lines from nickel metal and black NiO [33] are shown in 

Figure 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 additional peak to the right. When nickel foil was 

sanded to expose fresh surface, spectruril 13(h) was ohtained. This 

spectrum shows an enhancement of the right peak in 13(c) and a rela­

tively low intensity of the two left peaks ... Spectrum 13 (a), for a 

polished Ni (111) single crystal (34), is similar to 13(b). 

I 
l 
' 

I 

Since the Ni.foil "off the shelf" was stored in air, the surface 

layer of the foil is expected to be oxidized. The similarity of the 
I 

left peaks in 13(c) and the peaks in the NiO 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 the oxide, exposing more Ni metal. 

The wide split doublet spectr)JIII for NiO is an unexpected result and 

requires further examination. The 0 (1s) line of NiO did not show any 

splitting or any indication of a second peak at 6.1 eV lower kinetic 

energy from the main peak. The left peak in 13(d) could, therefore, be 

characteristic of Ni and not a discrete energy loss characteristic of 

the NiO. Adsorbed water or oxygen on the NiO could mask a loss peak in 

the 0 (1s) spectrum. This possibility cannot be definitely ruled out 

at this time, but such an interpretation would require the peak from ad-

sorbed oxygen-containing molecules to have been 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 been observed in the Ni (2p~) and (3s) lines 

of NiO (35). Since multiplet splittings should be different for s, p1 
~ 
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and p
312 

levels (18), it seems unlikely that the splitting is caused 

b th . d 1 f h N. 2+ · y e unpa1re e ectrons o t e 1 1on . On the other hand, it is 

known (33) that black NiO is non-stoichiometric, containing excess 

oxygen and some Ni 3
+. The shift of 6.1 eV is large for Ni

2
+ to Ni

3
+ 

but large shifts in electron binding energies of impurity atoms in a 

lattice are suggested by the following, crude approximation for Ni 3+ 

in NiO. If NiO is assumed to have the NaCl structure and to be SO% 

ionic, then E (+1) = -12eV. The shift of 3 eV between Ni metal and m 

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

6Ebv(Ni,2p312 ,0-+1) = 1SeV. 
/' ,-'' 

(9) 

Assuming that the actual charge on Ni 3
+ in NiO would be +1.5 units in 

analogy to the +1 charge for Ni 2
+, ~Ebv above may be scaled to give 

(10) 

If, following (33), Ni 3
+ is placed in the NiO lattice by substituting 

2 · 3+ 2+ d 1 . N. 2+ E ( 1) f h N. 3+ N1 for 3 Ni an eav1ng an. 1 vacancy, + or t e 1 m 

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

d h d N. 3+ . an t e secon 1 1on. Then, using Equation (5), 

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 tentati v'e. 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 NiO spectrum, (d) 

in Figure 13 can be taken as a "fingerprint" characteristic of NiO. 

Such a point of view is useful for the interpretation of the Ni (2p312) 

spectra of 6% Ni on silica-alumina shown in Figure 14. Spectrum 14(a) 

resulted after the Ni(N03) 2 impregnated support was calcined 2 hours in 

air at 760°C and a wafer of the material was transferred to the spec­

trometer. The strong resemb1ance of this spectrum 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 H2 at 480°C, in situ, led to 

spectrum 14(b) which shows that most of the Ni near the surface was re-

duced toNi 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, in situ, led to 14(c) which 

is similar to 14 (a) , although the 1 eft peak is not so well resol v'ed, and 

indicates a reoxidation of the Ni. Spectrum 14(d) was obtained after a 

supported Ni sample was sulfied in an H2;H2S flow for 2 hours 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. 



.. 

-43-

The Ni (2p312) line 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 somewhat s'urprising result obtained from a 

I -6 0 sample which was reduced in H2 , evacuated to 10 torr, and then treated at 80 C 
i 

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

all the reduced nickel as Ni(C0) 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 oxidation of the Ni particles during the evacuation step pre-

vented the formation of Ni(C0) 4 and passivated the Ni surface to prevent 

complete oxidation of the Ni particles during exposure to air. 

The spectra in figure 14 demonstrate qualitatively how XPS can be 

used to follow the chemical state of a supported metal after 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 s:i tes 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 

spec-tra of the cryst<llljnc aluminosilicatc minerals kaolinity, microclinc, 
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and sillim:mite. ln kaolinite ~he ;\1 is Jl·-coorclin;t1e 1 in microcline it 

is 4--coor<lina.te,ancl in siJJinl:!l1itc haJP the a]u;;dnum is (1-coonlinatc cmd 

half is 4-coordinate. To dthin the limits of the charging correction, 

no differences in the Al (?.p) spectra for the three s:-nnnles \\ere oh-

served. A point charge calculaUon for .si],]iJ:'anitc (38), assuJ;Iin~~ the 
I 

form.• J charges for AJ 1 Si atHl () gave a difference of 4 cV hcth'een the 

potential at the G-coordinatc ;\j site and the 4-coonljnatc /11 site. 

Since no bro:-~clcnjng of the 2.2 cV \·:.ide ;\l (2p) l:inc Kas ·ohscrved, ::n 

tlpper 1 imi t for the hi n.ling c1wr gy shift hct\-:ecn the two types 

of alundnum in si llilllanitc is 1 cV. Because of the unccrtaintr of the 

sur face concH tions of the sanp 1 es 1 the reason for the nega U vc rcsuJ t 

of the si lli mani tc experiment cannot he dctcnJ:i ned. The result suggcs ts, 

however, that shifts due to a change in coordination number in oxides 

arc small and difficult to measure. 

Another set of experiments was performed on Fev
2
n

4 
spinel catalysts. 

The lower curves (squares) in Figure 15 are for Fev
2
n

4 
unused; and the 

upper curves in that figure are for Fev
2
n

4 
~fter use as a catalvst for 

the dehydrogenation of cyclohexane at 425°C 1 in a pulsed microreactor (39). 

Both samples were exposed to air before the 1 spectra were taken at room 

temperature. If the lower spectrum is taken 1 as the standard, the 

result of use of Fev2o4 as a catalyst and subsequent exposure to air 

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

energy while the oxygen lines split slightly and shifted to lower hinding 

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

of the lines indicates that the chemical changes caused hy the treatment 

.. 
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I 
affected a surface layer and lot just the surface itself.. The treat-

ment did not cause a major chainge in the bulk, however, since the x-ray 

diffraction patterns 'of both s,amples were identical. 

The activity of the catalyst has been found to decrease with use (40). 
I 

The~ upper spectrum may, therefore, reflect chemical changes caused by 

agi~g of the catalyst at reaction conditions. In any case, the ability 

of the technique to indicate 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 conditions, surface 

layer stoichiometry of mixed oxides and perhaps the nature of the surface de-

iects can be studied. 

Finally, a study of Eu exchanged zeolites was undertaken. Zeolites 

exchanged with trivalent rare earth cations are widely used catalysts. 

Although research has been carried out on the structural properties and 

the relation of rare earth exchange to the production of OH groups in the 

zeolites, few studies have been aimed at investigation of chemical changes 

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

surface area of zeolites 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 termination, photoelectrons 

escaping from below the surface reflect the properties of a relati.vel v 

well-defined, crystalline internal surface. Europium is also particularly 

we:ll suitedfor these experiments because, as mentioned, the shifts be-

2+ 3+ tween Eu and Eu are unusually large. 
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The Na forms of mordenite and Y-zeolite were exchanged with a 3-5 

fold excess (over 100% exchange) of Eu(N03) 3 in aqueous solution (4J.3. 

X-Ray diffraction patterns showed that a high degree of crystallinity 

was maintained after exchange. Quantitative analysis to determine the 

stoichtometry of the, exchange was not done. 

: Eu2o3 was taken as a reference compound for this work. Figure 16 

shows the Eu (4d312) and (4d512) lines of Eu2o3 at room temperature and 

at 175°C after 4 hours at 450°C in H2, in situ. The spin-orbit splitting 

of 5. 7 eV between the 4d312 - 4d512 levels is in agreement with the XPS re-

sul ts of Nilsson et al. ( 42) .. Most important is that there is no obvious 

difference between spectra (a) and (b) in Figure 16. Therefore, no sig-

nificant changes in . the surface .layer of Eu2o3 occurred as a result of 

the reduction treatment. Reduction of the Eu zeolites is shown in Figure 

17. 
. 3+ . 

The intensity ratio o( the 4d312 - 4d
512 

lines of Eu is obscured 

by the presence of the Mg, Ka3 .4 x-ray satellite peaks of the Si (2s) 
I 

level. The presence of Eu2+ in the. reduced samples is clear, however, 

and the measured shift of 7.6 eV is again in agreement with values of 

Nilsson et al. for the Eu3+ - Eu2+ Shift. Reduction times were about --·-
4 hours. As can be seen in spectrum 17(d), the reduction of Eu3+Y is at 

least partly reversible since treatment of the sample in o2 at 80°C led 

2+ to.reoxidation of about half of the Eu . 

The difference in behavior between Eu2o3 and the Eu-zeolites can be 

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 for various cations and, further, can allow some unusual chemical 
! 

reations. 

/ Many rare-earth cations have trivalent states more stable than 

E 
3+ 

u . Since zeolites are usu~lly exchanged with a mixture of rare-

earth ions, however, the observation of the reduction of the Eu3
+ in 

zeolites suggests that further studies of the chemistry of rare-earths 

in zeolites may be useful in the understanding of zeolite activity. 

V. CONCLUSIONS 

The experiments presented in the previous section have been hampered by 

poor vacuum conditions aJd in some cases by inadequate calibration. In spite 

of these limitations, we ·feel that the utility .of x-ray photoelectron spectre-

scopy to the study of chemical states on a variety of catalyst surfaces has 

been demonstrated. Nitrogen containing molecules _adsorbed on zeolites have 

been observed and chemical shifts in theN (ls) line of NH4Y 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 b0sjs of these, results, \·!e feel tlwt x-ray photoelectron spectro­

scopy Nill find use :in mJny important arca\s of catalyst research. Through 

measurement of chemj caJ shifts and peak areas, studj es of sucJ) subjects as 

catalyst characterization, activation, aging, and poisoning, as well as 

adsorption and surface segregation in multicomponent systems should. be 

fruitful. In some cases,studies of alloys, homogeneous catalysts in frozen 

solutions and reactions of molecular beams at surfaces may also be 

- possible. Low intensities and the relatively wide x-ray line make 

invcs tigation of valence bands and the d-bands of very small metal partie] cs 

difficult. · The use of ultraviolet excitation of photoelectrons may be 

more fruitful in those cases. 
I 

The value of investigations of the type outlined ahovc will, of course, 

depend on the extent to \vhich the problems encountered in this researd1 can 

be resolved. High rates of data accumulation and good control of the surface 

condition of the sample are imperative for XPS studies of catalysts. A 

more thorough study of shifts in known compounds and electron escape 

depths in solids would aid interpretation of data. 

At this stage in the development of the technique, investigation of 

chemical effects involving large changes 'in the charge on atoms of interest 

have the best chance for success. ~lore subtle chemical changes will hecoJ;~c 

amcnab lc to quantitative study 11'i th more accura tc charging and hand hendin.~ 

corrections and improvt-d methods for dealing 1dth the Fermi level cncr.gy 

reference for solids. X-Ray photoe l cctron spectroscopy is ~ti 11 devd on in~ 

rapidly, both ~xperimcntaJJy and theoretically. 1\'e expect, therefore, that 



• 

-49-

the scope of applications of this technique to catalysis will continue 

to bronclcn. 
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Figure Captions 

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

atom calculated by the Complete ~:eglect of Differential 

Overlap, molecular orbital method (2). Compounds are i'denti-

fied in Table 1. 

Iodine 3d5L photoelectron lines fro~ 1, 3, and 10 douhle 
72 . 

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 ~iordenite. 

Schematic representation of energy levels in a solid sample 

in a photoelectron spectrometer (9), 

Schematic diagram of the Bc~:-keley, 50 cm,iron-free, magnetic 

x-ray photoelectron spectrometer (9). 

I (3d5 ) and C (1s) photoelectron lines from gas phase CH3I. 
~ 

Left spectra taken with an ~1g anode, right spectra with an 

Al anode. 

" 
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Figure 8. 

Figure 9. 

Figure 10. 

Figure 11. 

Figure 12. 

Figure 13. 

Figure 14. 

Figure 15. 

'" 

• 
Figure 16. 

ill 

''I 

-55-

N (1s) photoelectron lines f~om NH4 ~v zeblite as a function 

of treatment in situ. 

Pt(4f512J and (4f712J photoelectron lities from various Pt 

samples. 

Pt(4f512J and (4f712J photoelectron lines from 1% Pt on 

graphon as a function of treatment. 

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

MgO. 

Cu(2p312 ) photoelectron lines from various copper samples. 

Ni(2p
312

J photoelectron lines froci NiO and nickel metal. 

Ni (2p
312

) photoelectron lines from 6% Ni on silica-alumina. 

Partial photoelectron spectra from Fev2o4 before (squares) 

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

0 of cyclohexane at 425 C. 

Eu (4d
312

) and (4d512)-p~otoelcctron lines from Eu 2o3 at room 

l11 111 

i-"'""··'· 
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temperature and at 175°~ ffter heating in H2 to 450°\. 

in situ. 

Eu ( 4d3h) and ( 4d5~) phot;electron lines of Eu exchan.gep 

mordenite and Y zeolite as a function of treatment in 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, 
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