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r Abstract

Ultraviolet photoelectron spectra (Eel radiation) have been

obtained ~or a partially hydroxylated surface of single crystal

a—alumina (0001) and for water chemisorbed on this surface at S

298K. Model calculations using the SCP-Xa—SW method have also

been performed and, with their aid, the features of the partially

hydroxylated spectra bave been assigned. Spectral features

associated with additional hydration at 298K are consistent with

the adsorption of strongly bound molecular water.

I
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I. Introduction S

The utility of ultraviolet photoelectron spectroscopy [1] 
•1

(UPS ) for the detailed analysis of adsorbant—adsorbate bonding S

S has been widely recognized in the case of adsorption on metal

surfaces [2), and the value of SCF—Xa—SW calculations [3,4] in

the interpretation of these spectra has been repeatedly d~~on- 
S

strated [5]. In this paper we present both experimental and

theoretical results for an insulatOr system, A1203(000l)/E20,
S of considerable intrinsic and practical interest. Our 

-

purpose is to compare, for an insulator , the experimental

electron energy spectrum obtained by Eel irradiation with S

the spectrum predicted using the SCF—Xci—SW method and a S

small model cluster. We also are able to correlate S

S our results with work of other kinds on less well—defined surfaces. S

Aluminas of var ious kinds have been investigated for many

years [6] because of their widespread use as catalyst, catalyst— 4
support, and adsorbent materials. The role of surface hydroxyl

groups on these materials has been repeatedly underscored for

most , if not all, of the crystalline modifications of A1203 (7-12] .

Much of the research on the catalytic properties of alumina has

involved the y modificat ion because it can be prepared as a very

high surface area material which, upon partial dehydration to

expose Al3~ and o2 ions , has excellent catalytic activity for

alcohol dehydrat ion [9— 12) , butene isomerizat ion [13] , catalytic

S cracking [14] , and other react ions. The a—modificat ion ( corundum)

is generally a lower surface area mat erial which has lower catalytic

S activity. Nevertheless, the a—modification will chemisorb water

in relat ively large amounts and shows adsorpt ion—desorpt ion

S — - -- -~~~- SS’~~~~~~
-
~~~~~~ - - -
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S characteristics very similar to the T-modification [7,15,16].

S Furthermore , it is available in single crystal form, and the (0001)

crystal face has been studied using LEED [17-19] which shows the

• lxi pattern expected for a close packed layer of o2. ions. Such a

S substrate has a very low surface area, compared to the powders S

S normally used in adsorption and catalysis studies, but it is

amenable to analysis by UPS as illustrated In this paper. Thus 
S

the single crystal a—alumina— water system can serve as a useful
S 

well—characterized reference system for which we can hope to gain

S a fairly detailed understanding of the surface composition and

electronic structure.

_ _  _  S 
S I
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II. ExperImental S

A standard ultra high vacuum apparatus, equipped with a S

differentially-pumped helium discharge source, an electron gun,
~1 ~ and a cyclindrical mirror electron energy analyzer, was used

for these experiments. UPS data were taken with the analyzer

operating in the pulse counting mode. The scan time required fçr S

accumulation of reasonable spectra was three hours. Auger spectra

j~ 
were taken in the usual differential mode.

The substrate was a single crystal sample of a—alumina cut

to expose the (0001) surface [17]. This substrate was mounted on

a backing plate in which was imbedded a resistance heater constructed

of 0.5 mm diameter platimum wire. The approximate temperature

S of the front face of the substrate was monitored with an iron—

constantan thermocouple clamped to one corner of the front face.

The sample, mounted on a standard sample manipulator , was placed

so that the Auger and UPS probe beams approached the surface at

grazing angles of 17° and were coincident with the focal point

of the analyzer, the axis of which was normal to the surface.
S Highly purified water was introduced through a variable leak valve.
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S - III. Theoretical

S The SCF-Xct—SW calculations were carried out in the muffin—

tin approximation , employing tangent spheres whose radii were

S chosen to be proportional to the standard atomic or (for alumina)

Ionic radii, as closely as possible within the constraints imposed

by the molecular geometry. The ct—values computed by Schwartz [20]

were used inside each atomic sphere , and an average of these values

was employed for the intersphere and outer sphere regions.

Following Brower [2l], the ct—alumina lattice was represented S

by means of a single A1203 cluster in D 3 symmetry , based on the

- 
experimental geometry [22~. The A1202(OH)2 model system was formed

S by adding 1120 across one of the Al-0 bonds in the A1203 unit , 
S

with the A1.-0 (hydroxyl) bond length arbitrarily fixed at 1.369 1.
The resulting geometry is shown in Fig. 1. A minimal basis set of

spherical harmonics was employed for this system. Furthermore,

S since our calculations for A1203 and for C1130—A1202-OH t23) show that

the transition state energies are shifted uniformly from the

ground state energies within the accuracy of our experimental

data, we have calculated only , one transition state for the

A1202(OH)2 system. The energies given in’Table I for this system

are therefore uniformly shifted ground state energies. A tran— S

sitlon state was also calculated for the first electronic ex— S

S 
citation (a” + a’*), to give a band gap of 0.056 Ry (0.76 eV).

5 55
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IV. Results and Discussion

An initial Auger spectrum of the a—alumina crystal surface 
S

revealed a large carbon—containing surface contaminant, which 5

5

was removed by exposure to 5 X l0~~ torr of 02 at approximately

550°C for a total of 14 hr. The surface remained essentially

free of carbon contamination throughout the remainder of the

experiment , as determined by Auger analysis. The UPS spectrum S

of this reference surface Is shown in Fig. 2(a). Following 75

m m .  of exposure to 5 X l0~~ torr of water vapor at room temperature,

the system was again evacuated to i x io~~ torr and another UPS

spectrum taken. The difference between this spectrum and the

reference is shown in Fig. 2(b) .  Prior to taking the difference,

the spectra were scaled to the same value at 11 eV kinetic energy.

This point was chosen because it gave noise centered at zero

counts in the high energy tail of the difference spectrum shown

in Fig. 2b.

The Fermi level for these exper imental spectra was determined ,

in a separat e experiment , as the Fermi level of a metallic gold

spot vapor-deposited on the a-alumina surface . In order to verify

that the Fermi level was not shifted from one observation to

another as the result of surface charging , the contact potential

(which is the difference in work funct ions of the analyzer and

the sample) was measured in each case by not ing the onset of

secondary electron emission . This onset was measured both under

the usual UPS data gathering conditions described above and also

with electron beam excitation at very low current (l0~~0 amp) in

the pulse counting mode. Both measurements gave the same value,

S-S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—‘--—— S S 5__~~,:!~~~~Y ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •5~~___-SS_55S~~~-SS
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2.1±0.10eV, for all conditions of the sapphire surface reported

here. Evans [24] has shown that the low kinetic energy onset of

secondary electron emission is equal to the contact potential.

From a separate measurement of the work function of our spectrometer , S

S 

using a grounded , clean Pd target , we have obtained the value - 
S

4.4 ± 0.1 eV. This leads to a value of 2.3 eV for the work function

of aluminum oxide, which is in fair agreement with the value of

2.7 eV as determined by thermionic emission [25]. We conclude 
S

that net surface charging Is absent, or at least quite small, in

our experiments, and that it does not change significantly from ~S

one spectrum to another. 
S .:

In order to interpret the features of the spectra of Fig. 2,

1 we have compared the SCF—Xa-SW calculations described above with
S 

the experimental data. This was accomplished by aligning the 
S

A1202(OH)2 energy level diagram in such a way that the center of 
S

S the band gap coincides with the experimental Fermi level. Since

the calculated band gap for Al203 (23J is smaller by a factor of S

5 5 2.15 than the experimental value (261, the calculated gap for

Al202(OH)2 was first multiplied by this factor. Although there

is no principled , reason for believing that the calculated band S

gap for these two species are in error by the same multiplicative

factor, we note that the calculated band gap for the Al202(OH)2
species is quite small; even an error as large as the multiplicative

factor we have used would not significantly affect the assignment

of spectral features to which it leads. The resulting A1202(OH)2 
S

____________ S 
~~~~~~~~ 
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spectrum is given in Fig. 2(c). All of the energy levels arising

from molecular orbitals composed primarily of 2p electrons on
S.

S the various oxygen species are shown. The hydroxyl 2s levels, S

which fal:L far outside the range of the Eel radiation employed,

have been omitted.

The experimental spectrum and the theoretical spectrum are

in reasonable agreement. The large experimental peak at 4—8 eV

kinetic energy is assigned to the hydroxyl species. Our model

calculation represents hydroxyl sites with hydroxyl rather than

oxide nearest neighbors (8,19,27]; thus we expect our model to

correspond more nearly to a fully hydroxylated surface than to

a highly dehydrated surface. Because the net negative charge on

the hydroxyl oxygen will likely be larger when the hydroxyl is

surrounded by oxide ions rather than by hydroxyl groups, we expect

the electron binding energy to decrease as the number of oxide

1 nearest neighbors increases. The surface corresponding to the

spectrum of Fig. 2(a) was first dehydrated in vacuum at 550°C 5

and retains a substantial concentration of surface bydroxyl species.

Assuming that the dehydration process first removes chemisorbed

molecular water and then , in spatially random fashion, weakly

bound surface hydroxyl, we anticipate that dehydration at tempera—

tures higher than 550°C should lead to an experimental spectrum

in which the 4—8 volt peak Is shifted slightly to the left in

Fig. 2(a). Unfortunately, in the experimental configuration

we used, the sample could not be heated above 550°C. The retention

of a significant hydroxyl concentration on this single crystal

5- i  S
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S a—alumina substrate is very similar to the observations that

have been made on powdered samples of a— and ‘y—alumina [8,15,27].

The experimental band from 11 to 18 eV is comprised of at least

two bands. We suggest that these arise from two types of oxide

species. Some support for this idea comes from a comparison of S

the A1202(OH)2 calculations with our A1203 calculations (23].

Using the multiplicative factor of 2.15 discussed above and

aligning the centers of the band gaps of the two calculations

(i.e. forcing a common Fermi level), produces a composite spectrum

with a large density of states in the 12—15 eV kinetic energy S

region due to oxide ions in the unperturbed oxide (A1203) and another

group of states in the 15—18 eV kinetic energy region due to

oxide ions perturbed by adjacent hydroxyls (A1202(OH)2]. Sub—

S stantiation of this proposal would require making UPS measurements

at much lower hydroxyl coverages than reported here. The shift

of the oxide 2p levels to lower binding energy upon adjacent

hydroxy]. adsorption is further confirmed by the fact that the

theoretical muffin—tin sphere for the oxide ion encloses 4.2%
S 

more negative charge in the A1202(OH)2 calculation than in the

Al203 calculation , the oxide radii having been given the same

value in the two cases.

The adsorption of water at 29SK yields the difference spectrum

S shown in Fig. 2(b). Relative increases of the spectral intensity S

are noted on the low binding energy side of the hydroxyl oxygen

region (—8 eV) and in the low binding energy part of the oxide

S region (15—17 eV) compared to Fig. 2(a). The most satisfying

S interpretation of these features, and one consistent with known

properties of powdered a- and y—aluxnina , involves molecular water
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adsorption (8 , 15 , 16 , 27] . One way in which molecular water can

be adsorbed which would give rise to the above features involves

the interact ion of the oxygen of the chemisorbing mo~.ecule with S

a Lewis acid site and of one of the hydrogens with a neighboring

oxide. In this model the electron charge density at the oxide

site would be significantly reduced. If this interpretation

is correct , the spectrum requires that a sizeable reduction in

charge density occurs——almost to the point of forming a full—

fledged hydroxyl. This is not inconsistent with the observation

by infrared and gravimetric measurements on powders that part of

the molecularly adsorbed water forms surface hydroxyl as the

substrate is heated [8]. Our own preliminary results of such

heating experiments are inconclusive, but do suggest that significant

hydroxyl structural changes do occur on heating. The adsorption

of molecular water could also account for the relative enhancement

in the oxide region (15 - 17 eV) since adsorbed molecular

water will act to change the neighbor ing oxide env ironment in

much the same way as a hydroxyl group .

There are øther possible mechanisms which must be considered

in discussing the above shifts. Infrared studies suggest that

hydrogen bonding is extensive in regions of high hydroxyl coverage.

We must then consider whether or not an increased hydrogen bonding

upon water adsorpt ion could give rise to the observed shift. In

this case hydroxyl will act as both a proton donor and a proton

acceptor so the net change in electron density on the bydroxyl

oxygen is probably small. Local charge density variations might 5 5

___ _:h~~~~~~~~~
__. 55

5 ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ S~ ~~~~~~~~~~~~~~~~
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also be a possible source. Pen ’s model [27] for hydroxyl behavior

on y-alumina predicts five different types of isolated hydroxyl

sites.on severely dehydrated alumina, each having a different

number of ox ide near neighbors. The local charge density at

these sites ranges from a deficiency of one electron to an excess

of one electron. The more negative sites would be expected to

have lower ionization potentials. However , it is difficult to

rationalize the data of Fig. 3(b) in terms of this model. In

the first place, our initial surface is sufficiently hydrated

(p33%) that isolated hydroxyl groups are not expected to be the

predominant species. Furthermore , sites of net positive and negative

charge are removed at roughly the same rate during dehydration

[27], so that the average ionization potential would not be

expected to change significantly due to local charge variations.

V. Conclusions and Summary

From the above discussion we find that surface hydroxyl and

L 
oxide spectra are readily detected on the (0001 ) surface of

a-alumina using Hel radiat ion and , under our conditions of quite

low intensi ty,  there is neglible problem with surface charging.

The general features of the spectra are readily predicted by the

model calculat ions using the SCF-Xa-SW method and a small cluster

L 

derived from one Al 203 unit and one H20 molecule. There is a

S definite difference between the spectrum from a surface partially

S S 5 - ____________ -S—-i-— ~~~~~~~~~~~~~~~~~~~~~~~~ L,SSS ., .,S,: —S _S-—S. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
S
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dehydrated at 550°C and the spectrum observed after the resulting

surface is exposed to water at 25°C. This difference is discussed S

in terms of molecularly adsorbed water, but this interpretation

must be regarded as speculative , supported only by other experi-

mental evidence for molecularly held water -(27] and by its

S feasibility . The theoretical calculations are of no help since

molecularly held water is not considered . While calculations

could certainly be done to investigate such geometries, we

believe they would not be definitive since the small shifts

produced experimentally could almost certainly be reproduced

with a carefully chosen model geometry.

It is apparent that further experiments are needed if a

reasonably clear interpretation of spectral shifts is to become

available. In particular, experiments using an alternative

experimental arrangement for high temperature (1000—1200°C)

dehydration of single crystal and powdered a—alumina are in

progress.

‘5—5 S S S S S  —S
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TABLE I. SCF-Xa—SW Valence
Electron Energy Levels for Al202(OH)2

Binding Energy (eV) Symmetry Origin

t .817 a” 2p( 0 )

1.677 a” 2p(0 )

2.077 a” 2p( 0 )

2.927 a ’ 2p( 0 )

3.687 a’ 2p(0)

3.807 a ’ 2p( 0 )

10.14 a’ 2p(OH )

10.38 a” 2p(OH) S

10.93 a’ 2p(OH )

11.16 a” 2p(OH )

12.06 a ’ 2p( OH)

13.33 a’ 2p(OH)

15.40 a” 2s(0 )

16.06 a’ 2s(0 )

26.19 a’ 2s(OH)

27.18 a’ 2s(OH)
S
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Figure Captions

Figure 1. Geometry of the model A12O2(OH)2 unit. 
- -  5

S Figure 2. Experimental and theoretical UPS spectra of a partially S

hydrated a—Al203 surface. The lower abscissa gives

the measured electron kinetic energy while the upper

scale give the electron binding energy with respect

to the experimental Fermi level of the substrate.

The four spectra represent the following: (a)

reference surface prepared by heat ing 14 hr. in 5 x 1O~~
torn of 02 at 550°C; (b) change from reference after

75 m m .  exposure to 5 x i0’~~ torn of water vapor at

room temperature; (c) shifted SCF—Xu—SW spectrum for

A1202(OH)2.
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