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PHOTOELECTRON SPECTROSCOPIC STUDY OF

SO2 ADSORPTION ON MgO*

W. Siekhaﬁs, A. B. Harker, N. L. Craig and T. Novakov

Lawrence Berkeley Laboratory
University of California
 Berkeley, California 94720

Abstract: : S /-

soiz'and SO3 were identified by XPS-ESCA as the main reaction
products formed by SO2 adsorbed at STP on polycrystalline MgQO and

adsorbed under UHV conditions on the 100 face of single crystal MgO.

I. Introduction

A better understanding of the surface interactions of sulfur dioxide

with metal oxides is of importance both as a problem in surface chemistry
and as a problem intimately connectedeith the chemiétry of aerosols in
atmospheric pollution. Nevertheless, relatively little is known about

such systems; in particular, there is a lack of information about the

nature of the chemical Spgcies produced by SO2 on metal oxide surfaces.

For example, Schoonheydt and Lunsford(l) performed an infrared spectroscopic
investigatiqn of the adsorption and reactions of 802 on polycrystalline
activated MgO. At room temperature no assignment to specific sulfur species
was made by these authors. After heating in vacuum at 300°C the adsorbed

. ) 2-
species were found to transform to two forms of SOS' .

*Supported by the National Science Foundation-RANN Division and
U. S. Atomic Energy Commission.
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The technique of x-ray photoelectron spectroscopy (XPS) has been

successfully employed recently in this laboratory to study the interaction

of SO; with a ciean Pt surface(z). Because of this demonstrated usefulness

2

of the XPS technique for surface chemistry, we have chosen this method to

study the adsorption and desorption of sulfur species in the_MgO-SO2 system.

’

in this paper we describe studies of the 100 face of single crystal MgO
with monolayer coverage, and of poiycrystalline MgO Powder with heavier

SOzcoverage.

IT. Experimental

The phbtoelectron measurements were performed with an AEI ES200
spectrometer operating at a pressure of <10_9 torr. The spectrometer 1is
equipped with an U.H.V. 'sample holder heatable to 1200°C by electron bom-
bardment.v The MgO (100) face of the single crystal sample was prepared by
cleaving a larger single crystal and mounting the cryétal on é platinum
plate attached to the sample holder. The crystal was heated in the spec-
trometer vacuum at a temperature of 800°C for about 45 minutes, in an
atmosphere of =1 x 10_6 torr 02, until no trace of carBon was detectable
(by ESCA) on ﬁhe sample surface. Thereafter the MgO crystél surface was
allowed to cool, and éxposed to 3 x 10-6 torr-sec of SO2 at room tempera-
ture; the éhamber pressure during the subsequent méasurement was below
1 x 1072 torr.

The studies of sglfur species produced in the adsbrption of 802 on
polycrystélline MgO were done on degassed and dehydrated powder. The MgO
powder was heated in vacuo at temperatures of 400 to 500°C after which an

atmosphere of SO, was introduced.. The exposure times usually used were
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about 10 minutes. After the exposure to the adsorbate the samples were
prepared by pressing the powder into the obenings of a fine metallic mesh.
Thevsamples were ‘then transferred to the_spectroheter with only a brief
exposure to air.

All binding energies quoted in this paper have been corrected for
charging effects iﬁ.such a waY'that direct comparison with reported bind-
ing energies of sulfur compounds is possible. These values are referred

to a hydrocarbon C 1s binding energy of 285.0 eV.

ITI. Results

bIn Figure 1 the sulfur S(2p) and oxygen O(ls) spectra are shown for
the MgO single crystal exposed to SO2 at room temperéture. In the sulfur
spectrum two distinct peaks are seen at binding energies of 169.8 and 168.3
eV. The peak at 169.8 eV can be assigned immediafely to the sulfur of
sulfate ioh._ The peak ét 168.3 eV corresponds to a lower oxidation state,
such as S4+; There is at best only an indication of a sulfide peak at a
binding energy around 162 ev. |

The oxygen 1s spectrum shows a dominant peak at‘a'binding energy of
530.8 eV, cofresponding to the oxide oxygen and a small.peak at a higher
binding energy of 532.8 eV. The O(ls) photoelectron line obtained with the

same crystal before SO, was adsorbed is also shown in Figure 1. It is

2

clear that the 532.8 eV peak arises from the adsorbed sulfate and/or sulfite.
The binding energy of the SOZ oxygen is known to be about 532.5 eV(4), which
agrees with our value within experimental errors.

The Mgovoxygen 1s peak intensity is not appreciably attenuated by the

surface sulfate + sulfite layer, through which the O ls electrons are

penetrating. This information together with the ratio of the (sulfate +
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sulfite) —oXygen photoelectron peak intensity to the oxi@é-oxygen peak
intensity'(zo.l) can in principle be used to>obtain an estimaté of the_
thickness of tﬁe‘adsofbed layer. This is unfortunately complicated by
the fact that the mean escape depth of photoelectrons of about 1000 eV
is nbt known for MgO. The mean escape depth of 1400.ev electrons in

. o
A§‘03.has been recently determined to be 13 A(S). If a similar escape

depth appiies in the case of MgO, the sulfate + sulfite oxygen electrons
originate from‘a depth of about one tenth of the mean escape depfh of the
oxide—oxygenvelectrons, or éboui 1.3 X. This indicates that in the MgO
single crystal'case we are dealing Qith.true surface species.

- The sulfur 2p spectra of the MgO powder exposed»to SO2 are shown in
Figure 2. The spectrum in the uppermbst part of the Figure was measured
at room temperature immediately after the insertion of the sample into the

spectrometer. The other spectra in Figure 2 are of the same sample'meaéured

subsequently at elevated temperatures of 100, 200 and 300°C. Three sulfur

binding energies are clearly recognizable: 171.0, 169.7 and 167.9 eV. The

peak at 169.7 eV is'assigned té the sulfate sulfuf. Its intensity remains
unchanged upon heating. In'céntrast, the intensities of the othéf two

peaks decrease markedly with increasing temperature. They represent loosely
bound physisorﬁed surface species. The binding‘energy value of 168.3 eV has
been reported for (presumably) frozenl802(4)t This vaiue is ih‘agreement
with the desorbable peak at 167.9 eV. The second desorbable peak at 171.0

eV is at a higher bihding energy than the sulfate peak and hence has a mere
positive net charge. This peék most likely corresponds to 303. The expected
position of the sulfite sulfur is also indicated in the figure. No prominent

sulfite peak is visible, although its presence in the spectra taken at

P
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200 and 300°C ean not be excluded with certainty.

With this iﬁformation we can definitely aesign the peak at 168.3 eV
binding energy in the single_crystal'experiment to_SOz,( The expected SO3
position is indicated in Figure 1. The statistics ofvthe measured points
are not adequate, howeyer, to establish the presence of SO3 on the MgO

single crystal surface.

ITI. Discussion

The dominant species produced in the surface reactions of 802 with

~ MgO are the sulfate ions and loosely bound 803, in addition to physisorbed

802. Trace amounts of sulfide may exist in both single crystal and powder-

ed oxide cases. At elevated temperatures small amounts of sulfite ions
may also be. present. :
A comparison of the results obtained from the single crystal with

monolayer coverage and the MgQ powder with a much heavier coverage, shows

that in both cases the situation is qualitatively similar. The most obvious

‘difference is in the relative concentration of the surface 502 which is

considerably higher in the case of high coverage. It is therefore likely

that the first layer (or layers) of 802 interacts with MgO producing the

surface sulfate onto which the subsequent SO, layers are deposited.

2

The single crystal experiment, in particular, clearly shows that

‘'sulfite and sulfide do not piay an important role in the conversion of

SO, to SO, .

2 4 Therefore mechanisms involving sulfite formation with its

bsubsequent disproportionation into sulfate and sulfide (4MgSO3 -+ 3MgSO +

MgS) are not relevant for the surface reactions at low temperatures. If
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this.mechanism weré iﬁdeed'taking place, the sulfate to sulfide peak ratio
shéuld be’3:1;~which is ngiously not the case. (The  expected sulfide
peak heigﬁt is indicatedvin Figufes 1 and 2.) Theréfére.we must conclude
fhat thglcoanréion 6f‘802 to 8642' octurs~primarily by engaging the MgO
lattice oxygéﬁ, possibly_fhrough 803, produced by surfgce oxidation of SO2

b

as an intermediary state.

At elévated temperaturés'the main observation is the fairly rapid
desorﬁtion éf SO2 and 503' ,At 300°C théfe is an indication of the appear-
ance of thé sulfite peak (Fig. 2). This is in agreemenf with the findings

of Schoonheydt and Lunsford(l).

Conclusions

The adsorption of SOz_on MgO at room temperature results in the forma-

tion of SO, ions and 100531y bound SO Only a trace of sulfide is formed,

4 3
and virtually no sulfite was detected. The SO2 molecules are physisorbed
at the surface. At elevated temperatures desorption of SQZ and S0, was

observed. -
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Figure 1.

.(100) face of MgO0 single:crystal exposed to SO

Figure 2.

‘Sﬁlfur'Zp and oxygeHVISIX—réy photoelectron spectra of the

" temperature. Identified sulfur species are SO
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Figure Captions

_at room Y

and'soz. The

0N

expected positions of SOZ and S~ are‘indicated. The large -

oxygen peak is thatvqf MgO oxygen while the smaller one is

‘associated wtih SO4 and SO, oxygens. The oxygen ls line shape

fbrithe MgO crystal prior to SO2 exposure is shown by smaller

dots.

Sul fur 2p spectfa of polycrystalline MgO exposed to SO2 at

STP. The uppermost spectrum was taken at room temperature

~immediately after insertion of the sample in the spectrometer.

- The other spectra were obtained with the same sample at elevated

temperatures. The SO4 peak stays constant upon heating while

the SO, and SOS'peaks decrease with temperature. The expected

2

positions of.SOZ and S=,are indicated.



Thousonds of counts

70

165 160
Binding energy (eV)
XBL731-2165

Fig. 1

55




- Thousands of_<coun'ts

H O o ~N

- -10-

RT.

s>
N
| V3 of the

VN N 05

+]00° C

. +200°C

+300°C

Nz

L | L
170 165 - 160
 Binding energy (eV)

XBL731-2164 -

Fig. 2




LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




.

TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

“r



