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Surface-enhanced Raman (SER) spectra obtained using 647-nm excitation are reported for the 
adsorption and oxidation of sulfur dioxide in flowing argon-based streams at ambient pressures and 
at 300 K on electroelectrochemically roughened gold, and on gold surfaces modified by thin (2-3 
monolayer) electrodeposited films of platinum, rhodium, and ruthenium. The spectra were recorded 
by using a spectrograph/charge-coupled device (CCD) detector system, enabling real-time spectral 
sequences to be obtained within 1-2 s. Dosing with sulfur dioxide yielded a band at 1135 cm i on 
platinum as well as on unmodified gold, assigned to a symmetric S-O stretch of molecularly 
adsorbed SO2. This band is weak on ruthenium, and absent on rhodium. A feature at 300-320 cm- i 
is also obtained on gold, platinum, rhodium, and ruthenium, and is identified as the metal-adsorbate 
stretch for sulfur formed by dissociative SO2 adsorption. On platinum and gold, oxidation of the 
adsorbed SO2 requires the presence of water and CO in addition to 02 in the feed stream. Under 
these conditions, the 1135-cm i feature is replaced by bands at 1010 and 1020 cm -I (Pt) or 1010 
cm -I (Au), ascribed to adsorbed sulfate. On ruthenium, including only water and 02 in the feed 
yields SO z oxidation to sulfate, characterized by a band at 1030 cm -I. The stability of each species 
to temperature excursions up to 475 K is noted. Comparison is also made with potential-dependent 
SER spectra obtained for SO2 at the corresponding metal-aqueous electrochemical interfaces. 
Similarly to the gas-phase systems, the surface oxidation as well as molecular adsorption of SO_, 
can be monitored at these electrochemical interfaces with SERS. Dissociative chemisorption to 
yield adsorbed sulfur is strongly potential-dependent, as expected since the process is reductive. 
Some virtues of such parallel gas-phase and electrochemical surface spectroscopic studies are 
pointed out. ¢~ 1991 Academic Press, Inc. 

INTRODUCTION 

Sulfur  dioxide is a c o m m o n  by -p roduc t  of 
c o m b u s t i o n  processes  due to the ox ida t ion  

of  sulfur  impur i t ies  p resen t  in the fuel. The  
cata lyt ic  ox ida t ion  of sulfur  d ioxide  to sulfur  
t r ioxide resul ts  in the fo rmat ion  of  sulfuric 
acid in the p re sence  of  water .  Dissocia t ive  
chemiso rp t ion  of  sulfur  dioxide leads to ad- 
sorbed sulfur  which  can  po i son  or modify  
the ca ta lys t  act ivi ty  (1). U n d e r s t a n d i n g  the 
adsorp t ion  and  reac t ions  of  sulfur  dioxide 
on metal  surfaces  unde r  ca ta ly t ica l ly  rele- 
van t  cond i t ions  is therefore  of pract ical  as 
well as f u n d a m e n t a l  interest .  

The  adsorp t ion  of  sulfur  dioxide on  vari-  
ous metal  surfaces  has b e e n  the object  of  a 
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n u m b e r  of s tudies  in ul t rahigh v a c u u m  

(uhv). Sulfur  dioxide is obse rved  to adsorb  

d issocia t ive ly  on  most  metal  surfaces ,  in- 
c luding  polycrys ta l l ine  nickel  (2), i ron (3), 
r hod ium (1 10) (4), p l a t inum (110) (4, 5), and  
p la t inum (I 1 1) (6, 7). The  d issoc ia t ion  prod-  
ucts,  adsorbed  oxygen  and sulfur  a toms,  can  
react  s u b s e q u e n t l y  to form o ther  species.  
Adso rbed  sulfate was de tec ted  with X-ray  
pho toe lec t ron  spec t roscopy  (XPS) follow- 
ing sulfur  dioxide adsorp t ion  on  nickel  (2) 

and  iron (3) surfaces.  Sulfur  t r ioxide was 
found  to desorb  f rom an oxidized P t ( l l l )  
surface exposed  to sulfur  dioxide (6). 

Molecu la r  adso rp t ion  of  sulfur  d ioxide  
has been  obse rved  at low t empera tu re s  on 
gold surfaces (2, 3) and  on the (100), (1 10), 
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and (111) faces of silver (8) by using XPS 
and Auger spectroscopy. Vibrational stud- 
ies using electron energy loss spectroscopy 
(EELS) have also detected molecularly ad- 
sorbed sulfur dioxide on Ag(ll0) (9, 10), 
Pd(100) (11, 12), and Cu(100) (13). The de- 
composition of adsorbed sulfur dioxide and 
the formation of sulfur trioxide was ob- 
served by means of EELS near 300 K on 
Ag(110) (10, 14) and Cu(100) (13). Adsorbed 
sulfate is formed above 300 K on Pd(100) 
exposed to sulfur dioxide (11, 12), while 
Ag(110) surfaces had to be heated to 570 K 
before adsorbed sulfate was observed (10). 

The adsorption of sulfur dioxide has also 
been studied at atmospheric pressure on sil- 
ver powders by means of surface-enhanced 
Raman spectroscopy (SERS) (15-17). Sil- 
ver powders exposed to sulfur dioxide at 
room temperature yielded Raman bands at 
ca. 620 and 925 cm- J, attributed to adsorbed 
sulfur trioxide. A band at 960 cm ] was ob- 
served in the SER spectrum after a silver 
powder that had been dosed previously with 
sulfur dioxide was heated in an oxygen-con- 
taining atmosphere. This band was assigned 
to adsorbed sulfate formed by the oxidation 
of sulfur trioxide (15). 

The SERS technique is in principle an 
attractive means of examining the vibra- 
tional properties of adsorbates on metal sur- 
faces under catalytically relevant conditions 
since ambient or even higher gas pressures 
can be used without bulk-phase interfer- 
ences. Such applications, however, have 
been limited almost entirely to silver, gold, 
and copper surfaces for which large Raman 
enhancements can be obtained with visible 
excitation. Nevertheless, it has recently 
been demonstrated in our laboratory that 
SERS can be extended to a range of other 
materials, including platinum-group metals, 
by electrodepositing them as thin films on a 
SERS-active gold substrate (19, 20). Silver 
substrates have also been utilized with some 
success (21, 22). The initial applications of 
such surfaces involved electrochemical sys- 
tems (19, 21). However, we have recently 
demonstrated that this tactic can also be 

used to examine the adsorption and reactiv- 
ity of NO and CO on platinum, rhodium, 
and ruthenium surfaces in the gas phase at 
ambient pressures and temperatures up to 
475 K (22). Furthermore, the advent of 
charge-coupled detector technology enables 
SER spectra for a variety of adsorbates to 
be obtained sequentially on ~< 1 s timescales, 
allowing time-dependent surface speciation 
to be examined in both gas-phase and elec- 
trochemical environments (vide infra) (22). 

Described here is the utilization of this 
approach to examine the adsorption and sur- 
face reactivity of sulfur dioxide at atmo- 
spheric pressure and temperatures up to 
475 K on gold and platinum-, rhodium-, and 
ruthenium-coated gold surfaces. These sur- 
faces were also exposed to mixtures of sul- 
fur dioxide with oxygen and/or carbon mon- 
oxide and the effect of added water vapor 
was examined. In addition, the results ob- 
tained in the gas phase are compared with 
the corresponding SERS results obtained 
for sulfur dioxide on similar gold and plati- 
num-, rhodium-, and ruthenium-coated gold 
surfaces in aqueous solutions, including 
conditions where electrochemical oxidation 
or reduction is taking place. A more detailed 
discussion of the electrochemical SERS be- 
havior will be given elsewhere. 

EXPERIMENTAL 

A schematic illustration of the apparatus 
used in this study is provided in Ref. (22). 
The sample chamber is a stainless steel six- 
way cross which was operated as a continu- 
ous flow reactor at atmospheric pressure. 
Samples were spot-welded to a tantalum foil 
holder mounted on an electrical feed- 
through so that the sample surface was par- 
allel to an optical glass viewport mounted 
on the bottom flange of the six-way cross. 
The tantalum foil holder could be heated 
resistively by using a DC power supply, and 
chromel-alumel thermocouples were spot- 
welded to the sample edge to monitor the 
temperature. The gas manifold allowed the 
mixing of up to four gas streams; the compo- 
sitions reported here are on a volume per- 
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cent basis. A total flow rate of 100 c m  3 min- 1 

was used and argon was utilized as a diluent. 
The inlet to the sample chamber directed 
the gas flow across the sample surface so the 
gas composition at the surface was virtually 
that of the feed. When the feed composition 
was changed, both the sample chamber and 
the manifold were evacuated by a mechani- 
cal vacuum pump to remove residual gases. 

The Raman excitation source was a Spec- 
tra-Physics Model 165 Kr ÷ laser operated 
at 647.1 nm and at a power of 20 mW on 
the sample. The Raman-scattered light was 
collected with a 50 mm diameter f/0.95 cam- 
era lens (DO Industries Model DO-5095) and 
focused into a SPEX Model 1877 triplemate 
spectrometer. The latter was equipped with 
a Photometrics PM512 CCD detector which 
was cooled to a temperature of 163 K. The 
detector was operated by a Photometrics 
CC200 camera controller which was inter- 
faced with a Zenith 386 computer for data 
acquisition and storage. The spectrometer 
configuration utilized 600 g mm- l ruled grat- 
ings in both the filter and spectrograph 
stage. Given the dimensions of the CCD de- 
tector, at the excitation frequency used here 
this arrangement limited the range of Raman 
frequencies that could be recorded simulta- 
neously to about 600 cm 1. Since we are 
interested in examining both the surface- 
adsorbate stretching region (150-600 cm-J) 
and S-O vibrations (at ca. 900-1150 cm-1), 
it was necessary to record separately spec- 
tra covering these frequency ranges. All 
spectra were recorded with a bandpass of 5 
cm-~ and were obtained at room tempera- 
ture unless otherwise noted. 

The surfaces used in this study were 6- 
mm-diameter gold disks which were cut 
from a 0.1-mm-thick foil (99.99%, Johnson 
Matthey). The surfaces were mechanically 
polished with 1.0 and 0.3/xm alumina and 
then placed in a Teflon holder that exposed 
a region 3 mm in diameter at the center of 
the surface. The gold surfaces were electro- 
chemically roughened by multiple oxida- 
tion-reduction cycles in 0.1 M KCI to yield 
SERS activity as described in Ref. (23). 

The electrodeposition of the metal over- 
layers utilized ca. 5 × 10 -4  M solutions 
of hydrogen hexachloroplatinate(IV) 
(H2PtCI6xH20), rhodium(Ill) chloride trihy- 
drate (RhCI 3 3H20), and ruthenium(Ill) 
chloride trihydrate (RuC13 3H20) (Aldrich). 
The electrolytes used were 0.5 M H2SO4 for 
platinum and 0.5 M HCIO4 for rhodium and 
ruthenium; the deposition procedures were 
essentially as outlined in Refs. (19, 20). Op- 
timal SERS intensity was obtained with ca. 
2 and 3 equivalent monolayers for platinum, 
and for rhodium and ruthenium, respec- 
tively. The metal overlayers were also char- 
acterized by X-ray photoelectron spectros- 
copy. The electron binding energies 
obtained for the overlayer materials are in 
good agreement with those measured for 
corresponding polycrystalline foils. Thus 
the Pt 4f7/2 peak was observed at 71.0 and 
71.1 eV for the platinum overlayer and foil, 
respectively; the corresponding values for 
rhodium (3d5/2 peak) are 307.1 and 307.2 eV, 
respectively. These measurements there- 
fore confirm that the chemical state of the 
overlayer films is not altered significantly by 
the gold substrate. A similar conclusion was 
reached earlier on the basis of the electro- 
chemical properties of the overlayer films 
(19, 20). 

Electrochemical surface Raman measure- 
ments were made with a 4-mm-diameter 
gold disk sheathed in Teflon that was sub- 
jected to the same preparation; essentially 
identical voltammetric behavior was ob- 
tained for the two types of surfaces. Details 
of the electrochemical SERS procedures are 
described elsewhere (19, 20). All potentials 
quoted are with respect to the saturated cal- 
omel electrode (SCE). Anhydrous sulfur 
dioxide (99.98%) and oxygen (99.998%) 
(Matheson) were used without further puri- 
fication. Hydrogen (99.99%) and argon 
(99.998%) (Matheson) were passed through 
molecular sieves and oxygen purifiers be- 
fore use. Carbon monoxide (99.8%) was ob- 
tained from Matheson in an aluminum cylin- 
der that was filled at the source to eliminate 
the presence of iron carbonyls. 
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RESULTS 

Unmodified Gold 

After a sample was mounted in a reactor, 
the chamber was evacuated and then filled 
with a flowing stream of 20% oxygen in 
argon at ambient temperature. As noted pre- 
viously, the oxygen acts to remove carbona- 
ceous impurities from the freshly pretreated 
surface (22). For unmodified gold, only a 
single clearcut Raman band at 260 cm I, due 
to the metal-adsorbate stretch of residual 
adsorbed chlorine from the pretreatment 
procedure (24), is observed under these 
conditions. The surface was then heated to 
475 K for about 1 min in hydrogen to reduce 
any remaining surface impurities. (This pro- 
cedure was followed for all surfaces consid- 
ered here. The resulting surface state is sub- 
sequently referred to as " reduced."  The 
SERS activity survived such temperature 
excursions, at least to 550 K.) 

The spectra in Figs. l a and 2a, spanning 
the frequency regions 200-750 cm -~ and 
750-1250 cm I, respectively, were obtained 
immediately (within ca. 5 s) following expo- 
sure of this reduced gold surface to the laser 
beam in a pure argon stream. In addition to 
the 260-cm-~ band referred to above, the 
latter spectrum displays a broad background 
at frequencies above ca. 1100 cm -~. This 
feature, which extends to about 1600 cm ~, 
grows progressively with prolonged expo- 
sure to the laser beam. (Moving the laser 
spot subsequently to a fresh region of the 
surface yields a similar time-dependent be- 
havior). Most likely, then, this broad feature 
arises from the photochemical production 
of carbonaceous deposits, formed from or- 
ganic impurities in the argon stream (cf. Ref. 
(25)). The use of the spectrograph-CCD ar- 
rangement allowed us to minimize the dele- 
terious influence of this process, since spec- 
tra could be obtained sufficiently rapidly 
after exposing the surface to the laser beam 
(within ca. 10 s) so that only relatively weak 
1100 to 1600-cm ~ features were obtained. 
The spectra reported here were generally 
obtained by using these tactics. Neverthe- 
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FIG. 1. SER spectra observed in the low frequency 
region (200-750 cm-I)  for a reduced gold surface ex- 
posed to various flowing argon mixtures: (a) pure 
argon, (b) 2% SO, ,  (c) 20% 02 + 5 % CO + 2% SO,,  
(d) after the addition of  10 t~l of water to the feed in (c), 
and (e) after removing SO2 from the feed in (d). The 
total gas flow rate was 100 cm 3 min 1. Laser  excitation 
was 20 mW at 647.1 nm; the integration time was 10 s. 

less, the formation of such carbonaceous 
deposits is attenuated greatly, even at room 
temperature, by including an oxidant such 
as oxygen in the argon feed (22). 

Figures lb and 2b show corresponding 
SER spectra obtained similarly, but for an 
argon stream that contains 2% sulfur diox- 
ide. New SER features are clearly observ- 
able at 305 and 1135 cm -~. Although the 
band intensities are independent of the sul- 
fur dioxide partial pressure, the 1135-cm -~ 
feature is evident only in the presence of 
gas-phase sulfur dioxide. In contrast, the 
intensity of the 305-cm-~ band remains un- 
changed when sulfur dioxide is removed 
from the feed and upon evacuation of the 
chamber. It is removed, however, upon 
heating to 475 K. 

Gas-phase sulfur dioxide has three funda- 



66 WILKE ET AL. 

1 2 0 0  1 0 0 0  BOO 

A, w a v e n u m b e r  

FIG. 2. As for Fig. 1, but in the S-O stretching region 
(750-1250 cm-i). 

mental vibrations: an O - S - O  bending mode 
(8) at 519 cm - j ,  a symmetric S -O  stretch 
(v s) at 1151 cm -~, and an asymmetric S - O  
stretch (v a) at 1361 cm 1 (26). The stretching 
frequencies for coordinated sulfur dioxide 
depend on the binding configuration as well 
as on the identity of  the coordinating metal 
(27). Two types of  unidentate metal- l igand 
(M-L)  coordination have been identified in 
S-bound transition metal-sulfur  dioxide 
complexes which are associated with planar 
and pyramidal,  or bent, configurations. The 
observed ranges of  v(SO) for the planar con- 
figuration are 1190-1300 cm 1 for v a and 
1045-1140 cm -~ for us; for the pyramidal 
configuration these ranges are 1115-1225 
cm ~ for v a and 990-1065 c m - l  for vs. The 
v(SO) values for sulfur dioxide coordinated 
via sulfur in twofold briding geometries have 
been observed from 1135 to 1240 cm-~ and 
975 to 1085 cm-~ for v a and v s , respectively 
(27, 28). Sulfur dioxide complexes that are 
coordinated to a metal atom through both 
the sulfur and an oxygen atom (S,O-coordi- 

nation) exhibit 1., a values from 1100 to 1160 
cm-~ and Us from 850 to 950 cm J (27, 28). 
The present SER band observed at 1135 
cm-~ can be assigned to an S - O  stretch of  
adsorbed sulfur dioxide, although it is diffi- 
cult to assign this v(SO) band to either an 
asymmetric or symmetric mode. In the Ra- 
man spectrum of  free sulfur dioxide, the ob- 
served intensity of  the v s mode is much 
greater than that of the v a band (26). The 
band observed at 1135 cm -  J is therefore as- 
signed tentatively to the us of  adsorbed sul- 
fur dioxide, most likely in an S-bound planar 
configuration. The present SER spectra for 
adsorbed SO2 differ significantly from re- 
ported E E L  spectra obtained on Ag(110) (9, 
10), Pd(100) (11), and Cu(100) (13) in that 
the latter yield a stronger v S and a weaker Va 
band having frequencies consistent with a 
pyramidal S-bound adsorbate structure 
(vide infra). 

The present SER band at 305 cm l may 
also be associated with molecularly ad- 
sorbed SO2, specifically the metal-sulfur  
(M-S)  stretch. However ,  the retention of  
this band upon removal of gas-phase SO2, 
contrasting the behavior of  the 1135-cm -~ 
band, indicates that the origin of  the former  
is probably different. Most likely, the 305- 
cm-J band arises from the M - S  stretch of  
adsorbed sulfur formed by SO2 dissociative 
chemisorption. Vibrational frequencies re- 
ported for adsorbed atomic sulfur are 375 
cm -I on P t ( l i l )  (29), 324 cm l on Cu(100) 
(13), and 290 to 305 cm i on Pd(100) (11). 

Similar results were obtained when the 
gold surface was exposed to oxygen prior to 
dosing with sulfur dioxide or to a mixture of  
sulfur dioxide and oxygen.  The presence of 
preadsorbed oxygen or oxygen in the gas 
phase therefore has little effect on the ad- 
sorption of  sulfur dioxide on gold. The effect 
of  added carbon monoxide was also exam- 
ined since it is typically present in combus- 
tion processes.  The results obtained are sim- 
ilar to those already discussed. As shown in 
Figs. lc and 2c, the SER spectra recorded 
for a gold surface exposed to a mixture of  
2% sulfur dioxide, 5% carbon monoxide,  
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and 20% oxygen in argon also exhibit similar 
vibrational bands at 305 and 1135 cm-~. 

The effect of added water vapor was also 
investigated. After the SER spectrum was 
obtained for a given feed composition, 10 
/zl of water was injected into the feed and 
spectra recorded every 10 sec. The presence 
of water resulted in no observable changes 
in the SER spectrum for a gold surface ex- 
posed to sulfur dioxide or to mixtures of 
sulfur dioxide with either oxygen or carbon 
monoxide separately. As shown in Fig. 2d, 
however, the addition of water to a feed 
containing sulfur dioxide, oxygen, and car- 
bon monoxide yielded a band at 1010 cm 
along with a decrease in the intensity of the 
1135-cm ' band. The 305-cm -1 band sur- 
vives largely unchanged under these condi- 
tions. Unlike the 1135-cm -~ feature, the 
1010-cm ~ band remains after removal of 
SO2 from the feed (Fig. 2e) and also after 
evacuation. Nonetheless, the 1010-cm 
feature could be removed irreversibly by 
heating the surface above 325 K. 

Most likely, the 1010-cm ~ band arises 
from an oxidation product of SO2, either 
sulfur trioxide or sulfate. Sulfur trioxide 
complexes exhibit symmetric and asymmet- 
ric S-O stretches in the ranges 930-990 
cm ~ and 1000-11 I0 cm -I, respectively (9, 
30). Given that the symmetric SERS mode 
should be most intense, the 1010-cm ~ band 
has a higher frequency than expected for 
coordinated SO3. Coordinated sulfate, how- 
ever, commonly exhibits symmetric S-O 
stretches in the range ca. 900-1030 cm -j 
(10, 12, 30), the highest frequencies being 
associated with unidentate coordination and 
the lowest with chelating bidentate binding. 
The asymmetric S-O stretches for coordi- 
nated sulfate range from ca. 1280 to 1035 
cm ] (10, 12, 30). We therefore tentatively 
assign the 1010-cm- 1 band to adsorbed sul- 
fate, most likely to the symmetric stretch of 
the unidentate coordinated form. 

Platinum-Coated Gold 

The SER spectrum obtained for reduced 
platinum-coated gold surface in flowing 
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FIG. 3. SER spectra observed for a reduced platinum- 
coated gold surface exposed to various flowing argon 
mixtures: (a) pure argon, (b) 2% SOz, (c) 20% O~ + 5% 
CO + 2% SO2, (d) after the addition of 10/zl of water 
to the feed in (c), and (e) alter removing SO2 from the 
feed in (d). The overlayer coverage was two equivalent 
monolayers; other conditions are as in the caption to 
Fig. I. 

argon (Figs. 3a, 4a), exhibits no distinct Ra- 
man bands; the Au-CI stretch at 260 cm J, 
observed for unmodified gold surfaces, is 
only weak. Typical SER spectra obtained 
for a reduced platinum-coated gold surface 
exposed to a mixture of 2% sulfur dioxide in 
argon are shown in Figs. 3b and 4b. Raman 
bands are evident at 320, 940, and 1135 
cm-1. The intensities of these bands are in- 
dependent of the sulfur dioxide partial pres- 
sure, although only the band at 320 cm-J 
remains when sulfur dioxide is removed 
from the feed. Unlike the 305-cm-1 feature 
on unmodified gold, removal of the 320- 
cm ~ band required heating to 475 K in an 
oxygen atmosphere. Since the 320-cm -~ 
band is also upshifted significantly (15 cm l) 
compared to that on unmodified gold, it is 
assigned to the M-S stretch of sulfur ad- 
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FIG. 4. As for Fig. 3, but in the S-O stretching region 
(750-1250 cm-J). 

sorbed on platinum rather than on residual 
gold sites. Following the arguments above,  
the band observed at 1135 cm ~ is assigned 
to u(SO) of adsorbed sulfur dioxide. Al- 
though the observed intensity of  the u(SO) 
band at 1135 cm- I  is much greater for the 
platinum-coated surface than for unmodi- 
fied gold, it is difficult to judge on this basis 
if the sulfur dioxide is adsorbed purely on 
platinum or additionally on residual gold 
sites. The f requency of  the 940-cm- '  band 
is consistent with that expected for the sym- 
metric stretch of adsorbed sulfur dioxide 
having S,O-coordination as well as similar 
modes for adsorbed sulfate or adsorbed sul- 
fur trioxide (vide supra). 

When sulfur dioxide is dosed on a plati- 
num surface that has been exposed pre- 
viously to oxygen or to mixtures of  sulfur 
dioxide and oxygen,  only the 320-cm ~ fea- 
ture is evident,  the bands at 940 and 1135 
cm-  ~ not being observed.  This contrasts the 
corresponding behavior  of  unmodified gold, 
where the z,(SO) band at 1135 cm - l  was ob- 

served under all conditions. The 1135-cm-' 
band on platinum-coated gold therefore ap- 
pears to arise primarily from SO2 bonding 
to platinum rather than to residual gold sites. 

The SER spectra for a platinum-coated 
gold surface exposed to mixtures of  sulfur 
dioxide with carbon monoxide or carbon 
monoxide and oxygen are similar to those 
obtained for reduced platinum surfaces; Ra- 
man bands are evident at 320,940, and 1135 
cm 1 (Figs. 3c, 4c). In addition, there is a 
band observed at 470 cm-~ (Fig. 3c) which 
is assigned to the meta l -carbon stretch, 
u(PtC), for adsorbed carbon monoxide (22). 

The effect of  added water  was similar to 
that obtained for unmodified gold surfaces; 
there was no observable change in the SER 
spectra with the addition of  water to feeds 
of  sulfur dioxide or to mixtures of  sulfur 
dioxide with either oxygen or carbon mon- 
oxide. As for unmodified gold, however,  if 
water is added to a feed of  sulfur dioxide, 
carbon monoxide,  and oxygen,  two new 
bands are observed in the SER spectrum at 
1010 and 1020 cm i (Fig. 4d). The intensity 
of  the 1135-cm-~ band also decreases sig- 
nificantly and the 940-cm -~ feature is no 
longer evident. The bands at 1010 and 1020 
cm-~ remain if sulfur dioxide is removed 
from the feed and are stable after evacuation 
(Fig. 4e). As before,  these bands are tenta- 
tively assigned to the formation of  adsorbed 
sulfate. Since the 1020-cm ' band is absent 
on unmodified gold, it is assigned to u(SO) 
of sulfate adsorbed on platinum. The 1010- 
cm-~ band is also attributed to a u(SO) of  
adsorbed sulfate, but it is difficult to say if 
the band is due to sulfate adsorbed on gold 
or on platinum sites since a band is observed 
at the same frequency for unmodified gold. 
The intensity of  this band is, however,  about 
three times greater on the platinum-coated 
gold surface so the platinum is at least yield- 
ing more sulfate, even if some of  it may be 
adsorbed on residual gold sites. The inten- 
sity of  both the 1010- and 1020-cm-~ bands 
was seen to decrease as the surface tempera- 
ture was increased above 300 K, virtually 
disappearing by 335 K. Neither  band re- 
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FIG. 5. SER spectra observed for reduced rhodium- 
coated gold surface exposed to various flowing argon 
mixtures: (a) pure argon, (b) 2% SO2, (c) 20% 02, (d) 
20% 02 + 2% SO2. The overlayer coverage was three 
equivalent monolayers; other conditions are as in the 
caption to Fig. 1. 

turned upon cooling the surface to room 
temperature .  

Rhodium-Coated Gold 

There  are no clearcut Raman  bands evi- 
dent in the SER spectra for a reduced rhodi- 
um-coated gold surface in flowing argon 
(Fig. 5a). The addition of 2% sulfur dioxide 
to the argon feed results in a single band at 
320 c m - l  (Fig. 5b); there is no evidence of  a 
u(SO) band at higher frequencies that would 
indicate the presence  of adsorbed sulfur di- 
oxide. The intensity of  the 320-cm ~ band 
does not change if sulfur dioxide is r emoved  
from the feed or if the sample chamber  is 
evacuated.  As before,  this feature is as- 
signed to the metal -adsorbate  stretch of  ad- 
sorbed sulfur formed from the dissociative 
chemisorpt ion of  sulfur dioxide. 

The SER spect rum for a rhodium surface 

that has been exposed previously to oxygen 
exhibits a band at 500 cm-~ (Fig. 5c); this 
has been assigned to the R h - O  stretch, 
u(RhO), of  adsorbed atomic oxygen (22). 
The addition of 2% sulfur dioxide to the 
argon feed results in the irreversible attenu- 
ation of  the v(RhO) feature and the appear-  
ance of the 320-cm-~ band (Fig. 5d). There  
is again no evidence of  a u(SO) stretch at 
1135 cm ~. Identical results were obtained 
with the addition of 2% sulfur dioxide to a 
feed of 20% oxygen in argon. This process  
was complete  within 2 min after the intro- 
duction of sulfur dioxide into the feed. There  
was no change in the intensity of  the band 
at 320 cm i as the surface was heated to 
475 K. I f  the surface was held at this temper-  
ature in an oxygen a tmosphere  for several 
minutes,  however ,  a gradual decrease  in the 
320-cm i band intensity was observed  and 
the ~(RhO) band appeared.  

The results obtained for rhodium surfaces 
exposed to feeds containing carbon monox-  
ide were essentially the same as outlined 
above.  The addition of  sulfur dioxide to the 
feed results in a band at 320 c m -  1 and bands 
attr ibuted to adsorbed carbon monoxide,  
namely the R h - C  stretch at 465 cm 1, de- 
crease in intensity. There is again no evi- 
dence of a v(SO) stretch at 1135 cm i. In 
contrast  to the results obtained for gold and 
plat inum-coated gold surfaces,  the addition 
of  water  resulted in no observable  changes 
in the SER spect rum for all of  the feed mix- 
tures studied. 

Ruthenium-Coated Gold 

The SER spect rum for a reduced rutheni- 
um-coated gold surface in flowing argon is 
shown in Figs. 6a and 7a. The broadbands  
centered at 490 and 610 cm i have been 
assigned to adsorbed atomic oxygen and to 
more tightly bound oxide, respect ively (22). 
In contrast  to the other  surfaces,  heating the 
surface to 475 K in flowing hydrogen did not 
complete ly  remove  adsorbed oxygen f rom 
the ruthenium surface. (Holding the surface 
at 475 K for extended periods of  t ime or 
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FIG. 6. SER spectra observed for a reduced rutheni- 
um-coated gold surface exposed to various flowing 
argon mixtures: (a) pure argon, (b) 2% SO2, (c) after 
the addition of 10/~1 of water to 20% 02 + 2% SOz, (d) 
after heating the surface in (c) to 423 K in 20% Oz. The 
overlayer coverage was three equivalent monolayers; 
other conditions are as in the caption to Fig. I. 

increasing the temperature above this point 
resulted in an irreversible loss in the surface 
Raman enhancement.)  The addition of  sul- 
fur dioxide to the feed results in a SER band 
at 300 cm-~ (Fig. 6b), as well as a barely 
discernible feature at 1135 cm -1 (Fig. 7b). 
There is also a decrease in the intensity of 
the 490-cm-1 R u - O  band with the addition 
of  sulfur dioxide. The 1135-cm -j band is 
assigned to the u(SO) of  adsorbed sulfur di- 
oxide, although it cannot be determined if 
the adsorption is occurring on ruthenium or 
on gold since both the band frequency and 
intensity are similar to those obtained on 
unmodified gold. The 300-cm J band is as- 
signed as before to the metal-adsorbate 
stretch of  an adsorbed sulfur species formed 
from the dissociative chemisorption of  sul- 
fur dioxide. Virtually identical results were 

obtained with the addition of sulfur dioxide 
to feeds containing oxygen, carbon monox- 
ide, or both oxygen and carbon monoxide. 

The results obtained for ruthenium sur- 
faces with the addition of  water were some- 
what different from those obtained for other 
surfaces. Although there was no change in 
the SER spectrum with the addition of water 
to a feed of  just sulfur dioxide and argon, 
the addition of water to feeds  containing 
both sulfur dioxide and oxygen, with and 
without carbon monoxide, results in a new 
band at 1030 cm ] (Fig. 7c). As before, this 
band is assigned to u(SO) of adsorbed sul- 
fate. (Recall that for gold and platinum- 
coated gold surfaces, such bands were only 
observed with the addition of  water to feeds 
containing sulfur dioxide, oxygen, and car- 
bon monoxide.) The 1030-cm -l  feature is 
stable to evacuation. The band cannot be 
seen in spectra obtained at temperatures 
greater than 325 K, although it returns to its 
full intensity when the surface is cooled to 

1 0 0 0  

b 

12'00 10'00 8OO 

A w a v e n u m b e r  

FIc. 7. As for Fig. 6, but in the S-O stretching region 
(750-1250 cm 1). 
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FiG. 8. Potential-dependent SER spectra in the S - O  
stretching region (800-1300 cm i) for an unmodified 
gold electrode in 0.5 M H2SO 4 with dissolved SOt. The 
potential was cycled from 0.2 to 1.5 V to - 0 . 5  V and 
back at a rate of  0.1 V s-I .  Spectra were obtained 
sequentially at (a) 0.2, (b) 0.4, (c) 0.8, (d) - 0 . 4 ,  and (e) 
0.2 V. Laser  excitation was 40 mW at 647.1 nm; the 
integration time was 2 s. 

room temperature (Fig. 6d). In contrast  to 
similar bands observed on gold and plati- 
num, then, the species associated with this 
band is not removed readily under these 
conditions. 

Electrochemical Behavior 

Potential-dependent SER spectra were 
obtained for aqueous solutions of  sulfur di- 
oxide, primarily in 0.1 M HCIO 4 + 50 mM 
HCIO 4. The electrolyte was sparged with 
SO 2 for ca. 10-20 s. Between ca. - 0 . 1  V 
and 0.4 V vs saturated calomel electrode 
(SCE) on unmodified gold, the SO 2 is essen- 
tially stable to reduction and oxidation, re- 
spectively (cf. Ref. (31)). Under these con- 
ditions, a band was observed at I130 cm 
on unmodified gold (Fig. 8a), similar to that 
seen in the corresponding gas-phase envi- 

ronment (Fig. 2b). Sweeping the potential 
positive of  ca. 0.4 V (at 0.01-0.1 V s -])  
results in the disappearance of  this band 
(Fig. 8b,8c), which does not return after the 
potential sweep is reversed so as to traverse 
the original values (Fig. 8d). 

Sweeping the potential negative of  - 0 . 1  
V yields a band at ca 300 cm -  1 (Fig. 9e). As 
before,  this feature can be attributed to the 
surface-adsorbate stretch for atomic sulfur; 
in this case, however ,  the sulfur appears 
only upon electroreduction of  sulfur diox- 
ide. After reversing the potential at - 0 . 5  V 
and sweeping back positive beyond - 0.2 V, 
the 300-cm ~ band is at tenuated and new 
features appear at 220 and 460 cm I (Fig. 
9f). The 460- and 220-cm-I bands can be 
attributed to S -S  stretch and bending 
modes,  respectively,  for polysulfides (32, 
33); these are presumably formed by sulfide 
electrooxidation (34-36). These assign- 
ments are supported by the observation of 
identical spectral changes during the elec- 

I 500 /~460 
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FIG. 9. As for Fig. 8, but in the low frequency region 
(200-750 cm i). 
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trooxidation of sulfide on unmodified gold 
under these conditions (in the acidic electro- 
lyte employed, the added sulfide is present 
as H2S). The surface must be held at 1.5 V 
for several seconds to remove completely 
the band at 460 cm-  1, so the adsorbed poly- 
sulfide is slowly oxidized. Although it can 
be reduced to sulfide at potentials negative 
of - 0 . 4  V, polysulfides immediately reform 
on the surface when the potential returns 
positive. 

The voltammetric response obtained for 
a platinum-coated gold electrode in the pres- 
ence of dissolved sulfur dioxide in 0.1 M 
NaCIO4 + 50 mM HCIO4 is similar to that 
of an unmodified gold surface; SOz is oxi- 
dized at potentials positive of 0.4 V and is 
reduced negative of -0 .1  V. The potential- 
dependent SER spectra on the Pt-coated 
surface, however, are significantly differ- 
ent. If SOz was introduced into the solution 
with the electrode held at -0 .1  to 0 V (i.e., 
so as to avoid surface electrooxidation), a 
broadband at ca. 1100 cm I is obtained (Fig. 
10a), attributed to adsorbed SO 2 . Sweeping 
the potential to more positive values (ca. 
0.2 V and higher) yields a diminution of  this 
feature along with the appearance of bands 
centered at 1065 and 930 cm l (Fig. 
10b-10d). The latter features survive even 
at far positive potentials. The 930-cm -j 
band is similar to that observed for SO2 on 
platinum-coated gold in the gas phase (Fig. 
4b). Most likely, both the 1065- and 930- 
cm-  J bands refer to oxidation products from 
adsorbed SO2, either SO3 and/or sulfate. 
Sweeping the potential back to negative val- 
ues results in the partial reappearance of the 
1100-cm ~ feature (Fig. 10e). The potential- 
dependent SER spectra on Pt-coated gold 
in the 200 to 500-cm ~ region at negative 
potentials, where SO 2 reduction occurs, are 
comparable to those observed on unmodi- 
fied gold. 

Similarly to platinum, the spectra ob- 
tained on rhodium-coated gold electrodes 
are sensitive to the prior state of the surface. 
At potentials, -0 .1  to 0 V, where the sur- 
face is largely reduced (i.e., is oxide-free), 
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FIG. 10. Potential-dependent SER spectra for a plati- 
num-coated gold electrode in 0.5 M H2SO 4 with dis- 
solved SO2. Spectra were obtained sequentially at (a) 
-0 .1 ,  (b) 0.2, (c) 0.7, (d) 1.2, and (e) - 0 . 4  V. The 
overlayer coverage was two equivalent monolayers; 
other conditions are as in the caption to Fig. 8. 

addition of SO 2 yields a band centered at ca. 
1100 cm -~, again indicative of molecular 
SO2 adsorption. Sweeping the potential pos- 
itive yields a diminution of this feature along 
with the appearance of bands at 960 and 
1080 cm 1, again presumably due to the for- 
mation of adsorbed SO3 and/or sulfate. The 
behavior at negative potentials, upon SOz 
reduction, is similar to that on gold and plati- 
num. On ruthenium-coated gold electrodes, 
dosing with SO2 at - 0 .  I V yields a weak 
feature at 1120 cm -~, which gives way to a 
band at 1015 cm J by ca. 0.4 V. Initial SO z 
dosing at more positive potentials, however, 
yields no significant features in the 900-1150 
cm-1 region, although the 600-cm 1 band 
due to the ruthenium-oxygen stretch grows 
in intensity under these conditions. Again, 
the SERS behavior on ruthenium at negative 
potentials is similar to that observed on the 
other surfaces. 
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No clearcut u(SO) bands due to adsorbed 
sulfate were obtained at the present electro- 
chemical surfaces in the presence of solu- 
tion sulfate anions. While this finding cer- 
tainly does not eliminate sulfate species as 
a likely assignment of the 1060- to 1080- 
cm-~ features formed upon SO 2 electrooxi- 
dation on platinum and rhodium, it never- 
theless is indicative of a distinctly different 
mode of surface binding in the latter case. 

DISCUSSION 

The present results indicate, not surpris- 
ingly, that the nature of the SO2 binding 
along with the extent of dissociation and 
adsorbate oxidation is sensitive to the na- 
ture of the metal-gas surface. At least on 
unmodified gold and on the platinum over- 
layer in the gas phase, significant molecular 
adsorption of SO 2 occurs, as evidenced by 
the ca. 1135-cm I band. The virtual absence 
of this feature on rhodium and ruthenium 
in the gas phase, signaling the paucity of 
molecularly adsorbed SO:, can be under- 
stood partly from the greater extent of dis- 
sociative chemisorption to form adsorbed 
sulfur, as discerned from the ca. 300-cm 
band, and from the prevalence of adsorbed 
oxygen on these easily oxidized surfaces, 
even under "reducing" conditions. The role 
of the latter factor is readily seen, for exam- 
ple, in the attenuation of the 1135-cm 
SERS band for SO2-dosed platinum sur- 
faces that had undergone prior exposure to 
oxygen. 

Broadly speaking, the appearance of mo- 
lecularly adsorbed SO2, as gleaned from the 
1100-1150 cm J region, is largely similar at 
the corresponding metal-aqueous inter- 
faces, at least at potentials where SO, is 
stable to oxidation or reduction. One differ- 
ence, however, is the appearance of bands 
at 1100-1135 cm i for reduced rhodium and 
ruthenium electrodes, that are weak or ab- 
sent at the corresponding " reduced"  sur- 
laces in the gas phase. This dissimilarity, 
however, is not surprising since adsorbed 
oxygen (or oxide) can more readily be re- 

moved in the electrochemical environment 
by appropriate potential control. 

In a similar vein, an interesting difference 
between the two environments is the com- 
mon observation of dissociative SOz chemi- 
sorption to form sulfur on the metal-gas 
surfaces, as reflected in the appearance of 
the ca. 300-cm I band on unmodified gold 
as well as the transition metals, along with 
the 1100 to 1135-cm-~ band for molecularly 
adsorbed SO2. At the electrochemical inter- 
faces, however, the production of adsorbed 
sulfur can largely be avoided by keeping 
the potential positive of ca. -0 .1  V. This 
behavioral dissimilarity illustrates a funda- 
mental difference between the gas-phase 
and electrochemical systems: for the latter, 
the occurrence of adsorbate oxidation or re- 
duction (in this case reductive dissociation) 
is influenced by the electrode potential 
which can be controlled externally. In the 
former case, the potential (i.e., the work 
function) is determined by the nature of the 
metal and the adsorbate surface compo- 
sition. 

Another behavioral difference between 
the gas-phase and electrochemical environ- 
ments is that SO2 reduction and subsequent 
reoxidation in the latter case yields ad- 
sorbed polysulfides as discerned from the 
460- and 220-cm ' bands; no such chemistry 
occurs in the former systems. Most likely, 
the polysulfide formation involves the reoxi- 
dation of dissolved sulfide, which is obvi- 
ously absent in the gas-phase environment. 
A detailed examination of the sulfide/poly- 
sulfide electrochemical system by means of 
time-resolved SERS is underway, and will 
be reported elsewhere. 

As mentioned above, dissociative SO2 
chemisorption yielding sulfur adlayers has 
also been observed on several metal sur- 
faces in uhv, along with the common appear- 
ance of molecular adsorption. Regarding the 
latter, the present occurrence of SO 2 bound 
in a planar configuration, as inferred from 
the SERS 1100 to I135-cm -~ features, dif- 
fers somewhat from the behavior on metal- 
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uhv surfaces at temperatures below 200 K, 
as obtained from EELS data. Thus bands 
assigned to v s for molecularly adsorbed SO2 
have been reported at 1005 cm- I on Ag(110) 
(9), at 1035 cm -I on Pal(100) (11), and at 
978 cm -~ on Cu(100) (13). Based on these 
frequencies, as noted above, the SO2 was 
interpreted as bridging in a pyramidal, or 
bent, configuration. There are apparently no 
previous reports of SO2 adsorption at 
metal-gas interfaces at ambient tempera- 
tures, presumably due to the high gas pres- 
sures required to avoid thermal desorption. 
Both the small us frequency shift upon ad- 
sorption and the ready thermal desorption 
of the molecularly adsorbed SO2 under the 
present conditions, however, point to a 
likely presence of weak surface-adsorbate 
interactions. 

An interesting question raised by the pres- 
ent results is the manner in which SO2 un- 
dergoes surface oxidation to form sulfate 
and possibly SO3. One curious aspect is that 
SO2 oxidation on both the platinum and un- 
modified gold surfaces in the gas phase re- 
quires the presence of water along with 02 
and CO. The role of CO could well be mani- 
fold. For platinum, the appearance of SO2 
adsorption itself in the presence of oxygen 
also requires CO; the last species could 
partly remove tightly bound oxygen (by 
forming CO2 or by competitive adsorption), 
enabling SO2 binding and subsequent oxida- 
tion to take place. In addition, the adsorbed 
CO may well be more readily displaced than 
atomic oxygen, thereby enabling sulfate ad- 
sorption to occur. Somewhat surprising in 
this regard, however, is the behavior of the 
ruthenium surface in that sulfate formation 
upon the addition of water and 02 occurs on 
this metal even in the absence of carbon 
monoxide. 

Although adsorbed species resulting from 
SO2 oxidation are also observed in the corre- 
sponding aqueous electrochemical environ- 
ments, there are significant behavioral dif- 
ferences. Thus the band frequencies of the 
oxidized species formed on platinum and 

rhodium, ca. 1060-1080 cm J, are signifi- 
cantly higher than those at the surface-gas 
interfaces. In addition, no adsorbed oxida- 
tion products are detected at the unmodified 
gold-aqueous interface. In general, these 
differences are not surprising, especially 
given that solubility in the aqueous solution 
phase will inevitably affect retention of the 
adsorbed products in the electrochemical 
systems. 

The EELS vibrational properties of the 
sulfate formed by oxidation of adsorbed SO2 
with oxygen on uhv surfaces also differs 
significantly from those observed at the 
present metal-gas interfaces. For example, 
the sulfate formed on Ag(110) at tempera- 
tures above 475 K yields a strong v S band at 
910 cm i and weaker (presumably v a fea- 
tures) at 1070 and 1275 cm -~ (10). These 
differences can be understood from the bi- 
dentate sulfate coordination apparently in- 
volved in the uhv systems (10-12), as com- 
pared with the unidentate binding most 
likely occurring in the present systems. 

Together with the results of a companion 
paper concerned with NO, CO, and oxygen 
adsorption (22), we believe that the present 
results testify to the value of SERS for moni- 
toring the vibrational properties of ad- 
sorbates on transition-metal as well as 
noble-metal surfaces in the gas phase, even 
at ambient pressures and elevated tempera- 
tures. The recent advent of CCD technology 
enables surface Raman spectra to be ob- 
tained for a variety of adsorbates, even un- 
der "weak SERS" conditions (such as oc- 
curring with thicker overlayers) within a few 
seconds. 

Of particular interest to us in this connec- 
tion are the prospects of coupling such time- 
resolved SERS observations with transient 
(or "non-steady state") kinetic measure- 
ments for heterogeneous catalytic systems 
obtained simultaneously in the flow reactor 
system. We have pursued analogous cou- 
pled real-time SERS-electrochemical mea- 
surements for some time (37), and these 
studies are especially viable now with CCD 



SERS AT T R A N S I T I O N  M E T A L - G A S  I N T E R F A C E S  75 

detection. We hope to report on experi- 
ments involving combined SERS-heteroge- 
neous catalytic kinetic measurements in the 
near  fu ture .  
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