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The effect of the pH of a solution on the surface-enhanced Raman scattering (SERS) of halide species has been investigated in 
silver sol and at a silver electrode. The SER spectral changes observed were interpreted in terms of the competitive adsorption of 
hydroxide and halides, and the accompanying modification of surface properties. The competitive adsorption could be evidenced 
further from the pyridine/chloride system. With the increase of the pH of the solution, the surface halide concentration decreased 
letting the Y, (symmetric ring breathing) peak of adsorbed pyridine become more intense than the u12 (trigonal ring breathing) 
peak, and vice versa. The cyclic voltammographic study combined with the SERS data led us to conclude that a hydroxide ion 
cannot adsorb competitively with bromide on silver, while it can with chloride. 

1. Introduction 

Surface-enhanced Raman scattering (SERS) has 
been shown to be a very powerful method for deter- 
mining the properties like orientation and confor- 
mation of molecules adsorbed on certain metal sur- 
faces [ l-4 1. Recently, the technique has been applied 
even to the studies of electrochemical and photo- 
chemical reactions on metal surfaces [ $6 1. As im- 
plied, however, the majority of the previous SERS 
studies have been directed toward understanding the 
characteristics of adsorbates, neglecting the metal 
surface itself, which plays a crucial role in the reali- 
zation of SERS phenomenon. Considering that 
changes in the experimental conditions like pH, ionic 
strength, etc. should give rise to variations in both 
the nature of adsorbate and the surface properties, a 
more close inspection on the effect of the experimen- 
tal conditions is believed to be a prerequisite for the 
reliable interpretation of SERS data. 

The effect of the pH of the solution on the SERS 
behavior of adsorbate has been investigated by nu- 
merous investigators [ 7-91. The fraction of proton- 
ated species on the surface was observed to change 
with the pH of the solution, as in the bulk phase. This 
led to a change in either the adsorption mechanism 

[ 731 or the orientation of adsorbate [9]. In addi- 
tion, reactions occurring on the surfaces were also 
shown to be affected by the pH of the solution [ 51. 
All these observations, however, have one common 
feature; they have their solution counterpart. In other 
words, they can be predicted and interpreted based 
on the solution chemistry of the adsorbate molecules. 

In this paper, the competitive adsorption of hy- 
droxide and halide ions investigated using SERS and 
electrochemical techniques will be reported. Various 
changes in SERS features accompanying the varia- 
tion in the pH of the solution will be explained using 
this competitive adsorption and the accompanying 
modifications of surface properties. To our knowl- 
edge, this is the first study that deals with the role of 
the hydroxide ion in the SERS system which has no 
counterpart in solution chemistry. 

2. Experimental 

The method of preparation of aqueous silver sol 
was described in detail previously [ lo]. Aqueous so- 
lutions of samples were added to Ag sols to certain 
desired concentrations. After the color of the sol so- 
lution changed from yellow to green, polyvinylpyr- 
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rolidone (PVP) was added as a colloid stabilizer. The 
pH of the solution was adjusted using NaOH. A glass 
capillary was used as a sampling device. 

Both the electrochemical cell and instrumental de- 
tails for Raman measurement have been reported 
previously [ 111. The method of electrode prepara- 
tion for SER experiment was described therein. A 
conventional double potential step, which we call an 
“in-situ” oxidation-reduction cycle (ORC), was used 
to roughen the Ag electrode. All potentials are quoted 
versus a saturated calomel electrode (SCE). All the 
chemicals were reagent grade, and were used as 
received. 

3. Results and discussion 

Fig. 1 shows the SER spectra of chloride in aqueous 
silver sol at various pHs of the solution. In agreement 
with the previous studies [ 12,13 1, the Ag-Cl stretch- 
ing vibration appeared at about 240 cm- ‘, at neutral 
pH (fig. 1 a). When the pH of the solution increased, 
this peak became weaker and its frequency de- 
creased. It became barely discernible from the Ray- 
leigh background at about pH 10 (fig. le). At first 
sight, these changes in the SERS feature of chloride 
may be ascribed to the intrinsic decay of the SERS 
signal. Based on the fact that the silver sol is generally 
less stable at higher pH, the increase in pH can be 
considered to alter the state of aggregation of the sol 
particles, and this in turn to reduce the SERS en- 
hancement [ 141. However, such a possibility can be 
ruled out in the present case, because other SERS fea- 
tures, except for the Ag-Cl stretching vibration, were 
still present and not so much affected by the pH in- 
crease when another adsorbate like pyridine was 
added to the solution (vide infra). Moreover, when 
the solution pH was raised further, new SERS fea- 
tures appeared at about 260 and 665 cm-’ (fig. If ). 
Weaver et al. [ 121 examined the relation between 
SERS and surface coverage for some structurally 
simple adsorbates. It was demonstrated for adsorbed 
chloride and bromide that an approximate correla- 
tion existed between the fractional coverage and the 
variation in the SERS intensity. Based on this study, 
the decrease in the intensity of the Ag-Cl stretching 
vibration can be attributed mainly to the decrease in 
the surface coverage of chloride on silver. The Ag-Cl 
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Fig. 1. SER spectra of 2 x 1 O-’ M BaCI, in aqueous silver sol at 
(a) pH 6.0, (b) pH 7.5, (c) pH 8.5, (d) pH 9.0, (e) pH 10.0, 
and (f) pH 12.0, respectively. (g) SER spectrum of 2x lo-’ M 
BaBr, m aqueous silver sol at pH 6.0. Laser, 5 14.5 nm; power, 
100 mW, spectral slit width, 10 cm-‘. 

stretching frequency is known to decrease with the 
decrease in the surface concentration of chloride 
[ 13,15 1, which was also observed in our spectra. 

Salaita et al. [ 161 investigated the surface layers 
formed, when a well-defined Ag( 111) surface was 
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immersed into aqueous halide solutions at controlled 
pH and electrode potential, by means of Auger elec- 
tron spectroscopy, low-energy electron diffraction, 
and voltammetry. They reported that the competi- 
tive adsorption of OH- and Cl- on silver surfaces 
occurred at around pH 10. The competitive adsorp- 
tion of OH- and Cl- was also observed on a gold 
electrode surface using SERS as a probe [ 171. In con- 

junction with these reports, we have obtained cyclic 
voltammograms of silver electrodes in various envi- 
ronments. Figs. 2a and 2b represent the cyclic vol- 
tammograms of Ag in 0.1 M NaOH and in 0.0 1 M 
KCl, respectively. These are in good accord with those 
reported by previous investigators [ l&l9 1. Fig. 2c 
shows a cyclic voltammogram of Ag in a 0.1 M 
NaOH/O.Ol M KC1 mixture. The voltammogram of 
the mixture can be thought of as a superposed sum of 
those in figs. 2a and 2b. From this, one may argue 
that both processes responsible for figs. 2a and 2b op- 

erate together at the silver electrode immersed in the 

Fig. 2. Cyclic voltammograms of Ag in (a) 0.1 M NaOH, (b) 

0.01 M KCl, (c) 0.1 M NaOH/O.Ol M KCI, (d) 0.01 M KEh, 

and (e) 0.1 M NaOH/O.Ol M KBr at 20 mV/s scan rate. 

mixture. The usual picture of surface electrooxida- 
tion of noble metals involves initial adsorption of 
OH - and Cl -, followed by place exchange of the sur- 
face metal atoms and electron transfer [ 17,19,20]. 
Thus we can infer from fig. 2c that both ions, Cl- and 
OH-, adsorb on silver simultaneously, at least in the 
anodic region, although the competitive adsorption 
of the ions at 0 V, which is known to be the typical 
surface potential of silver sol [ 2 11, cannot be evi- 
denced from this voltammogram. With all the data 
above in mind, it seems quite plausible that the ob- 
served spectral change following a pH increase would 
be caused by the competitive adsorption of OH- and 
Cl- on the silver sol surface. The higher the pH of 
the silver sol solution, the more surface sites may be 
occupied by hydroxide ions rather than chloride ions. 
This may result in changes in SER spectral features 
of chloride. 

In order to find further evidences for the involve- 
ment of competitive adsorption under our experi- 
mental conditions, we attempted vibrational assign- 
ments of the new SERS features at about 260 and 665 
cm-‘, which appeared at around pH 12 (fig. If ). 
These peaks may be ascribed to the vibrations of ox- 
ygen-related species on the surface if the competitive 
adsorption really occurs. Stuve et al. [22] investi- 
gated the adsorption and reaction of water on clean- 
and oxygen-covered Ag ( 110) surfaces using high- 
resolution electron energy loss spectroscopy (EELS), 
temperature-programmed desorption method, and X- 
ray photoelectron spectroscopy. The reaction of ad- 
sorbed Hz0 with preadsorbed oxygen to produce ad- 
sorbed hydroxyl groups was observed by EELS in the 
temperature range of 205 to 255 K. Two peaks were 
seen clearly at 280 and 670 cm-’ in the EEL spec- 
trum, which were assigned by them to y( Ag-OH) and 
G(Ag-OH), respectively. Considering that the reso- 
lution of EELS technique was at best z 30 cm-l [ 231, 
the frequencies of these peaks are in good agreement 
with the frequencies of our new SERS features. Iwa- 
saki et al. [ 241 studied the Ag electrode reaction in 
NaOH solution by means of SERS. They reported the 
observation of Raman lines due to atomic oxygen and 
hydroxyl species adsorbed on Ag surface during and 
after the reduction process of oxide layers grown on 
an electrode surface. However, the peaks at around 
280 and 670 cm-’ which were observed in the pres- 
ent work and by Stuve et al. [22] were absent. In- 
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stead, they observed the Raman lines at 470 and 860 
cm- ‘, which they assigned to v ( Ag-OH ) and 6( Ag- 
OH), respectively. The reason for the discrepancies 
between the two sets of data cannot be clarified at the 
moment. Nevertheless, Iwasaki et al. ascribed them 
to the differences in the adsorption sites. We think 
that such discrepancies may arise from the differ- 
ences in the experimental conditions employed. In 
fact, Iwasaki et al. observed OH species on an Ag 
electrode during and after the reduction process of 
oxide layers, while we are observing the OH species 
on the silver sol surface. 

At this point, it may be worthwhile to compare the 
properties of a surface covered with hydroxide ions 
with those of an oxide surface. A metal surface cov- 
ered with hydroxide ions is expected to have proper- 
ties halfway between those of bare metal and those of 
oxide surfaces. Many investigators studied the prop- 
erties of various oxide surfaces [ 25-271. It has been 
known that the oxide/electrolyte interface can be 
modeled in terms of the chemical affinity of surface 
hydroxyl groups for charged species in solution [ 25 1. 
This model dictates that anions are repelled from the 
surface with rising pH, which has been confirmed ex- 
perimentally [ 26,271. If this model for an oxide sur- 
face is indeed applicable to a surface covered with 
hydroxide ions, the coverage of chloride ions on the 
surface is supposed to be smaller than that antici- 
pated solely from the competitive adsorption of Cl- 
and OH- ions. Strong repulsive lateral interactions 
due to adsorbed oxygens are also known [ 22 1, which 
may reduce the surface chloride concentration 
further. 

SER spectra of bromide on silver sol at various pHs 
of the solution were obtained in order to get more 
information on the role of the hydroxide ion (fig. lg). 
The Ag-Br stretching vibration appeared at about 160 
cm- ‘, in agreement with the previous results [ 12,19 1. 
In contrast to the SER spectra of chloride, the SER 
spectra of bromide hardly changed with rising pH of 
the solution. Even at pH 12, the SERS feature of bro- 
mide appeared at about 160 cm- ’ with almost iden- 
tical intensity as that at pH 5. Besides, in the pres- 
ence of bromide ions the silver sol was considerably 
stable at high pH. These observations can be under- 
stood from the fact that the adsorption strength of 
Br- on silver is far greater than that of Cl- [ 281. Be- 
cause of the strong adsorbing power of bromide, a hy- 

droxide ion may not be able to adsorb on silver com- 
petitively with bromide, while it may with chloride. 
Stronger adsorption of bromide on silver can also be 
inferred from the cyclic voltammograms (figs. 2d and 
2e). The onset of the peak due to oxidation of Ag in 
0.01 M KBr is just below 0 V while the onset of the 
corresponding peak in 0.01 M KC1 lies at about 0.12 
V (fig. 2b). The peak due to reduction of AgBr layer 
is centered at about -0.27 V, while the peak due to 
reduction of AgCl layer is centered at about - 0.18 
V. These data are indicative of stronger adsorption 
of bromide on silver than that of chloride. Fig. 2e 
shows the cyclic voltammogram of Ag in 0.1 M 
NaOH/O.Ol M KBr. As in the case of Ag in 0.1 M 
NaOH/O.Ol M KCl, the voltammetric features due 
to both OH- and Br- are observed in the anodic re- 
gion. In the case of Ag in 0.1 M NaOH/O.Ol M KBr, 
however, the features due to Br- are more distinct, 
and its characteristics appear clearly at around 0 V 
versus SCE, a typical surface potential of silver sol 
particles. These data, combined with the SERS data 
on bromide, lead us to conclude that a hydroxide ion 
cannot adsorb competitively with bromide on silver 
sol, while it can with chloride. 

Our study about the influence of the pH of the so- 
lution on SERS features was extended to the pyri- 
dine/chloride system in silver sol. This is one of the 
systems extensively studied by means of SERS. Two 
peaks are known to appear most prominently in the 
SER spectrum of pyridine at 1008 and 1035 cm- ‘, 
which are assigned, respectively, to the v, (symmet- 
ric ring breathing) and v,* (trigonal ring breathing) 
modes [ 29 1. Interestingly, it was reported that the 
relative intensities of the two peaks changed with the 
bulk chloride concentration at 0 V [ 29 1. When chlo- 
ride ions were abundant, the v,~ peak was more in- 
tense, while the v, peak became more intense when 
chloride ions were scarce. These changes in SERS 
features are also confirmed in our laboratory. Figs. 
3a and 3b show the SER spectra of pyridine on Ag 
electrodes at 0 V with the supporting electrolytes of 
0.1 M KC1 and 0.1 M Na,S04, respectively. It can be 
seen that the vr2 peak is more intense in fig. 3a, 
whereas the vi peak is in fig. 3b. Such a reversal can 
be ascribed to the difference in the extent of surface 
coverage of chloride [29]. According to the argu- 
ments presented so far, a similar spectral change is 
also expected to be observed in SER spectra of pyri- 
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Fig. 3. SER spectra of 5 x 1 0e2 M pyridine on Ag electrode sur- 

face at 0 V versus SCE in (a) 0.1 M KC1 and (b) 0.1 M Na2S04, 

pH 7. Laser, 514.5 nm; power, 100 mW; spectral slit width, 10 

cm-‘. 

dine/chloride in silver sols with rising pH, because 
the surface chloride concentration was shown to de- 
crease with the increase of the pH of the solution. Fig. 
4a shows the SER spectrum of pyridine/chloride in 
aqueous silver sol at pH 6.0. The overall shape of the 
spectrum is very similar to that in fig. 3a; the peak 
due to the Ag-Cl stretching vibration appeared at 
about 232 cm-‘, and the u, and uL2 peaks for the ad- 
sorbed pyridine were observed at 1008 and 1035 
cm- ‘, respectively, with the latter peak being more 
intense than the former. Hence, the corresponding sol 
surface is supposed to be rich in Cl- ions. With rising 
pH, the anticipated changes in the SER spectrum oc- 
curred indeed although the data were somewhat scat- 
tered depending on the experimental condition. Fig. 
4d shows the SER spectrum of pyridine/chloride in 
silver sol at around pH 11. We noted earlier that in 
the absence of pyridine any characteristic due to the 
Ag-Cl stretching mode was hardly detectable at pH 
above 10 (fig. If ). But in the presence of pyridine 
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Fig. 4. SER spectra of IO-’ M pyridine/2X10-3 M BaCI, in 

aqueous silver sol at (a) pH 6.0, (b) pH 7.5, (c) pH 9.0, and 

(d) pH 11.0. Laser, 514.5 nm; power, 100 mW, spectral slit width, 

10 cm-‘. 

the SERS feature due to the Ag-Cl stretching mode 
appeared distinctly as can be seen in fig. 4d. This may 
be ascribed to the enhancement of SERS intensity of 
chloride features in the presence of pyridine [ 13 1. It 
has been observed, however, that the peak due to sur- 
face chloride diminished in intensity and shifted 
downward with the pH increase (figs. 4a-4d). This 
trend is much the same as that observed for a sol 
without pyridine (figs. 1 a-l f ). Besides, we could ob- 
serve other interesting SER spectral features. First of 
all, at a higher pH the V, peak of pyridine became 
more intense than the vr2 peak (see fig. 4d). This ob- 
servation can be understood in terms of the earlier 
argument that the surface coverage of Cl- on silver 
should decrease along with the pH increase in the bulk 
solution. Secondly, although the relative intensity of 
the two peaks, u, and u,~ of pyridine, changed upon 
the pH variation, the total intensity was observed 
hardly to change. This may indicate that hydroxide 
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would replace chloride being adsorbed as the pH of 
the solution was increased. Indeed, in the SER spec- 
tra of pyridine/chloride, the peaks originating from 
the adsorbed hydroxyl species were also seen. The 
peak assignable to the 6( Ag-OH) mode appeared at 
near 665 cm-‘, and the v(Ag-OH) mode was ob- 
served as a shoulder peak overlapped with the Ag-Cl 
stretching band. These characteristic features lead us 
to conclude that the intensity loss and the downshift 
of the V(Ag-Cl) band, observed earlier (fig. 1 ), are 
caused indeed by the decrease in the surface chloride 
concentration rather than by the intrinsic weakness 
of SERS enhancement at a higher pH. 

It was also interesting to observe a broad back- 
ground around 1200- 1600 cm- ’ in the SER spectra 
of pyridine/chloride at a basic pH (see fig. 4d). This 
band is supposed to arise from carbon overlayers on 
silver formed through photodecomposition of pyri- 
dine or unknown organic impurities [ 301. When a 
5 14.5 nm laser line with 250 mW power was exposed 
to a silver sol solution containing 2x lop3 M BaClz 
and 0.04% PVP, a weak broad background could be 
evidenced to appear as soon as the pH was increased 
from 6 to 10 (see fig. 5a). Nevertheless, its intensity 
was observed not to grow noticeably even after 1 h 
exposure to laser with 400 mW power at the sam- 
pling position. It should be noted that the broad 
background is much more intense when pyridine is 
present in the system (fig. 4d). This is supposed to 
arise from the much stronger adsorption strength of 
pyridine to silver than PVP or other possible impur- 
ities. The most noteworthy is that the broad back- 
ground cannot be seen even in the presence of pyri- 
dine at pH 11 when bromide ions are added to the sol 
system (see fig. 5b). Hence, we believe that the broad 
background at 1200-1600 cm-’ in the SER spectra 
of pyridine/chloride is also related with the compet- 
itive adsorption of chloride and hydroxide on sil- 
ver. Brandt [ 3 1 ] studied the electrochemical reac- 

tions of oxygen and hydrogen peroxide at silver 
electrode, and found that the catalytic activity of the 
silver surface was reduced significantly when the sur- 
face had been exposed to halide adsorbates. On the 
other hand, Farquharson et al. [ 321 applied SERS to 
evaluating the kinetics of various electrochemical re- 
actions. It was suggested that surface sites displaying 
efficient Raman scattering might also provide cen- 
ters of catalytic activity. Although the decomposition 
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Fig. 5. (a) SER spectrum of 2X 10m3 M BaC1,/0.04% PVP m 
aqueous silver sol at pH 10. (b) SER spectrum of 10e2 M pyri- 
dine/2x IO-’ M BaBr,/0.04% PVP in aqueous silver sol at pH 
II. Laser, 514.5 nm; power, 100 mW, spectral slit width, 10 cm-‘. 

of pyridine to surface carbon has been proposed to 
proceed via a two-photon absorption step, certain 
catalytic sites on silver are also believed to play im- 
portant roles in this process [ 301. From this point of 
view, it is tempting to attribute the enhanced carbon 
background to the depopulation of surface chloride 
at a higher pH. At such a condition, the catalytic sites 
would become more available, and these may induce 
the adsorption and the subsequent reaction of pyri- 
dine to carbon on silver. In the earlier discussion on 
the analogy between surfaces covered with hydroxide 
and oxygen, we conjectured that the actual number 
of Cl--free surface sites might be more than that an- 
ticipated by invoking the competitive adsorption of 
OH- and Cl- only. Although some of these sites may 
be occupied by OH-, some may be available for the 
adsorption of pyridine. The more intense back- 
ground in the SER spectrum of pyridine on Ag elec- 
trode in 0.1 M Na,SO, (fig. 3b) than that in 0.1 M 
KC1 (fig. 3a) can also be understood on this basis. 

Another possible explanation for the formation of 
surface carbon layers is the one invoking the roles of 
surface oxygen species. The surface oxygen is known 
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to possess a very strong Briinsted basicity and nu- 
cleophilicity [ 33 1. The surface oxygen is also known 
to create Lewis acid sites [ 331 which may be catalyt- 
ically active [ 13 1. There are many reports that dem- 
onstrated the dramatic effects of surface oxygen at- 
oms on the carbon-carbon bond activation or 
decomposition of adsorbates [ 34,35 1. Once hydrox- 
ide ions adsorb on the sol surface, various oxygen 
species, including surface oxygen itself, may be 
formed on the surface. These active species may play 
some role in the surface carbon formation. 

Finally, it would be worth mentioning that the band 
at 220-240 cm-’ in figs. 3 and 4 had nothing to do 
with the pyridine-Ag vibration. We assigned the band 
already as the Ag-Cl stretching vibration. This is 
based on the fact that when Br- was added to the 
pyridine/chloride system in silver sol, the band as- 
signed to the Ag-Cl stretching vibration disappeared 
completely and a new band appeared at about 160 
cm- ‘, due to the Ag-Br stretching vibration (see fig. 
5b). Nonetheless, the SER spectral features of pyri- 
dine changed barely upon Br- addition. 

In summary, we have investigated the effect of the 
pH of the solution on the SERS of halide ions on sil- 
ver sols and electrodes. Hydroxide was found to ad- 
sorb on silver competitively with chloride. In a more 
basic pH, chloride appeared hardly to adsorb on sil- 
ver. On the other hand, a bromide ion has a much 
stronger adsorption strength than chloride so that hy- 
droxide cannot adsorb competitively with bromide 
on silver even at pH 12. The competitive adsorption 
of chloride and hydroxide can be evidenced further 
from the relative intensity changes of the V, and v,~ 
peaks of pyridine in the SER spectra of pyridine/ 
chloride system. Although not concrete, the surface 
halides appeared to reduce the surface carbon 
formation. 
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