
PHYSICAL REVIEW B VOLUME 38, NUMBER 17 15 DECEMBER 1988-I

Surfaceenhanced Raman scattering of the pyridine KG-water-copper system:
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Irreversible loss of surface-enhanced Raman scattering (SERS) intensity associated with ada-
tomic instability, observable at room temperature in the silver-electrode SERS system, was found
to be observable in the copper-electrode SERS system when the solution temperature was raised
above 40'C. Surface reflectance of the SERS electrode was found to increase during the irrever-
sible loss of SERS intensity and thus depends on the adatom surface concentration and structure.

INTRODUCTION

Many experimental and theoretical studies of surface-
enhanced Raman scattering (SERS) have shown that
there are two important mechanisms of electrodynamic
resonance effects and chemical effects operating in com-
mon to enhance Raman scattering from surface adsorbed
molecules. ' " Electrodynamic resonance of surface-
plasmon excitation was proved to be important in SERS
from the experimental studies employing the attenuated-
total-reflection (ATR) configurations, where they ob-
served maximum SERS intensity at the minimum surface
reflectance. ' The excitation of the surface-plasmon po-
lariton by the incident light would certainly bring about
reduction of surface reflectance and enhancement of sur-
face electric field. The surface reflectance of the SERS-
active metal surfaces has been thus assumed to reflect the
degree of excitation of the surface-plasmon polaritons. 5 s

On the other hand, irreversible loss of SERS intensity was
observed when the solution or substrate temperature was
raised above a certain temperature 's and the electrode
potential was decreased below a certain negative value. 9'o

These observations of irreversible loss of SERS intensities
are considered to support either the adatomic charge-
transfer effects in SERS (Ref. 2) or the localized-
surface-plasmon effects "' associated with extremely
small pores or cavities' ' as a possible SERS mecha-
nism. However, this irreversible loss of SERS intensity
was not observed in the copper-electrode and copper-
overlayered-silver-electrode systems' at room tempera-
ture in contrast with the silver-electrode system.

In the present work, we have first succeeded in observ-
ing the irreversible loss of SERS intensity from the
copper-electrode SERS system at temperatures above
40'C and also experimental evidence of adatomic effects
on the surface reflectance of the SERS-active electrode
surfaces.

EXPERIMENT

Deionized water and analytic grade chemicals were
used to make the SERS systems of (0.05M pyridine)/
(0.1M KCl)/water/Cu and (0.05M pyridinel(0. 1M KC1)/

water/Ag. Electrodes were prepared from the polycrystal-
line plates by surface polishing with alumina powders (0.3
and 0.05 Itm) and surface etching in a NH4OH/H202
solution for Ag and in a NH3OH/H20 solution for Cu.
Nichrome wire enclosed in the glass tubing was used to
heat and control the solution temperature. Potential mea-
surements were made with respect to the saturated-
calomel reference electrode (SCE). Laser lines of 5309
and 6471 A from Ar-Kr mixed-gas laser were used
through the echelon-grating tunable filter and a cylindri-
cal lens for excitation of SERS. The SERS spectra were
measured by use of the double-grating spectrometer
(SPEX-1403) and the surface reflectance by use of a
separate photodetector unit.

RESULTS AND DISCUSSION

Figure 1 shows the SERS spectrum of (0.05M
pyridine)/(0. 1M KC1)/water/Cu system at room tempera-
ture (21'C). The SERS spectrum is seen to be well ob-
servable down to the electrode potential as low as V 1.8
Vscq and the potential dependence of the SERS line in-
tensities was found to remain reversible in the non-
Faradaic region of potential. However, when the solution
temperature was raised to 45.5'C as shown in Fig. 2,
SERS lines were observed to vanish completely as the
electrode potential was lowered to belo~ V —1.5 VscE.
Furthermore, when the electrode potential was changed
back to higher (less negative) potentials the SERS line in-
tensities were not recovered in full but in small fraction
around 10%. This irreversible loss of SERS intensities at
the potential below the potential of zero charge (PZC) is
attributed to the adatomic diffusion into surface de-
fects. ' We can thus see that Cu adatoms may be sus-
ceptible to the surface diN'usion at T 45.5 C but not at
T 21'C

As shown in Fig. 3, we have made a simultaneous obser-
vation of both the SERS intensity at 1012 cm ' corre-
sponding to pyridine ring-breathing mode and the surface
reflectance of the electrode during the electrode-potential
scanning at the rate of 5 mV/sec. From Fig. 3 we can see
that at T 23'C, the SERS intensity obtains maximum
at Vm,„-—0.9 VscE and also reversible with respect to
the change of potential in the range between V 0.0 VscE
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FIG. 1. Potential dependence of SERS spectra from (0.05M
pyridine)/(0. 1M KCl)/water/Cu electrode system at T 21'C.
Laser excitation at 6471 A.
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FIG. 2. Potential dependence of SERS spectra from (0.05M
pyridine)/(0. 1M KC1)/water/Cu electrode system at T

45.5'C. Laser excitation at 6471 k

and —1.5 VscE. The surface reflectance shows a
minimum dip at a potential V;„=—0.2 VscE, corre-
sponding to completion of oxidation, much higher (less
negative) than V „ofthe maximum SERS intensity and
no change as from below V —0.55 VscE. On the other
hand, at T 45.5'C SERS intensity drops sharply at
V —1.45 VscE, where a definite increasing change is ob-
served in the surface reflectance. This loss of SERS inten-
sity at V —1.45 VscE and T 45.5'C is irreversible,
that is, the SERS intensity is not recoverable by resuming
the reverse cycle of potential back to higher (less nega-
tive) potentials. Since the large-scale roughness remains
unchanged in the non-Faradaic region of the electrode po-
tential, and the condition for surface-plasmon excitation is
reversible with respect to the electrode potential change in
this non-Faradaic region, the irreversible loss of SERS in-
tensity observed at V —1.45 VscE cannot be ascribed to
the surface plasmon effect. Furthermore, this observation
of irreversible loss is possible only above T 40'C and
thus seems to be associated with the Cu-adatom diffusion.
Adatoms are very much effective for electron-hole pair ex-
citations' ' due to their localized densities of states and
relaxations of symmetry selection rules. More adatoms at
the surface thus mean a reduced surface reflectance due to
adatomic absorption of incident light but increasing
SERS due to enhanced charge-transfer excitations. Fig-
ure 4 shows that even at the solution temperature of
T 45.5 C the irreversible loss of SERS intensity is not
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FIG. 3. Continuous trace of the pyridine SERS line intensity

at 1012 cm ' (solid line) and surface reflectance of the elec-
trode during triangular ramps of the electrode potential in

(0.05M pyridine)/(0. 1M KCl)/water/Cu electrode system.

Ramp rate at 5 mVscE/sec in the range of potential Vsca 0 to
—1.5 VsgE and back to VSCF 0, with incident laser at 6471
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FIG. 4. Continuous trace of pyridine SERS line intensity at
1012 cm ' during triangular ramps of the electrode potential in
(0.05M pyridine)/(0. 1M KC1)/water/Cu electrode system.
Ramp rate at 5 mVsca/sec in the range of potential: Vacua 0 to
V —1.4 VsqE and back to VscE 0, with incident laser at 6471

SCE

FIG. 5. Continuous trace of pyridine SERS line intensity at
1008 cm ' (solid line) and surface reflectance of the electrode
(dashed line) during triangular ramps of the electrode potential
at room temperature in (0.05M pyridine)/(0. 1M KC1)/
water/Ag electrode system. Ramp rate at 5 mVscE/sec in the
range of potential: VsgE 0 to V —1.2 VscE and back to
VscE 0, with laser excitation at 5309 A.

observed as long as the electrode potential is kept higher
(less negative) than V —1.4 VsqE.

In Fig. 5, we see that the Ag electrode shows at room
temperature a substantial gain in the surface reflectance
at V —0.75 VscE. This gain in the surface reflectance
along with the irreversible loss in SERS intensity, ob-
served at V —0.75 VscE of the non-Faradaic region
where large-scale roughness of the surface remains un-
changed, suggests that adatoms do affect the surface
reflectance as well as the SERS intensity. The Ag-
adatom diffusion in the silver-electrode electrochemical
system at room temperature has been believed to cause
the irreversible loss of SERS intensity at V —0.75
VscE 9, 10

The Cu-adatom effect was also found in the ultrahigh
vacuum (UHV) system, ' where irreversible loss of SERS
intensity was observed at T=250 K. Our observation of
the irreversible loss of SERS intensity at above T=313 K
(40'C) in the Cu-electrode electrochemical system seems
to suggest that Cu adatoms form a surface complex in
combination with pyridine, Cl, water molecules, etc., to
become less mobile than the bare Cu adatoms in the UHV
systems. In the UHV system, Ag adatoms become
diffusive at T=210 K while Cu adatoms become diffusive
at higher temperature of T=250 K. This observation is
compatible with the fact that the surface binding energy
of Cu atoms is larger than that of Ag atoms. ' It may be
possible that the irreversible loss of SERS intensity may

not be observable in the Ag electrode system if the solu-
tion temperature can be lowered well below the room tem-
perature.

CONCLUSION

The SERS system of (0.05M pyridine)/(O. IM KC1)/
water/Cu has the instability of the surface adatoms at
temperatures above 40'C and electrode potential below
—1.45 Vscp. Surface reflectance of the SERS electrode
increases during the irreversible loss of SERS intensity as-
sociated with the adatomic diffusions in the non-Faradaic
region where we have no change in the large scale rough-
ness of the surface. This surface reflectance dependence
on the adatom surface concentration should be dif-
ferentiated with the Rayleigh scattering enhancement and
reflectance dependence on the degree of excitation of sur-
face plasmons associated with the large-scale roughness of
the surface. Our experimental result, the instability of the
surface atoms on the copper electrode at elevated temper-
atures, indicates that some microscopic features of the
surface reconstruction may be involved in the SERS
mechanism. This does not necessarily selectively support
the chemical or electrodynamic resonance effect in SERS
since adatoms are important in both chemical effects and
small cavity formations.
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