
JOURNAL OF RAMAN SPECTROSCOPY, VOL. 29, 431È435 (1998)

Surface-Enhanced Raman Scattering at(SERS)
OxideCopper(I)

A. Kudelski,1* W. Grochala,1 M. Janik-Czachor,2 J. Bukowska,1 A. Szummer3 and M. Dolata2
1 Department of Chemistry, University of Warsaw, Pasteur 1, 02-093 Warsaw, Poland.
2 Institute of Physical Chemistry, Polish Academy of Sciences, Kasprzaka 44/52, 01-224 Warsaw, Poland
3 Department of Materials Science, Technical University of Warsaw, Narbutta 85, 02-053 Warsaw, Poland

Surface-enhanced Raman scattering spectra of pyridine at a copper(I) oxide hydrosol and at copperCu
2
O-covered

electrode produced by “oscillating reaction rougheningÏ are reported. It is shown that on such surfaces pyridine
molecules adsorb as pyridinium cations. The “oscillating reactionÏ pretreatment yields a passivated Cu surface
which does not undergo any reduction during the cathodic scan, producing a SERS spectrum of pyridinium cations
even after decreasing the electrode potential to strongly negative values. 1998 John Wiley & Sons, Ltd.(
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INTRODUCTION

Since it was discovered that Raman scattering from
molecules adsorbed on certain surfaces is extremely
enhanced, surface-enhanced Raman scattering (SERS)
has become a well established technique for studying
adsorbated moleculeÈsubstrate interactions. SERS
signals have been observed from adsorbates on surfaces
of metals such as Ag,1,2 Au,3 Cu,4 Li,5 Na,6 K,6 Rb,6
Ti,7, Co,7 Ni,8 Pd,8 Pt,9 Al,10 Rh,11 Cd,12 Ga13 and
In14. In addition to these pure metals, SERS from mol-
ecules adsorbed on surfaces of oxides such as Ag2O,15
ZnO,16 NiO19 and otherTiO2 ,16 a-Fe2O3 ,17 Fe3O4 ,18
compounds such as AgCl,20 AgBr,21 AgI,22 GaP23 and
CdS24 have been reported. The extension of SERS
research to surfaces of other metals and compounds,
particularly those which can be used in heterogeneous
catalysis, will hopefully be pursued in the future.

In our previous work, we showed that SERS could be
a useful method for studying the adsorption of mol-
ecules at catalysts containing copper microdomains.25
X-ray microprobe analysis of a 40CuÈ60Zr amorphous
alloy after catalytic activation revealed the presence of
oxygen at the surface.25 Moreover, exposure of freshly
cleaned copper to air produces a Ðlm26 andCu2OEDS/X-ray microprobe analysis of a typical copper
SERS-active substrate also showed that the copper
surface is distinctly oxidized, oxygen being revealed
mainly at the metallic “particlesÏ formed during SERS
activation.27 Therefore, in our recent development of
SERS-active substrates, we have prepared hydro-Cu2Osol colloid.
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This work is the Ðrst report on the SERS e†ect at a
surface. A comparison between the SERS spectraCu2Oof pyridine molecules adsorbed on a surface andCu2Oon a copper SERS-active substrate was also made.

EXPERIMENTAL

The Raman spectra were recorded with a Cary 82
spectrometer equipped with a Lexel Model 98 krypton
ion laser nm). The power at the sample(jexc \ 647.1
was restricted to 40 mW. The spectral bandpass of the
Raman spectrometer was 4 cm~1. We use the 90¡ con-
Ðguration, with an angle of incidence at the metal
surface during SERS measurements of ca. 60¡. The
copper electrode was constructed from polycrystalline
material (99.998% assay). A platinum sheet was used as
the counter electrode and a saturated calomel electrode
(SCE) as the reference electrode ; all potentials are
reported vs. SCE.

The copper surfaces were characterized before the
spectroelectrochemical measurements by optical micros-
copy, SEM (scanning electron microscopy) and X-ray
electron microprobe analysis using a CAMECA instru-
ment equipped with EDS (energy-dispersive
spectrometric) and WDS (wavelength dispersive
spectrometric) facilities.

NaOH, KCl, LiCl andH2SO4 , CuSO4 , CuCl2 ,
glucose were all of analytical-reagent grade and were
used as received. Pyridine (Ubichem, analytical-reagent
grade) was distilled before measurements. Water was
puriÐed by triple distillation.

A suspension was prepared by mixing of 120Cu2Ocm3 of 0.6 M solution and 8.7 cm3 of 3 M glucoseCuSO4solution. The thus obtained was Ðltered, mixed atCu2O35 ¡C with 60 g of 20% NaOH solution and after 1 h
Ðltered and rinsed several times with triply distilled
water. hydrosol containing pyridine was obtainedCu2Ofrom freshly prepared copper(I) oxide by heating with
0.05 M pyridineÈ0.1 M KCl solution until boiling, while
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stirring vigorously. Sedimentation of the oxide was pre-
vented by the addition of starch.

Before spectroscopic measurements on polycrystalline
copper surfaces, the following roughening pretreatments
were applied : (i) 50 successive positiveÈnegative scans at
20 mV s~1 in 0.2 M LiClÈ0.01 M solution fromCuCl2[0.55 to ]0.05 V; and (ii) a new procedure (OR) based
on an “oscillating reaction roughening,Ï i.e. on pushing
the system into an unstable state, where some anodic
oscillations between the “activeÏ and the “passiveÏ states
occur on a Cu electrode in 0.89 M MH2SO4È0.89

at E\ E0] 0.4 V (E0 is the reversible poten-CuSO4 ,
tial of Cu in the above solution). This is a “spontaneousÏ
cycling of the system, alternative to procedure (i).

Details concerning the mechanism of the oscillating
behaviour of the electrochemical systems28 and in par-
ticular of those occurring in areCu/CuSO4ÈH2SO4given elsewhere.29h31

From the technical viewpoint, the oscillating behav-
iour in our case was achieved as follows : an optional
resistor R was introduced into the electrochemical
circuit and was located in series with the working elec-
trode. When the total resistivity of the electrolyte plus
that of the optional resistor R had exceeded a threshold
value, oscillations appeared.

RESULTS AND DISCUSSION

Figure 1 shows part of the Raman spectrum of pyridine
adsorbed on a hydrosol surface from 0.05 MCu2OpyridineÈ0.1 M KCl solution [Fig. 1(a)] and the normal
Raman spectrum of 0.05 M pyridine aqueous solution
[Fig. 1(b)]. Comparison of these two spectra reveals
that in Raman spectrum of pyridine adsorbed on Cu2Otwo bands appear at 1005 and 1024 cm~1, whereas in
the normal Raman spectrum of pyridine solution there
are two distinct bands at 1003 and 1035 cm~1. Both the
positions of the bands and the ratio of their intensities
di†er from those of pyridine in solution, indicating that

Figure 1. (a) SERS spectrum of pyridine adsorbed on Cu
2
O

hydrosol from 0.05 M pyridine–0.1 M KCl solution; (b) normal
Raman spectrum of 0.05 M pyridine aqueous solution; (c) SERS
spectrum of pyridine adsorbed on a Cu electrode from 0.05 M

pyridine–0.1 M KCl solution (E ¼É1.0 V). Cu roughened with the
standard procedure (i).

we indeed are measuring the SERS spectrum of the
surface. This spectrum is very weak, howeverCu2Oindicating a relatively small enhancement factor as com-

pared with the SERS spectrum recorded for pyridine
adsorbed on the roughened Cu electrode surface [Fig.
1(c)]. Comparison between the band contours (a) and
(b) in Fig. 1 indicates that bulk pyridine could contrib-
ute exclusively to the intensity of the 1005 cm~1 band in
the SERS spectrum of pyridine adsorbed on sol.Cu2OHowever, the band at 1024 cm~1, which will be dis-
cussed further, is undoubtedly due to pyridine species
adsorbed on particles.Cu2OThe SERS spectrum of pyridine adsorbed on the
typical SERS-active copper substrate is shown in Fig.
1(c). As follows from a comparison of Fig. 1(a) and (c),
these SERS spectra di†er distinctly from one another.
This implies that, at least in one case, there is a strong
speciÐc (chemical) adsorption and/or protonation of the
adsorbed pyridine molecules (chemical modiÐcation)
and/or the orientation of the adsorbed pyridine mol-
ecules is di†erent in both cases.

To ascribe the SERS spectrum of pyridine on Cu2Oto an appropriate form of adsorbed pyridine we com-
pared our SERS spectrum [Fig. 1(a)] with the spectra of
pyridine on various substrates reported in the literature.
We found that our SERS spectrum resembles either that
of pyridine on a silver electrode in contact with acidic
solution or the SERS spectrum observed at the silver
electrode roughened electrochemically in the presence of
pyridine (e.g. see Fig. 1 in Ref. 32).

The origin of these bands (especially that at 1024
cm~1) is still uncertain. Howard et al.33 attributed the
1025 cm~1 band to an insoluble pyridine complex of
silver(I) chloride. Fleischmann and Hill34 assigned it to
strongly chemisorbed pyridine. Many investigations
were performed in acidic solutions and it has been pro-
posed that the 1025 cm~1 band is due to the pyridinium
ion or pyridinium chloride adsorbed on the silver elec-
trode.35h38 Saito32 suggested that the 1025 cm~1 band
appearing on dilution in neutral solution has the same
origin as the 1025 cm~1 band which appeared on acidi-
Ðcation and attributed the origin of this band to a
silverÈpyridineÈhalide complex.

Certainly we could not exclude the formation of a
copper(I)Èpyridine complex. However, as follows from
the literature data, various molecules do adsorb on
metal oxides in protonated forms.16,18 For example,
Mou et al.18 found that SERS spectra of tetra-
phenylporphyrin on infer its diacid(H2TSPP) Fe2O4form at the surface. Moreover, Yamada(H42`TSPP)
and Yamamoto16 suggested that pyridine adsorbs on
ZnO and surfaces in a protonated form. There-TiO2fore, we ascribe the observed SERS spectrum [Fig. 1(a)]
to the pyridinium cation.

The affinity level of pyridinium cation adsorbed on
Ag is lowered appreciably (0.8 eV) compared with that
of adsorbed pyridine.39 Therefore, an important di†er-
ence between the SERS spectrum of pyridinium cation
and that of the neutral pyridine molecule, which would
conÐrm that the 1024 cm~1 band originates from the
adsorbed pyridinium cation rather than from strongly
chemically adsorbed pyridine, is that the maximum of
the charge-transfer (CT) e†ect for the cation is expected
to appear at an electrode potential more positive than
that for neutral pyridine. The slope of a plot of excita-
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tion energy vs. potential, for which the maximum SERS
intensity is observed, for pyridine adsorbed on Cu from
0.05 M pyridineÈ0.1 M KCl solution was determined as
1.85 eV V~1.40 Using this value we could roughly esti-
mate that the position of the CT e†ect for the pyridine
cation should be shifted by about 0.45 V towards more
positive potentials. Since for pyridine adsorbed on Cu a
maximum of the CT e†ect is observed near [1.0 V (Fig.
2), we would expect the corresponding maximum for the
pyridinium cation to appear near [0.55 V.

The potential at which the CT enhancement reaches
its maximum can be determined from the dependence of
the SERS intensity on electrode potential under the
assumption that changes in the surface coverage and in
the orientation of the molecules do not produce any
new maxima.

To measure the dependence of the SERS spectra on a
surface on the electrode potential, we produced aCu2OCu surface covered with a layer.Cu2OFigure 3 shows the surface morphology of Cu rough-

ened with the new procedure based on the “oscillating
reaction (OR) rougheningÏ [procedure (ii)]. One can see
that the surface is etched, showing “stripsÏ between the
distinctly etched grain boundaries. Some small, round-
ish particles are visible. The surface looks very di†erent
from the common “bumpy,Ï SERS-active metal
surface.41 It is, however, similar to that obtained by
rapid anodic etching of Cu.27 Figure 4 shows a typical
WDS spectrum taken from the surface presented in Fig.
3. A distinct signal of O suggests that the OR pretreat-
ment (and the subsequent air exposure) provides an
oxidized/passivated Cu surface, as required.

Figure 5 shows part of the SERS spectrum of pyri-
dine on such a surface obtained by OR roughening. The
SERS spectrum shown in Fig. 5 resembles that of pyri-
dine adsorbed on [Fig. 1(a)] but is signiÐcantlyCu2Odi†erent from that of 0.05 M pyridine solution [Fig.
1(b)]. A comparison of the SERS spectra in Figs 1(c)
and 5 indicates that the contribution from the surface
plasmon enhancement is considerably smaller for the

Figure 2. Potential dependence of the Raman intensity of the
1015 cmÉ1 band of pyridine adsorbed on a Cu electrode from
0.05 M pyridine–0.1 M KCl solution.

Figure 3. Typical morphology of Cu surface after the roughening
according to the new OR procedure (ii), when the electrode is
oscillating between both the active and the passive state. Magnifi-
cation 1000 Ã.

OR (ii) oxidized Cu surface than for Cu surface rough-
ened according to the commonly used pretreatment (i).

The potential dependence of the SERS spectrum for
the surface roughened by the OR procedure exhibits a
maximum at ca. E\ [0.5 V, corresponding to the
maximum of CT enhancement for this system, as dis-
cussed above (see Fig. 6). This maximum cannot be
ascribed to the reduction of copper oxides because in
such a case copper clusters would be produced and the
SERS spectrum exhibiting a single band at 1015 cm~1

Figure 4. WDS/X-ray microprobe analysis showing presence of
O and Cu at the surface after pretreatment (ii). Apparently the Cu
surface is passivated as the weak O signal suggests.
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Figure 5. SERS spectrum of pyridine adsorbed from 0.05 M

pyridine–0.1 M KCl solution on the Cu surface after the new OR
procedure E ¼É0.55 V.

of high intensity would appear. No such situation was
observed ; the SERS spectrum consists of two bands in
the whole electrode potential range examined (down to
[1.0 V). Hence the observed di†erence (0.5 V) between
the electrode potentials of the CT maximum for pyri-
dine adsorbed on Cu and on supports our sug-Cu2Ogestion that the pyridinium cation rather than a neutral
pyridine molecule adsorbs on the surface.Cu2OThe question arises of why we do not see a band at
ca. 1015 cm~1 indicative of adsorption of pyridine on
metallic Cu [Fig. 1(c)], when measuring the SERS
spectra on Cu roughened with the OR (ii) pretreatment,
even after decreasing the electrode potential to [1.0 V.
In order to answer this question, one has to take into
account that we complete our OR pretreatment (ii)
while the surface is still oxidized/passivated, in the
passive state, at the lowest current density occurring
during the oscillations. Our Cu surface, after the OR
pretreatment, carries an oxide Ðlm. Apparently this Ðlm
does not have a tendency to undergo any reduction
during a cathodic scan ; we do not see any cathodic
reduction current in the cyclic voltammogram.

It is worth mentioning that Raman bands character-
istic of pyridine adsorbed on can also be record-Cu2Oed on a Cu surface roughened by a standard procedure
in solution.27 Figure 7 shows the evolutionLiClÈCuCl2

Figure 6. Potential dependence of the Raman intensity of the
1024 cmÉ1 band of pyridine adsorbed from 0.05 M pyridine–0.1 M

KCl solution on the Cu surface roughened with the new OR
pretreatment.

Figure 7. Evolution of the SERS spectra of pyridine adsorbed
from 0.05 M pyridine–0.1 M KCl solution on the Cu surface
roughened by standard procedure in solution.LiCl–CuCl

2
(a) E ¼É0.25 V; (b) E ¼É0.35 V; (c) E ¼É0.45 V.

of the SERS spectra of pyridine on a typically rough-
ened Cu surface at electrode potentials E\ [0.25,
[0.35 and [0.45 V (the open-circuit potential was

V). The SERS spectrum at E\ [0.25 VEstat\ [0.23
consists of two bands at 1005 and 1021 cm~1, whereas
at E\ [0.45 V only one broad and strong band at
1015 cm~1 is visible. This band is characteristic of pyri-
dine on a Cu surface. We presume that the observed
evolution of the SERS spectra is due to the reduction of
copper(I) oxide to copper(0) and the subsequent cre-
ation of some “active sites,Ï resulting in a simultaneous
change of the species adsorbed from pyridinium cation
to pyridine molecule.

CONCLUSION

This is the Ðrst study in which SERS of pyridine on
has been observed both on hydrosol particles andCu2Oon a copper(I) oxide-covered Cu electrode. Our results

suggest that pyridine molecules are exclusively adsorbed
on such surfaces as pyridinium cations. Since copper
SERS-active electrodes are usually distinctly oxidized,
the pyridinium cation spectrum may disturb both the
SERS spectrum of pyridine (especially at less negative
potentials, see Fig. 7) and the shape of the Raman inten-
sity vs. electrode potential plots, by introducing an addi-
tional CT maximum near [0.5 V vs. SCE (see Fig. 2).
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