surface, interface and nano-structures

In situ XAS characterization of the 1998). The X-ray beam was collimated by slits and
. . . . monochromatized with a “channel cut” Si(111) crystal. Vertical slits
eIeCtrOChem!Cal insertion of copperin of 0.5 mm placed before theomochromator gave an experimental
polypyrrole films. resolution at the Cu K edge (8979 eV) of 2.2 eV. The beam
divergence and the intrinsic width of the Si(111) reflection are 1.8
M. C. M. Alves, * N. Watanabe, ** A. Y. Ramos ** and H.  and 1.2 eV respectively. The core hole life time broadening is 1.55
C. N. Tolentino * eV. The total energy resolution on the beam line was 2.7 eV.
The spectra were recorded with the incident beam @t 10
L aboratério Nacional de Luz Sincrotron - PO Box 6192 - CEP with respect to the substrate. A Nal scintillator placed on the top of

13083-970, Campinas, SP, Brasil, "Universidade Estadual de the cell was used to monitor the fluorescence signal.

Campinas — Cidade Universitdria Zeferino Vaz, Campinas, The XANES&EXAFS spectra were analysed using the
SP/Brazil, ‘Laboratoire de Minéralogie et Cristallographie, WINXAS program (Ressler, 1997). A background subtraction was
CNRS-Paris VI, France. Email: maria@Inls.br done by means of a polynomial function normalised to the height of

the absorption edge step. For EXAFS spectra the various
We report the electrochemical insertion of copper in polypyrrolmeighboring shells were obtained by a Fourier transform of the
films followed by XAS spectroscopy. Depending on the appliedEXAFS signal from 3 to 11 A using a Kaiser window with a
potential the copper remains as an ionic form lik€"@OSQy),. coefficient of 2.5. By an inverse Fourier transform iktspace, the
For more reductive potentials metal particles are synthesized. SmBKAFS oscillations corresponding to one or two neighbor shell were
particles with an estimated average diameter of 20 A were obtainedextracted. Structural parameters were obtained from least squares

fitting using experimental phase and amplitude functions deduced
Keywords: electrochemistry, metal cluster, polypyrrole, from a model compound (Cug®©r Cu metal). Three variables were
XANES&EXAFS. used in the one-shell fits: mean coordination number (N), mean

interatomic distance (R) and mean square relative displacements

) between the atoms?). Six variables were used in the two-shell fits:

Introduction N (Cu-O and Cu-Cu), R(Cu-O and Cu-Cu) asfd(Cu-O and Cu-

Nanostructured systems have been extensively studied due to thigh!)- The energy shiftAE, of the photoelectron energy zero were
large technological improvements in several areas ax€d to 0 eV.In any case the number of free parameters did not

semiconductors, catalysts or magnetic materials (Schmidt gxceed the number of independent data points given by the Nyquist
Weinheim, 1994). The electrochemical insertion of metals irfheorem (Koningsberger, 2000).

different conductive polymers such as polypyrrole, polythiophene ) ]

and polyaniline has been performed aiming nanometric particié- Results and discussion

production ((Laborde et al., 1994); (Tourillon et al., 1984),The cyclic voltammogram of copper in the polypyrrole (Figure 1)

(Tourillon et al.,, 1986); and (Hepel, 1998)). _ _ shows well defined peaks that correspond to the electrochemical
In this work the electrochemical insertion of Cu in oquction and oxidation of copper in the film.
polypyrrole was followed by in-situ XAS spectroscopy. Thin XAS spectra at the Cu K edge (figure 2) were taken at the

polymeric films were grown and the copper insertion was carried O\§stentials indicated by the arrows in Figure 1. The position and the
at selected potentials chosen from the electrochemical responsesq:ﬁape of the Cu K edge features depend on the chemical species
the system. An electrochemical cell was specially designed anglesent in the solution and in the polymer. The aqueous solution

developed for these experiments (Watanabe & Alves, 1999). CuSQ spectrum has a sharp edge (feature A) that corresponds to the
) 1s->4p transition consistent with the presence of?Gpecies in an
1. Materials and methods octahedral environment. Feature B is related to the oxygen

The electrochemical cell was filled with a solution composed by*€ighboring atoms around copper. For Cu metal th@4s
pyrrole (2x 1¢¢ M), H,SO, (0.1M), CuSQ (102 M) and SDS
(CH3(CH,);;0SO;Na') (102 M). The reference was a Ag/AgCl

electrode, the counter electrode was a Pt wire and the working
. OXIDATION
electrode was a carbon disk. 6
A polypyrrole film of about 1.7um in thickness was
obtained by holding the working electrode at 900mV vs Ag/AgCI for ar
500 seconds. The copper reduction was carried out in different sl
reductive potentials (400, 220, 200, 150 mV vs Ag/AgCl) during 600 2
seconds. These potentials were kept constant during the spectra g |
acquisitions. - I cean
SEM measurements were performed at the JSM- 21 Q
5900LV/LME at the LNLS. Results obtained for the polymer 23
polarized at 150 mV showed the formation of large Cu clusters -4 REDUCTION
having an average diameter of 1000A approximately. As this _260 (') 2(')0 4(')0 6(')0

technique is sensitive to large particles, this value might be an
overestimation of the real average diameter of the particles.

XAS measurements were performed at the Cu K edge and
room temperature in the LNLS XAS beam line (Tolentino et al.Figure 1 —Cyclic voltammogram of copper.

E (mV)

J. Synchrotron Rad. (2001). 8, 517-519 © 2001 International Union of Crystallography < Printed in Great Britain — all rights reserved 51 7



surface, interface and nano-structures

The Fourier Transform (FT) of the EXAFS oscillations
(Fig 4) has initially (at 400 mV) only one peak centered at
approximately 1.5 A, uncorrected from the phase shift, due to the
Cu-O correlation. The gradual vanishing of Cu-O and formation of
Cu-Cu distances going from higher to lower potentials starts at 220
mV. At 150 mV only Cu-Cu distances are present. The appearance
of next nearest neighbors shows the existence of medium order
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" 1 " 1 " 1 " 1 " 1 " 1 "
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Energy (eV)

range.

The reduction in the FT height suggests the formation of

small metallic particles (Greegor &ytle, 1980).

A quantitative analysis of the FT first peak is presented at

Table 1. The good quality of the fits can be seen in Fig 5.

At 220 mV only oxygen neighbors (N=5.2) at 1.93 A with

small disorder are found. These values are in between the Cu-O bond
length in CuS@and CuO and can be related to the existence of

Cu™(0OSQy),links in the polypyrrole film (Tourillon et al., 1986).

Figure 2 — XANES spectra.

transition appears at lower energy (A’). Features C and D are
characteristic of fcc copper.

Strong modifications are observed at the near edge region
as a function of the applied potentials. At 400 mV the appearing of a
small pre-edge (A") followed by the decrease in the intensity of the
main edge is indicative of the beginning of Cu reduction in the
matrix, nevertheless the majority of the Cu ions are in an oxidized
state (Ci"). A linear combination of the XANES spectra of CuSO
and Cu metal indicated that the spectrum obtained at 400 mV is
composed by the contribution of 80% ofZcand 20% of C It is
important to point out that 15% of the €wignal comes from the
solution, so the remaining 65% of Cuons are inserted in the
polymer.

At 220 mV the increase of feature A" and the clear split of
the main edge with appearance of D feature indicates the further
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reduction of the copper atoms in the film. At 150 mV only the Cukigure 4 — Fourier transform of the EXAFS signal

metal features are observed. These findings evidence the inclusion of
copper particles inside the polypyrrole film.

The EXAFS (Fig. 3) are in agreement with the XANES
evolution. At 220 mV the oscillations present a dominant lo
frequency that corresponds to the oxygen shell around copper. The

Wrable 1 — Neighbors number (N), distance (R) and disord@y. (

arrows show a small beat pattern that indicates the presence S#Emple N Reuwo 0“1 N Reucy 0210
another contributing shell as evidenced by the corresponding Cu-0 (&) (A CuCu (A) (A
XANES Spectrum. 220mV 5.2 1.93 29 _ _ _
+0.5 +0.002 0.6
200mv 2.7 1.98 1.1 5.3 2.56 -1.6
+0.5 +0.002 0.2 +1 +0.004 0.3
CuMetal 150mv - - - 7.3 255  -14
/\/\,/’\//\fwlSOmv +0.7  $0.002 0.3
= Cu - - - 12 2.56 -
= 00mV metal
ox l
1 s20my Cuo 2 185 - - - -
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k(A™

Figure 3 — EXAFS signal.
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Figure 5 — Fitting at (a) 220, (b) 200 and (c) 150 mV.

At 200 mV, the significant reduction in the number of
oxygen atoms and appearance of Cu-Cu bonds evidence a partial
reduction of the oxide initially formed. At 150 mV the N value
obtained (N=7.3) is smaller than the one found for bulk copper
indicating the synthesis of small Cu clusters (Greegot.yéle,
1980). Assuming the formation of spherical clusters the
corresponding diameter of the Cu particles obtained at this potential
is around 20 A (Borowski, 1997).

—e— experimental
theoretical

x(K)

3. Conclusions

XANES and EXAFS results evidenced the copper inclusion in
polypyrrole in an ionic form, probably like C{OSQy),. The later
reductive potential yielded metallic clusters. The reduction in the N
value suggested the production of metallic particles with diameter
around 20 A.

k(A The authors are indebted to LNLS staff and wish to acknowledge

the financial support to this work by Brazilian agencies CNPq and
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