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was taken at  the same time. The OWG electrode had sheet 
resistance of ca. 500 O/cmZ and donor density of ca. 1020/cm3 
( [SbC13] in the spray solution = 2.5 wt %); the optical path length 
was 1 cm. 

It is apparent from Figure 3 that IowG increased when MB was 
reduced to the colorless form, and reoxidation of reduced MB 
caused a decrease in IoWG. It should be noted that almost the 
same result was obtained when the dye solution was replaced with 
a 0.1 mol/dm3 KC1 solution to leave the adsorbed dye on the 
electrode surface. This shows that the change in ZoWG shown in 
Figure 3 is mainly due to the redox reaction of the adsorbed dye 
molecules. In addition, Oz evolution at  higher potential regions 
and H2 evolution at lower potential regions did not affect ZOWG. 
This is because these reactions do not give color changes at  the 
electrode surface. 

The sensitivity factorZ of this system was estimated by com- 
paring absorption spectra of adsorbed MB taken with a spec- 
trophotometer and attenuation of the guided light due to adsorbed 
MB; typical values of sensitivity factor were 20-40 depending on 
the mode number. These values compare well with those for glass 
OWGs. This shows that the guided light has sufficiently large 
electric field in the SnOZ layer as well as a t  the surface of SnOz 
as expected. The sensitivity values obtained here is similar to those 
for a carefully designed internal multireflection measurement.* 
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We can, however, increase the sensitivity of the OWG electrodes 
further by increasing the optical path length and by changing the 
OWG parameters, e.g., refractive indexes of the OWG materials. 

In order to make accurate and fast electrochemical measure- 
ments using the OWG electrodes, the conductivity of the con- 
ductive film should be as high as possible. However, an increase 
in the conductivity of the film causes attenuation of the guided 
light. We therefore will have a practical limit of the conductivity. 
However, we can avoid this problem by optimizing the design of 
the OWG electrodes. For instance, we can coat the surface of 
the SnOz film with metal except for the OWG region to reduce 
the total resistance of the electrode; the metal part should be 
covered with an inert material in order to avoid direct contact with 
the electrolyte solution. It is rather easy to make such an OWG 
electrode having an OWG region of 1 mm width and of 1 cm 
length. This electrode will give a resistance of 50 0 when the 
resistivity of the SnOz film is 500 0 cm. 
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The advantages of employing synchrotron radiation for the in situ study of electrochemical interfaces are discussed with 
emphasis on the techniques of surface EXAFS (extended X-ray absorption fine structure) and X-ray standing waves. The 
principles behind the techniques are briefly considered followed by a discussion of recent experimental results. Examples 
include the study of underpotentially deposited metallic monolayers, polymer films on electrodes, and in situ measurement 
of adsorption isotherms. We conclude with an assessment of future directions. 

Introduction 
The central goal of electrochemical research is to understand 

and control electrochemical reactivity at the atomic and molecular 
levels. Such control and understanding, if achieved, would pro- 
foundly affect many areas of scientific, technological, and economic 
importance. The establishment of understanding of structure/ 
reactivity correlations are critical to the achievement of these goals. 

The interfacial nature of electrochemical reactions makes their 
study particularly difficult since they involve the coupling of a 
multitude of processes including transport rates and the nature 
and form of the reactant(s) and product(s) as well as the elec- 
tron-transfer event itself. Iq  addition, the nature of the electrode 
surface, including its crystallographic orientation, can profoundly 
affect reactivity. Furthermore, the very high electric fields present 
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Engineering Physics. 

will distort the electronic clouds of species in the vicinity of the 
electrode and will give rise to gradients in potential and ionic 
distributions.' Finally, since only the region proximal to the 
electrode/solution interface itself will be affected, we need to 
develop techniques that will allow us to probe only this region. 
All of these aspects have, thus far, presented some formidable 
obstacles to the structural characterization of electrode/solution 
interfaces. 

In recent years,* however, there has been a renewed interest 
in the study of the electrode/solution interface due in part to the 

(1) (a) Sparnaay, M. J. In The International Encyclopedia of Physical 
Chemistry and Chemical Physics; Pergamon: Glasgow, 1972; Vol. 14. (b) 
Bockris, J. OM.;  Conway, B. E.; Yeager, E. Comprehensive Treatise of 
Electrochemistry; Plenum: New York, 1980; Vol. 1. 

(2) (a) Furtak, T. E.; Kliewar, K. L.; Lynch, D. W.,  Eds. Proceedings on 
the International Conference on Non-Traditional Approaches to the Study 
of the Solid Electrolyte Interface; Surf. Sci. 1980, 101. (b) See also: J. 
Electroanal. Chem. 1983, 150. 
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development of new spectroscopic techniques such as surface- 
enhanced Raman ~pectroscopy,~ electrochemically modulated 
infrared reflectance spectroscopy and related techniques: sec- 
ond-harmonic generation,5 and others that give information about 
the identity and orientation of molecular species in the interfacial 
region. Other techniques such as ellipsometry$ electroreflectance 
spectroscopy, and differential reflectance spectroscopy' have been 
used to follow adsorption, film formation, and surface reaction. 

The major limitation of these techniques is that the information 
extracted relates only indirectly to microscopic structural details, 
and hence, the accuracy of the conclusions rests on the appro- 
priateness of the assumptions made in the models employed. As 
a result, our knowledge of the electrode/solution interface at the 
atomic level is still very rudimentary. 

This can be attributed, in part, to the lack of structure-sensitive 
techniques that can operate in the presence of a condensed phase. 
Ultrahigh-vacuum (UHV) surface spectroscopic techniques such 
as low-energy electron diffraction, Auger electron spectroscopy, 
and others have been applied to the study of electrochemical 
interfaces, and a wealth of information has emerged from these 
ex situ studies on well-defined electrode surfacesag However, the 
fact that these techniques require the use of UHV precludes their 
use for in situ studies. In addition, transfer of the electrode from 
the electrolytic medium into UHV introduces the question of 
whether the nature of the surface examined ex situ has the same 
structure as the surface in contact with the electrolyte and under 
potential control. Furthermore, any information on the solution 
side of the interface is lost. 

Because of their short wavelengths and significant penetration 
depths, X-rays represent a unique tool with which to study atomic 
and molecular details of electrochemical interfaces. The main 
difficulty with these measurements has been the low intensities 
available in conventional X-ray sources. The advent of synchrotron 
radiation sources of high-energy and high-intensity X-raysg has 
dramatically changed the outlook. As a result, a number of 
experiments can now be employed in the in situ study of elec- 
trochemical interfaces including EXAFS (extended X-ray ab- 
sorption fine structure), X-ray standing waves (XSW), and surface 
diffraction. It is clear that the application of these techniques 
to the study of electrochemical interfaces will allow a much deeper 
understanding of structure-reactivity correlations. 

In this article we present an overview of the uses of synchrotron 
radiation in the study of electrochemical interfaces with emphasis 
on surface EXAFS and XSW. In addition, we project a view to 
some of the future applications. 

Synchrotron Radiation 
No single development has influenced the use of X-ray-based 

techniques more than the development of synchrotron radiation 
sources based on electron (or positron) storage rings. These 
provide a continuum of photon energies a t  intensities that can be 
from 103 to lod higher than those obtained with conventional X-ray 
tubes, thus dramatically decreasing data acquisition times as well 
as making other experiments feasible. In the present context, the 
most attractive features of synchrotron radiation are the high 
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The fact that E, is inversely proportional to the bending radius 
is used in so-called insertion devices such as wiggler and undulator 
magnets." Although a description of these is beyond the scope 
of this article, the basic principle behind these is to make the 
electron beam undergo sharp serpentine motions, thereby having 
a very short radius of curvature. The net effect is to increase the 
flux and the critical energy. 

Another very important property of synchrotron radiation is 
its very high degree of polarization. The radiation is predominantly 
polarized with the electric field vector parallel to the acceleration 
vector. Thus, in the plane of the orbit, the radiation is 100% plane 
polarized. 

The properties and uses of synchrotron radiation have been 
reviewed, and the interested reader is referred to the monograph 
by Winick and D ~ n i a c h . ~  

EXAFS and X-ray Absorption Spectroscopy 
Introduction. EXAFS refers to the modulations in the X-ray 

absorption coefficient beyond an absorption edge12 (Figure 1). 
Such modulations can extend up to about 1000 eV beyond the 
edge and have a magnitude of typically less than 15% of the edge 
jump, Experimentally, it involves the measurement of the ab- 

(10) Winick, H. In Synchrotron Radiation Research; Winick, H., Doniach, 
S., Eds.; Plenum: New York, 1980; p 11. 

(1 1) For an introductory discussion see: Winick, H.; Brown, G.; Halbach, 
K.; Harris, J. Phys. Today 1981 (May), 50. 
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a selected number of leading references: (a) Stern, E. A. Sci. Am. 1976, 
234(4), 96. (b) Eisenberger, P.; Kincaid, B. M. Science 1978,200, 1441. (c) 
Cramer, S. P.; Hodgson, K. 0. Prog. Inorg. Chem. 1979, 25, 1. (d) Teo, B. 
K. Acc. Chem. Res. 1980,13,412. (e) Lee, P. A,; Citrin, P. H.; Eisenberger, 
P.; Kincaid, B. M. Reu. Mod. Phys. 1981, 53, 769. ( f )  Teo, B. K.; Joy, D. 
C., Eds. EXAFS Spectroscopy; Techniques and Applicationr; Plenum: New 
York, 198 1. (g) Bianconi, A.; Inmia, L.; Stippich, S., Eds. EXAFS and Near 
Edge Srrucrure; Springer-Verlag: Berlin, 1983. (h) Hodgson, K. 0.; Hedman, 
B.; Penner-Hahn, J. E., Eds. EXAFS and Near Edge Structure IIk Spring- 
er-Verlag: Berlin, 1984. (i) Teo, B. K. EXAFS: Basic Principles and Data 
Analysis; Springer-Verlag: Berlin, 1986. 
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sorption coefficient (or any parameter that can be related to it) 
as a function of photon energy. The absorption coefficient is a 
measure of the probability that a given X-ray photon will be 
absorbed and therefore depends on the initial and final states of 
the electron. The initial state is very well-defined and corresponds 
to the localized core level. The final state is represented by the 
photoionized electron which can be visualized as an outgoing 
photoelectron wave that originates at the center of the absorbing 
atom. In the presence of near neighbors (at distances less than 
5 A; EXAFS is sensitive only to short-range order), this photo- 
electron wave can be backscattered (Figure 1, inset) so that the 
final state will be given by the sum of the outgoing and back- 
scattered waves. It is the interference between the outgoing and 
backscattered waves that gives rise to the EXAFS oscillations. 

The frequency of the EXAFS oscillations will depend on the 
distance between the absorber and its near neighbors, whereas 
the amplitude of the oscillations will depend on the numbers and 
type of neighbors as well as their distance from the absorber. From 
an analysis of the EXAFS one can obtain information on near- 
neighbor distances, numbers, and types. A further advantage of 
EXAFS is that it can be applied to all forms of matter and that 
one can focus on the environment around a particular element 
by employing X-ray energies around an absorption edge of the 
element of interest. 

The simple description of EXAFS given above is based on the 
single electron, single scattering f~rrnal ism’~ where it is assumed 
that, for sufficientIy high energies of the photoelectrons, one can 
make the plane wave approximation and in addition only single 
backscattering events will be important. This is the reason why 
the EXAFS is typically considered for energies higher that 50 
eV beyond the edge since in this energy region the above ap- 
proximations hold well. 

In addition to the EXAFS region, Figure 1 shows that there 
are also three other regions; the pre-edge, edge, and near-edge 
regions. Below or near the edge, there can be absorption peaks 
due to excitations to bound states. As a results, the pre-edge region 
is rich in information pertaining to the energetic location of or- 
bitals, site symmetry, and electronic configuration. 

The position of the edge contains information concerning the 
effective charge of the absorbing atom. Thus, its location and 
change can be correlated with the oxidation state of the absorber 
in a way that is analogous to XPS measurements. 

Finally, in the near-edge region (generally termed XANES; 
X-ray absorption near-edge structure), the photoelectron wave 
has very small momentum, and as a result the plane wave as well 
as the single electron, single scattering approximations is no longer 
valid. Instead, one must consider a spherical photoelectron wave 
as well as the effects of multiple scattering. Because of multiple 
scattering, the photoelectron wave can sample much of the en- 
vironment around the absorber. Thus, this region of the spectrum 
is very rich in structural information. However, the theoretical 
modeling is very complex.12C.f~i 

Theory of EXAFS. The EXAFS can be expressed as the 
normalized modulation of the absorption coefficient as a function 
of energy: 

( 2 )  
Here M(E) is the total absorption coefficient at energy E and &(E) 
is the smooth atomlike absorption coefficient. In order to be able 
to extract structural information from the EXAFS, we need to 
use a wave vector ( k )  formulation given by 

X(J9 = M E )  - CLO(E)I/CLO(E) 

k = ( [2m(hv - E o ) ] / h ) 1 / 2  (3) 
where Eo is defined as the threshold energy which is typically close 
to but not necessarily congruent with the energy at  the absorption 
edge. 

(13) (a) Sayers, D. E.; Stern, E. A,; Lytle, F. W. Phys. Rev. Lett. 1971, 
27, 1204. (b) Stern, E. A. Phys. Rev. E Solid State 1974, 10, 3027. (c) 
Stem, E. A.; Sayers, D. E.; Lytle, F. W. Phys. Rev. B SolidState 1975.11, 
4836. (d) Ashby, C. A.; Doniach, S .  Phys. Rev. B Solid State 1975, 1 1 ,  
1279. (e) Lee, P. A.; Pendry, J. B. Phys. Rev. B SolidState 1975,11, 2795. 
(0 Lee, P. A.; Beni, G. Phys. Rev. B Solid State 1977, 15, 2862. 

In wave vector form the EXAFS can be expressed as a sum- 
mation over the various coordination (near neighbor) shells and 
is given by 

(4) 

where k represents the wave vector, r is the absorber-backscatterer 
distance, and Nj is the number of scatterers of type j with 
backscattering amplitude FJ(k).  The product of these last two 
terms gives the maximum amplitude. There are also amplitude 
reduction factors. Si(k) takes into account many-body effects such 
as electron shake-up and shake-off processes, whereas the term 
e-‘fP (known as the Debye-Waller factor) accounts for thermal 
vibration and static disorder. Finally, the term e-”j/A(k) takes into 
account inelastic scattering effects where X(k) is the mean free 
path of the photoelectron. 

The oscillatory part of the EXAFS (sin (2krj + 4j (k) )  takes 
into account the relative phases between the outgoing and back- 
scattered waves and as a result includes the interatomic distance 
between absorber and scatterer. Since the accuracy of the de- 
termination of interatomic distances depends largely on the ap- 
propriate determination of the relative phases, a great deal of 
attention has been given to this aspect. This can be achieved by 
ab initio calculation of the phases involved,I4 or alternatively they 
can be determined experimentally through the use of model 
compounds and the concept of phase tran~ferability.’~ 

Data Analysis. The basic aim of an EXAFS data analysis is 
to be able to extract information related to interatomic distances, 
numbers, and types of backscattering neighbors. The first step 
in the analysis is the background subtraction which is typically 
done by employing polynomial splines. The EXAFS oscillations 
are also normalized to a single-atom value by normalizing the data 
to the edge jump. Afterward, they are converted to wave vector 
form. 

At this stage, the data are multiplied by a power of k,  typically 
k2 or k3. Such a factor cancels the l / k  factor in eq 4 as well as 
the l / k 2  dependence of the backscattering amplitude a t  large 
values of k .  This step is important in that it prevents the 
large-amplitude oscillations (typically present a t  low k )  from 
dominating over the smaller ones (typically a t  high k ) .  

Fourier transform and filtering techniques are then employed, 
and the resulting data are fitted for phase and amplitude to yield 
values for interatomic distances and number of near neighbors 
which are typically accurate to f0 .02  A and f20%, respectively. 

Surface EXAFS. EXAFS is fundamentally a bulk technique 
due to the large penetration depth of high-energy X-rays. In order 
to make it surface sensitive, one can take one of two general 
approaches. In the first case, if one knows a priori that the specific 
element of interest is present only at the surface, then a con- 
ventional EXAFS measurement will necessarily give surface in- 
formation. Alternatively, one can employ detection techniques 
or geometries such that the detected signal arises predominantly 
from the surface or near-surface region? These include electron 
detection and operating at angles of incidence that are below the 
critical angle of the particular material (Le., grazing incidence). 
For studies on single-crystal surfaces, surface EXAFS offers an 
additional experimental handle, and this refers to the polarization 
dependence of the signal since only those bonds whose interatomic 
vector has a projection that lies in the plane of polarization of the 
beam will contribute to the observed EXAFS. Thus, polarization 
dependence studies can provide a wealth of information concerning 
adsorption sites and near-neighbor geometries. For a near- 
neighbor shell of atoms (Ni)  whose interatomic vector with the 

(14) Teo, B. K.; Lee, P. A. J .  Am. Chem. SOC. 1979, 101, 2815. 
(15) Citrin, P. H.; Eisenberger, P.; Kincaid, B. M. 1976, 36, 1346. 
(16) (a) Stern, E. A. J .  Vac. Sci. Technol. 1977, 14, 461. (b) Landman, 

U.; Adams, D. L. J .  Vac. Sci. Technol. 1977, 14, 466. (c) Stohr, J. In 
Emission and Scattering Techniques Studies of Inorganic Molecules, Solids 
and Surfaces; Day, P., Ed.; D. Reidel: Holland, 1981. (d) Hasse, J. Appl. 
Phys. A 1985, A38, 18 1 .  
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absorber makes some angle 0, relative to the plane of polarization, 
one can relate the effective coordination number (NJ*) and the 
true coordination number through” 

Ni 
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N,* = 3cC0S2 eJ (5) 
J 

Polarization-dependent surface EXAFS measurements have 
provided some of the best defined characterizations of adsorbate 
structures. Other aspects of surface EXAFS have been thoroughly 
reviewed by Citrin.I8 

EXAFS Studies on Electrochemical Systems 
The discussion to follow will focus on the study of underpo- 

tentially deposited monolayers as well as polymer films on elec- 
trodes. 

Surface EXAFS Studies of Underpotentially Deposited Metal 
Monolayers. The study of electrochemically deposited monolayers 
poses the strictest experimental constraints since the signals are 
very low. On the other hand, these studies can provide much detail 
on interfacial structure a t  electrode surfaces as well as the effects 
of solvent and supporting electrolyte ions. 

Underpotential deposition (UPD)19 refers to the deposition of 
metallic layers on an electrode of a different material. The first 
monolayer is deposited at  a potential that is less negative (typically 
by several hundred millivolts) than the expected thermodynamic 
potential, hence the term underpotential deposition. This occurs 
over a somewhat narrow range of potentials where the coverage 
varies from zero to a monolayer. A distinct advantage of this 
approach is that it allows for the precise control of the surface 
coverage from a fraction of a monolayer up to a full monolayer. 
Since subsequent electrodeposition (bulk deposition) will require 
a significantly different potential, very reproducible monolayer 
coverages can be routinely obtained. Thus, this represents a unique 
family of systems with which to probe electrochemical interfacial 
structure in situ. 

We, and others, have been involved in the study of such systems 
including Cu/Au( 11 1),20 Ag/Au( 11 1),21 Pb/Ag( 11 l),zz and 
Cu/Pt ( l l  1)/I.23 The first three systems involved the use of 
epitaxially deposited metal films on mica as electrodesz4 which 
gives rise to electrodes with well-defined single crystalline 
structures. In the last case a bulk platinum single crystal was 
employed. Because of the single crystalline nature of the elec- 
trodes, polarization dependence studies could be used to ascertain 
surface structure. 

In order to minimize background scattering and attenuation 
of incident and emitted beams, thin-layer cells were employed in 
all of these studies, and although very slow sweep rates had to 
be employed, well-defined voltammetric responses were obtained. 
For example, Figure 2A,B shows voltammograms for the un- 
derpotential deposition of copper on an epitaxial film of gold (1 1 1 
orientation) on mica and on a bulk Pt(ll1) single-crystal electrode 
that had been pretreated with a layer of adsorbed iodine. 

The best characterized system to date is the underpotentially 
deposited copper on gold. In this case we were able to obtain 
EXAFS spectra of a deposited monolayer with the polarization 
of the X-ray beam being either perpendicular (Figure 3A) or 
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Figure 2. Voltammetric scans for the underpotential deposition of copper 
on (A) an epitaxial film of gold (1 11 orientation) on mica and on (B) 
a bulk Pt( l l1)  single-crystal electrode coated with a layer of iodine. 
Experimental conditions: (A) 1 M H2S04 containing 5 X M Cu2+, 
sweep rate 1 mV/s; (B) 0.1 M H2S04 containing 5 X M Cu2+, sweep 
rate 1 mV/s. 
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Figure 3. Fluorescence detected (in situ) X-ray absorption spectrum for 
an underpotentially deposited (UPD) monolayer of copper on a gold(ll1) 
electrode with the plane of polarization of the X-ray beam being per- 
pendicular (A) or parallel (B) to the plane of the electrode. Inset: Edge 
region of the X-ray absorption spectrum for a copper UPD monolayer 
before (C) and after (D) stripping. 

parallel (Figure 3B) to the plane of the electrode. From analysis 
of the data, a number of salient features can be pointed out. First 
of all, the copper atoms appear to be located at 3-fold hollow sites 
(i.e., three gold near neighbors) on the gold (1 11) surface with 
six copper near neighbors. The Au-Cu and Cu-Cu distances 
obtained were 2.58 and 2.91 *0.03 A, respectively. This last 
number is very similar to the Au-Au distance in the (1 1 1) di- 
rection, suggesting a commensurate structure. Most surprising, 
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Figure 4. Structure of a copper UPD monolayer on a gold(l1 I) electrode 
surface. 
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Figure 5. Fourier filicred FXAtS (solid lines) and fits for a silver UPD 
monalayeranagald(lIl)elenradcwithonl) gald(A)oroxygen(Bjar 
both gold and oxygen (CJ as backwattercrs 

however, was the presence of oxygen as a scatterer at a distance 
of 2.08 i0.02 A. From analysis and fitting of the data we obtained 
that the surface capper atoms are bonded 10 an oxygen from either 
watcr or sulfate anion from the electrolyte. That there might be 
water or sulfate in camact with the copp-r layer i s  not surprising. 
However. such interactions generally have very large Debye- 
Waller factors so that typicall) no EXAbS oscillations (or heavily 
damped oscillations) are observed The fact that the presence o f  
oxygen (from water or electrolyte) at a very well-defined distance 
is obcervcd IS indicativc of a significant interaction and underscores 
the importancc of in situ studies. 

A pictorial representation of this system i s  shown in Figure 4 
where the source of oxygen ic  precented as sulfate anions since 
recent experiments by Kolb and co-workers" indicate that at the 
potential for monolayer depmition the elcctrodc i s  psir ive of the 
potential of 2ero charge. EpzC, so that sulfate would be present 
to countcrbalancc the surface charge. We could alco follow the 
edge features to ascertain changes in oxidation state. Figurc 3C 
shows the edge region for the deposited monolayer while Figure 
3D shows the spectrum after stripping of the copper monolayer. 
The appearance of the characteristic "white" line (rcronancc near 
the edge) as well as the edge shift to highcr energies i s  fully 
consistent with an oxidation-state change from zero to two. 

Studies of Ag on Au( I I I )2' yield vcr) similar results in terms 
of the structure of the deposited monolayer with the silver atoms 
being bonded to three surfdce gold atoms and located at 3-fold 
holluw sites forming a commensurate layer. Again, strong in- 

(25) Zei. M.; Qiao, G.; LLhmpfiul, G.; Kolb, D. M. Ber. Bunsen-Ces. 
Phys. Chrm. 1987. 91. 349. 

$1 \ 
8.6 8.8 0" 8.2 9 "  9.8 

Energy (keV) 

Figure 6. (A) Fluorescence-dctected (in situ) X-ray absorption spectrum 
for an UPD halfmonolaver of c o v ~ e r  on a Pt(l1 I )  sinele-crvstal elec- 
trade. Depiction of mad& invol;ing clustering (B) a n i  radom deco- 
ration (C). 

teraction b) oxygen from water ur electrolyte (perchlorate) w3s 
present. Figure SA.€ shows the Fourier filtered EXAFS 3s well 
as the fits obtained when considering scattering b) gold (A)  or 
ox)gen (B) alone and b) both gold and oxygen (C). Whercns 
in thc first two cases there were significant deviations in different 
parts of the spectrum. the f i r  u i t h  both gold and ox)gcn back- 
scatterers i s  excellent over the entire range oi k wlues. Again 
this underscores the importance of in situ StruCtural determination. 

Most mently, uc have studied the structureofa half-monolayer 
o f  copper underpotentiall) deposited on a platinum( I I I )  bulk 
single-crystal electrode annealed in iudine vapor.2'.26 The 
spectrum. bhown in bigure hA. although a bit noisy (data at -  
quisition was limited because of problems with the synchrotron). 
exhibits five uell-defined oscillations. I t  should be mentioned lh31 
the plane of polarization o l the  X-ray bedm was parallel 10 the 
elcctrode surface so that the experiment IS most sensitive to in- 
plane scattering of copper by othcr cupper ncighbori. From 
analysis ofthe data ue  determined a Cu-Cu distance o f  2.85 A. 
u hich i s  very close to the PI-Pt distance in the (I I I)  plane and 
suggests that the copper attimi are present at 3-fold hollow sites 
and that they form a commensurate layer with the platinum 
substrate. More important. however. was the finding that the 
average number o f  Cu near neighbors was six.  This strongly 
suggests that a i  half-monolayer coverage the suriace i s  better 
represented b) large cluctcrs o f  copper ntomc (Figure h R )  t h i n  
by a surface that is  randomly decorated with cupper atoms or 
covercd uith a lattice with a large interatomic spacing (Figure 
6C). This is  significant since i t  IC a direct experimental ducu- 
mentation of 3 mechanism where monolsyer formation involves 
clustering rather than random depusitiun u i t h  subsequent coa- 
lescence. 

Polymvr Filnrr on Elecrrodes Although the field of chemically 
modified elec.trude\z' has seen a tremendous growth in the recent 
past, there i s  very limited information on the structure of these 
layers. I n  an effort 10 bridge this gap. we have performed romc 
in situ EXAFS me3wrements on chemically modified elcctrcdeb.'R 
Specifically. we have studied films of IM(v-bpy),l" (v-bpy is 

(26) (4 Stiekney. J. L.; Rosasco, S. D.; Hubbard. A. T. J .  Ekcrrochcm. 
Soc. 1984, 131. 260. (b) Stickney, I. L.; Rosasco, S .  D.: Sehardt, B. C.: 
Hubbard. A. T. J .  Phyr. Chem. 1984,88,251. 

(27) Murray, R. W. J .  Ekfroonol .  Chem. 1983. 13. 191. 
(28) Albarelli, M. I.; White, J. H.; Bommarito, G. M.; McMillan. M.; 

AbruRa. H. D. J.  Eleefroonol. Chem., in press. 
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Figure 7. Fluorescence-detected X-ray absorption spectrum for (A) bulk 
[Ru(bpy)3l2+ and for platinum electrodes modified with one (C) and five 
(B) monolayers of poly[Ru(v-bpy),]*+. Inset: Changes in the edge 
location for a platinum electrode modified with a polymeric film of 
[Ru(v-bpy)J2+ as a function of oxidation state. Curves D and E are for 
Ru(I1) and Ru(III), respectively. 

4-vinyl-4'-methyl-2,2'-bipyridine; M = Ru, Os) and [Os(v- 
bpy),(phen)12+ electropolymerized onto a platinum electrode and 
in contact with an acetonitrile/O.l M TBAP (tetra-n-butyl am- 
monium perchlorate) solution and under potential control. We 
have focused on determining the lower limit of detection as well 
as trying to ascertain any differences in the metal-ligand bond 
distances for the electropolymerized films as a function of surface 
coverage when compared to the parent complex. Figure 7C,B 
shows spectra for electrodes modified with one and five equivalent 
monolayers of the ruthenium complex whereas Figure 7A shows 
the spectrum for bulk [ R ~ ( b p y ) ~ J ~ ' .  In Figure 7C one can as- 
certain that only the most prominent features of the spectrum of 
the parent compound (Figure 7A) are present. (It should be 
mentioned that a monolayer of [Ru(v-bpy),J2+ represents about 
5.4 X 1013 molecules/cm*, which is about 5% of a metal mono- 
layer. This is mentioned since it is the metal centers that give 
rise to the characteristic fluorescence employed in the detection.) 
However, a t  a coverage of five monolayers (Figure 7B) the 
spectrum is essentially indistinguishable from that of the bulk 
material. Upon fitting of the data for phase and amplitude, we 
obtain a Ru-N distance of 2.01 %, and a coordination number of 
six. This correlates very well with the known values of 2.056 A29 
and six, respectively. In addition, it is also clear that there is little 
difference between the electrodeposited polymer and the mo- 
nomeric parent compound in terms of the near-edge spectral 
features, pointing to a similar geometric disposition of scatterers. 
Furthermore, changes in oxidation state can be monitored by the 
shift in the position of the edge. For example, upon oxidation of 
the polymer film (at +1.60 V) from Ru(1I) (Figure 7D) to Ru- 
(111), the edge position shifts to higher energy by about 1.5 eV 
(Figure 7E). Thus, one can determine the oxidation state of the 
metal inside a polymer film on an electrode surface. 

Similar results were obtained for the osmium complexes in terms 
of the local structure around the metal center and changes in the 
position of the edge as a function of oxidation state. In addition, 
we were able to correlate changes in the near-edge features with 

(29) Rillema, D. P.; Jones, S. D.; Levy, H. A. J .  Chem. SOC., Chem. 
Commun. 1979, 849. 
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Figure 8. Normalized iodide fluorescence intensity vs applied potential 
for a Pt(l11) single-crystal electrode (A) and a R/C LSM (B) immersed 
in an aqueous solution containing 50 pM NaI/O.l M Na2S04. Inset: 
Changes in the edge jump for the Pt( 11 1)  electrode mentioned above at 
potentials of -0.2 V (D) and +0.2 V (C). 

the coordination environment around the osmium metal center. 
These results indicate that the structure of electroactive polymer 

films and the oxidation state of the metal center can be obtained 
at  relatively low coverages, and this should have important im- 
plications in trying to identify the structure of reactive interme- 
diates in electrocatalytic reactions at  chemically modified elec- 
trodes. 

In Situ Measurement of Potential/Surface-Concentration 
Isotherms 

Since the magnitude of the edge jump is proportional to the 
number of absorbers, its potential dependence can be employed 
in constructing potential/surface-concentration isotherms in situ. 
We have carried out such a study on iodide adsorption on a P(111) 
electrode surface.30 (The adsorption of iodide was carried out 
from a solution containing 0.05 mM NaI, 0.1 M sodium sulfate, 
and 5 mM phosphoric acid at a pH of 6.7 obtained by the addition 
of sodium hydroxide. Prior to adsorption of iodide from solution, 
the adsorbed iodine layer (present form the pretreatment) was 
electrochemically removed by hydrogenation a t  -1 .O V. The 
electrode was then allowed to contact the NaI solution for 10 min 
at  the applied potential under study. Scans across the iodine K 
edge were obtained, and typically 35 scans, each of about 10 min, 
were obtained at  each potential.) 

Hubbard and co-workers3' recently reported an isotherm ob- 
tained ex situ by monitoring the iodine Auger electron intensity 
from electrodes that were emersed from iodide-containing solutions 
at different potentials. Their data show that at potentials negative 
of -0.60 V there is no adsorption. The iodine coverage then 
increases as the emersion potential is made progressively less 
negative, and there is a significant change in coverage from ' /3  
to 4/9 in going from -0.20 to +0.20 V. The coverage remains 
essentially constant and then decreases a t  about +0.60 V due to 
competitive adsorption of oxygen on the platinum surface. 
Our results, shown in Figure 8A, are in very good agreement 

with those mentioned above for potentials negative of +0.40 V. 
Especially gratifying was the fact that we could monitor (in situ) 
(Figure 8, inset) the change in coverage from to 4/9 by changing 
the applied potential from -0.2 (Figure 8D) to +0.3 V (Figure 
8C).  

Our data, however, differ significantly from theirs a t  potentials 
positive of +0.40 V. In our case the iodine fluorescence intensity 
increases whereas in their case it remains constant and then 
decreases a t  potentials positive of +0.60 V due to faradaic oxi- 
dation. It needs to be pointed out that for this system the potential 
of point of zero charge, EPZC, is estimated to be at  about +0.40 

(30) White, J. H.; Bommarito, G. M.; Albarelli, M. J.; Abruira, H. D., 

(31) Lu, F.; Saiaita, G. N.; Baltruschat, H.; Hubbard, A. T. J.  Electrounal. 
manuscript in preparation. 

Chem. 1987, 222, 305. 
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Figure 9. (A) Depiction of specular and first-order Bragg reflection from 
a surface. (C) 
Movement of an X-ray standing wave field in the -H direction upon 
advancing the angle of incidence across a Bragg reflection. 

V?O Very little faradaic current was observed in this potential 
region, and we are tentatively interpreting our data as indicating 
that the increase in the iodine fluorescence intensity at potentials 
positive of +0.40 V is due to the association of iodide or its 
oxidation products with the electrode surface. However, the point 
to be made is that the potential dependence of the surface con- 
centration of a species can he followed in situ. 

X-ray Standing Waves 
Introduction. The X-ray standing wave technique represents 

an extremely sensitive tool for determining the position of impurity 
atoms within a c r y ~ t a l ~ " . ~  or adsorbed onto crystal ~ u r f a c e s . ~ ~  
This technique is based on the X-ray standing wave field that arises 
as a result of the interference between the coherently related 
incident and Bragg diffracted beams from a perfect crystal. In 
the vicinity of a Bragg reflection (Figure 9A,B), an incident plane 
wave (with wave vector k,) and a reflected wave (with wave vector 
kH) interfere to generate a standing wave with a periodicity 
equivalent to that of the (h,k,l) diffracting planes. The standing 
wave not only develops in the diffracting crystal but also extends 
well beyond its surface with the nodal and antinodal planes of the 
standing wave being parallel to the diffracting planes. As the angle 
of incidence is advanced through the strong Bragg reflection, the 
relative phase between the E-field amplitudes of the incident and 
reflected plane waves changes by r radians. As a result, the 
antinodal planes of the standing wave field move in the -H di- 
rection by 'I2 of a d spacing, from a position halfway between 
the (h,k,l) diffracting planes (on the low angle side of the Bragg 
reflection) to a position that coincides with them (on the high angle 
side of the Bragg reflection) (Figure 9C). Thus, the standing wave 
can be made to sample an adsorbate or overlayer at varying 
positions above the substrate interface and normal to its diffraction 
planes. 

For an atomic overlayer that is positioned parallel to the dif- 
fracting planes, the nodal or antinodal planes of the standing wave 
will pass through the atom plane as the angle is advanced. Since 
the photoelectric effect is (by the dipole approximation) pro- 
portional to the E-field intensity a t  the center of an atom, the 
fluorescence emission yield will be modulated in a characteristic 
fashion as the substrate is tilted in angle. The phase and amplitude 
of this modulation (or so-called coherent position and coherent 
fraction) are a measure of the mean position ( Z )  and width 
( ( Z ) 2 ) ' / z  of the distribution of atoms in the overlayer. The Z 
scale is mod d and points in the direction normal to the diffraction 
planes. Standing wave measurements of (Z )  and ( (Z)2) ' /z  can 
be accurate to within 1% and 2% of the d spacing, respectively." 

(B) Generation of an X-ray standing wave field. 

(32) (a) Batterman, B. W.:Cole, H. Reo. Mod. Phyr. 1%4,36,681. (b) 
Batterman, B. W. Phys. Re". [Sed.] A 1964,133. A759. (e) Galovchcnko. 
J. A,; Patel, J. R.; Kaplan, D. R.; Cawan. P. L.; Bedzyk. M. J. Phys. Reo. 
W I .  1982, 19. 560. 

31, 4110. 
(??I Bedzyk, M. J.: Materlik, 0. Phys. Re". B: Condens. M m e r  1985, 
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Figure 10. Normalized fluorescence yield for I and Cu and reflectivity 
profile for a Pt/C LSM with an electrodeposited copper layer and 
adorbed iodide. Discrete points: experimental data. Solid lines: theo- 
retical fits. 

One of the problems associated with the implementation of the 
standing wave technique is the fact that it requires the use of 
perfect or nearly perfect crystals. This presents a problem es- 
pecially for relatively soft materials such as copper, gold, silver, 
and platinum which are not only very difficult to grow in such 
high quality but are also very difficult to maintain in that state. 
Thus, most experiments have been performed on silicon or ger- 
manium single crystals. 

An alternative to the use of perfect crystals is the use of layered 
synthetic microstructures (LSM)." These devices are prepared 
by the sequential deposition of alternate layers of materials, 
typically of high and low electron density elements such as W/C, 
Mo/C, W /Si, and Pt/C, onto a smooth substrate material such 
as silicon or cleaved mica. The number of layer pairs is such that 
the d spacing of the synthetic multilayer dictates the diffracting 
properties of the interface. The advantages that accrue from the 
use of LSM are manyfold. Firstly, these devices are physically 
robust and can be handled without undue provisions. They can 
be tailored to contain materials of interest and, furthermore, one 
can vary the d spacing of the diffracting planes (20-100 A), thus 
varying that the probing distance of the technique. Their use also 
simplifies experimental design since the angular reflection widths 
for the LSM's are of the order of milliradians as opposed to 
microradians for crystals 

We have employed a Pt /C (Pt as the outermost layer) LSM 
in the investigation of the adsorption of iodide followed by the 
electrodeposition of a layer of copper.)l Initially, a layer of iodide 
was adsorbed onto the platinum surface of the LSM (electrode), 
and it was then studied by the XSW technique. The characteristic 
iodine L fluorescence could be detected, and its angular depen- 
dence was indicative of the fact that the layer was on top of the 
platinum surface layer. A well-developed reflectivity curve 
(collected simultaneously) was also obtained. Following this, the 
LSM was placed in an electrochemical cell and half a monolayer 
of copper was electrodeposited. The LSM (now with half a 
monolayer of copper and a monolayer of iodide) was again ana- 
lyzed by the XSW technique. Since the incident X-ray energy 
(9.2 keV) was capable of exciting fluorescence from both the 
copper and the iodide, the fluorescence intensities of both elements 
(as well as the reflectivity) were obtained simultaneously. The 
results presented in Figure IO show the reflectivity curve and the 
modulation of the iodide and copper fluorescence intensities. The 
most important feature is the noticeable phase difference between 
the iodide and copper modulations. i.e., the location of the iodide 
and copper fluorescence maxima with the copper maximum being 

0 4 )  B a r k .  T. W. In Low Enera  X-roy DiawsIics: Atwwd, D. T.. 
Henkc. B. L.. Ed$.; AIP Press Nru York. 1981. 

marlto. G M J Phyr Chtm 1986. 90. 4926 
( 3 5 )  Bcdsyk. M. 1.. Bildcrback. D.: While. J.  H.: Abrufia. H .  D: Bom- 
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Figure 11. Normalized iodide fluorescence intensity vs applied potential 
and reflectivity profile for a Pt/C LSM immersed in an aqueous solution 
containing 50 rM NaI/O.l M Na2S04. 

to the right of the iodide maximum. Since the antinodes move 
inward as the angle increases, the order in which these maxima 
occur can be unambiguously interpreted as meaning that the 
copper layer is closer than the iodide layer to the surface of the 
platinum. Since the iodide had been previously deposited on the 
platinum, this represents unequivocal evidence of the displacement 
of the iodide layer by the electrodeposited copper. Similar findings 
based on Auger intensities and LEED patterns have been pre- 
viously reported by Hubbard and co-workers.26 In addition, from 
an analysis of fluorescence yields, we were able to determine that 
the electrodeposited copper layer had a high degree of coherence 
with the underlying substrate. 

Most recently, we have studied the potential dependence of the 
adsorption of iodide onto a Pt /C LSM. In this experiment we 
simultaneously monitored the reflectivity across the first order 
Bragg reflection as well as the characteristic iodine fluorescence 
intensity. Figure 11 shows data for the normalized iodide 
fluorescence intensity as a function of potential, and it can be seen 
that a t  -0.90 V essentially no iodide is present a t  the interface. 
As the potential is made progressively positive, the iodide 
fluorescence intensity increases and the peak maximum shifts to 
lower angles up to a potential of +0.40 V. At +0.49 V, the 
fluorescence intensity decreases and the peak maximum again 
moves toward higher angles. Qualitatively, these data appear to 
indicate that at -0.90 V there is no iodide adsorbed and that the 
coverage increases as the potential is made progressively positive. 
The movement of the peak maximum to lower angles indicates 
that, on average, the interfacial iodine density is moving away 
from the electrode surface. 

The iodide fluorescence intensity was normalized and plotted 
vs potential, and, except for one point, the results (Figure 8B) are 

in excellent agreement with those from our previously mentioned 
study. 

In addition to our studies, Materlik and co-workers have studied 
the underpotential deposition of thallium on single-crystal copper 
electrodes under both ex situ% and in situ3' conditions. In general, 
these studies are of great significance since they demonstrate the 
applicability of the X-ray standing wave technique to the in situ 
study of UPD monolayers, even employing metallic single-crystal 
electrodes. 

As mentioned in the Introduction, one of the limitations of the 
XSW technique is that it requires the use of perfect crystals. 
Although LSM's can be employed, the layers within an LSM are 
amorphous and therefore not well-defined. It would be most 
desirable to be able to perform XSW studies on single-crystal 
surfaces without having to resort to perfect or nearly perfect 
crystals. 

An alternative is offered by employing a backscattering ge- 
ometry on a single crystal rather than the conventional shallow 
angle incidence. The dynamical theory of X-ray diffraction 
predicts that in a backscattering geometry the reflection widths 
for a single-crystal surface will be of the order of milliradians as 
opposed to microradians under conventional incidence. This means 
that single crystals with a larger mosaic spread (such as those 
encountered in typical good quality though not perfect single 
crystals) could be employed in such measurements. We have 
performed such an experiment on a locally grown and cut bulk 
Pt( 1 1 1) single crystal and found the reflectivity width of 6 mrad 
to be very close to that predicted by theory.38 Thus, this approach 
may allow a more widespread use of this technique. 

Conclusions and Future Directions 
The use of X-rays as probes is providing a rare glimpse at the 

in situ structure of electrochemical interfaces. Although these 
studies are still in very early stages of development, it is clear that 
their use will become more widespread and other applications and 
techniques that will complement and augment our understanding 
will be explored. Of particular note are the recent reports on 
surface diffractiod9 and time-resolved measurements.40 We are 
confident that these studies will provide the basis for a better 
understanding and control of electrochemical reactivity. 

Acknowledgment. Our work was generously supported by the 
Materials Science Center a t  Cornel1 University, the Materials 
Chemistry Initiative of the National Science Foundation, the 
Office of Naval Research, the Army Research Office, the Dow 
Chemical Co., Rohm & Haas Co., and Xerox Corp. H.D.A. also 
acknowledges support by the Presidential Young Investigator 
Award Program at the NSF and the A.P. Sloan Foundation. The 
work on the copper and silver UPD on gold was in collaboration 
with Dr. 0. Melroy and Dr. J. Gordon (IBM San Jose) and Prof. 
L. Blum (University of Puerto Rico). 

( 3 6 )  Materlik, G.; Zegenhagen, J.; Uelhoff, W. Phys. Rev. B: Condens. 
Matter 1985, 32, 5502. 

(37) Materlik, G.; Schmah, M.; Zegenhagen, J.; Uelhoff, W. Ber. Bun- 
sen-Ges. Phys. Chem. 1987, 91, 292. 

(38) Bedzyk, M. J. Ph.D. Thesis, SUNY Albany, 1982. 
(39) (a) Fleischmann, M.; Oliver, A.; Robinson, J. Electrochem. Acta 

1986,31,899. (b) Fleischmann, M.; Mao, B. W. J .  Electroaml. Chem. 1987, 
229, 125. (c) Samant, M. G.; Toney, M. F.; Borges, G. L.; Blum, L.; Melroy, 
0. R. J .  Phys. Chem. 1988, 92, 220. 

(40) (a) Tourillon, G.; Dartyge, E.; Dexpert, H.; Fontaine, A,; Jucha, A.; 
Lagarde, P.; Sayers, D. E. J .  Electroanal. Chem. 1984, 178, 351.  (b) 
Tourillon, G.; Dartyge, E.; Fontaine, A,; Jucha, A. Phys. Rev. Lett. 1986, 57, 
603. 


