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fficient methanol electrooxidation
E is crucial to the commercial devel-

opment of the direct methanol
fuel cell. The electrooxidation reaction,
however, is plagued by low rates of oxi-
dation and poor selectivity to the com-
plete oxidation product CO,. Poor
selectivity leads to the accumulation of
partial decomposition products (mostly
CO) which poison the surface.16 One
obvious consequence of poisoning is
the decreased rate of methanol disso-
ciative adsorption on the electrode sur-
face due to fewer adsorption sites.” In
addition, by blocking sites required for
other surface reactions, adsorbed
residue may also influence the course
of the surface reactions.

Based on available experimental evi-
dence, we proposed the following
mechanism for methanol electrooxida-
tion on Pt(111)8:
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where the subscripts a and s denote
adsorbed and solution phase species
respectively. The site balance for this
model was written using the Langmuir-
Hinshelwood description of the surface
chemistry” and the unknown parame-
ters in the model estimated by com-
paring model predictions  with
experimental data for reaction at 0.6
Vgue-8 The model provided an excellent
fit to the data and showed that, for reac-
tion on an initially clean electrode sur-
face, the most abundant surface species
was H:C:O (RI) at short time scales and
CO at longer time scales. With residue
accumulation, kinetic control of the
overall reaction transferred from RI oxi-
dation to methanol adsorption and
finally to CO oxidation. Furthermore,
the rate of the non-CO pathway rp was
always higher than the rate of CO oxi-
dation rg 7 The non-CO path was shown
to be active on Pt(111) even at poten-
tials where CO does not oxidize.®

Here, new data for the methanol
reaction at 0.5 Vg on Pt(111) is com-
pared with data obtained previously at
0.6 VRe- The influence of potential on
the rate of the non-CO pathway is esti-
mated and compared to the effect of
adsorbed residue on surface reactions
at these two potentials.
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Fic. 1. Comparison of experimental
reaction g, (circles) and stripping g
(diamonds) charges measured on
Pt(111) at 0.6 Vgye (open symbols) and
0.5 Ve (filled symbols). The elec-
trolyte composition was 0.1 M CH;0H
+ 0.1 M HCIO, for the g, measurement
and 0.1 M HCIQ, for the g5 measure-
ment. Error bars are shown at twice the
relative standard deviation.

Complete details of the experi-
mental procedure are given else-
where.10 Briefly, the experiments were
performed under anaerobic conditions
in a dual cell apparatus at room tem-
perature. All potentials are quoted with
respect to the reversible hydrogen elec-
trode (RHE) in the same electrolyte.
The reaction charge ¢, is the charge
passed following a potentiostatic step
to the reaction potential E, on an ini-
tially clean Pt(111) electrode in
methanol-bearing electrolyte. Subse-
quently, stripping voltammetry in neat
electrolyte was used to oxidize the
adsorbed residue formed during the
methanol reaction. The charge required
to oxidize the adsorbate is the stripping
charge qg. For the measurements
reported E, was fixed at 0.5V or 0.6 V,
and the duration of the potential step,
i.e., the reaction time, varied.

Figure 1 shows the reaction and
stripping charges for reaction of 0.1 M
methanol at 0.6 V and 0.5 V on a
Pt(111) electrode as a function of the
reaction time. Note that CO oxidation
occurs at a finite rate only at potentials
positive of 0.55 V. This limits the g
value for reaction at 0.6 V, whereas g
continues to increase for reaction at 0.5
V. The g, and g values are consistently
greater for reaction at 0.6 V suggesting
that the surface reactions occur at faster
rates at higher potentials. With refer-
ence to Eq 1, all reaction steps, with the
exception of molecular adsorption of
methanol, will be accompanied by
charge transfer.
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From the data in Fig. 1 it cannot be
determined which reaction step is most
affected by potential. However, if either
methanol adsorption or dissociation on
Pt(111) is activated by potential,® then
rco and ry will also occur at a lower rate
because of the reduced supply of RI at
0.5 V.

From the data presented in Fig. 1,
the rate of the non-CO pathway at the
two potentials can be calculated. At
long times, when CO is the most abun-
dant surface species, the over all reac-
tion is adequately represented by?:

Co,
rco.e s
& °
CH30H, “**“*“** 0o CO,

. [2]

with the understanding that ry = O for
potentials less than 0.55 V. Since CO
formation results in the flow of four
electrons, CO oxidation in the flow of
two electrons, and complete oxidation
of methanol in the flow of six elec-
trons, the following expression for the
reaction current when ry = 0 can be
written:

ip=2ig+6eMr [3]
where i, is given by the slope of g, vs
time and ig by slope of gq vs time; e is
the charge on an electron, M the sur-
face atom density of Pt(111) and r,, the
rate of CO, production by the non-CO
pathway. For reaction at 0.5 V, when gg
equals 0.14 mC-cm2, the estimated
value of r, from Eq. 3 is 0.010 s1. A
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im ey of the striping charge g, measured on
Pt(111) at 0.6 Ve (0) and 0.5 Ve
i (®). The error bars are shown at twice
0801 = = ; an the standard deviation. The electrolyte
o 0.26 0 . o.%o compositions are given in the caption
o fmi cm™ inFic. 1.
non-zero value of r, confirms our pre- Acknowledgments

vious results that the non-CO pathway
is active at this potential. But for an
identical qq value of 0.14 mC cm2, we
previously estimated r,, as 0.035 st at
0.6 V11, This shows that the surface
reactions indeed occur at a slower rate
at the lower potential.

Because the rates of the surface reac-
tions are potential-dependent, the reac-
tion time cannot be used to mark the
progression of reaction while com-
paring the influence of adsorbed residue
on the reaction at different potentials.
Instead, residue accumulation must be
used, or equivalently gs, to mark the
progression of the reaction. For
example, gs = 0 denotes a clean surface
and increasing values of g, mark the
extent of reaction. Figure 2 shows a
comparison of the g, data for reaction at
0.5V and 0.6 V as a function of gs. This
comparison is invalid when the surface
reactions attain steady state (when gg =
0.14 mC-cm2 at 0.6 V) because, g, does
not increase even though reaction con-
tinues to occur on the surface. Interest-
ingly, for lower values of g, the data for
reaction at 0.6 V and 0.5 V fall on the
same curve (within experimental error).
This suggests that residue accumulation
influences the course of the surface
reactions in the same manner at the
two potentials.

In summary, the results presented
show that CO, production by the non-
CO pathway occurs at a faster rate at the
higher electrode potential of 0.6 V.
Although the surface reactions occur at
slower rates at the lower potentials, the
accumulated residue affects the surface
reactions in the same manner at the two
potentials. Furthermore, the above
result validates the usually implicit
assumption that the mechanism of
methanol electrooxidation is indepen-
dent of potential. [ ]
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Chain-Length Dependence of Crystallinity of Alkylamine Monolayers on YBa,Cu30-,
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YBa,Cu3z07 has slowed the indus-

trial and commercial use of this
technologically-important supercon-
ducting material. The development of
methods aimed at optimizing both the
surface properties and reproducible
processing methods will have a pro-
found influence on high-T. supercon-
ductivity research.

Recently, the McDevitt and Kanis
groups have described the mechanism
of adsorption and infrared characteri-
zation of crystalline monolayers spon-
taneously adsorbed on YBa,Cuz07.1:2
Results are reported here from recent
infrared studies which show the chain
length on the observed crystallinity of
the adsorbed monolayer. In addition,
further evidence regarding the orienta-
tion of the terminal methyl group is
provided by examining infrared
spectra of even and odd carbon
chained amine adsorbates.

The Reflection-Absorption Infrared
(RAIR) spectra of several different
carbon chain length alkylamines were
compared. Figure 1 shows RAIR spectra
of hexyl (Cg), decyl (Cqp), dodecyl
(Cq12), and octadecylamine (Cqg)
adsorbed on YBa,CuzO; (001) thin
films. Previous publications have
shown that the asymmetric methylene
vibration (~2920 cm1) is very sensitive
to the chemical environment of the
monolayer.3-5

The RAIR spectrum of octadecy-
lamine shows the greatest degree of
crystallinity, with a asymmetric meth-
ylene peak position of 2916 cm-l
(which is consistent with values
obtained for crystalline octadecylthiol
monolayers on gold) and a full width
at half maximum (FWHM) of 12 cm-1.
Meanwhile, dodecylamine adsorbed
on YBa,Cu305 displays an asymmetric
methylene peak position of 2924 cm-1
and a FWHM of 21cm-! indicating a
somewhat disordered structure. The
shortest amine examined, hexylamine,
showed a very broad asymmetric
methylene vibration (>30 cm
FWHM) that is positioned at approxi-
mately 2930 cml, indicating a very
liquid-like monolayer.

From analysis of the infrared data, it
is apparent that as the chain length of
the monolayer is increased the peak
position of the asymmetric methylene
vibration mode shifted to lower

T he extreme interfacial reactivity of
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FiG. 1. Chain length dependence of the RAIR spectra of primary alkylamines adsorbed on YBa,Cuz0, (001)

thin films.
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FiG. 2. Comparison of the RAIR spectra of undecylamine and decylamine monolayers on YBa,Cu30-. The y-
axis of the undecylamine case has been scaled to make the peak intensities of the asymmetric methylene
vibrations equal. This is due to sample to sample variations in factors such as surface area and roughness.
Note the dramatic increase in intensity for the methyl vibration in the odd numbered alkylamine adsorbate

relative to the asymmetric methylene vibration.

energy, indicating an increase in crys-
tallinity. In addition the width of the
vibration decreased, indicating an
increase in the chemical homogeneity
and overall order of the system.

In our previous work, we noted the
lack of a methyl signal in our spectra
that was attributed to a methyl vibra-
tional dipole that lies nearly in the
plane of the substrate.l Since the RAIR
spectra use p-polarized light, a vibra-

tional dipole must have a component
that is perpendicular to the plane of the
substrate in order to couple to the inci-
dent radiation. Thus, a dipole parallel to
the plane would be expected to be
absent in the RAIR spectra, while a
dipole that is perpendicular to the plane
is expected to yield a large RAIR signal.
If the methyl dipole lies in the plane
for an even numbered carbon chain,
then that dipole would be expected to
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lie nearly perpendicular to the plane
for an odd carbon chained amine such
as undecylamine (C;4). A comparison
of RAIR spectra of decyl and undecy-
lamine monolayers adsorbed on
YBa,Cuz05 (001) is shown in Fig. 2.
From these spectra it is clear that the
undecylamine monolayer produces a
much more pronounced methyl vibra-
tion than the decylamine monolayer
indicating much better coupling
between the dipole and the incident
radiation. Note that the decylamine
monolayer is slightly disordered and
shows a small amount of methyl vibra-
tion due to this disorder.

In summary, the chain length
dependence of amine monolayers
adsorbed on YBa,Cuz0; has been
explored. Like the prior work with
alkylthiols on gold (111), it is found
that the degree of order for these
monolayer assemblies increases dra-
matically as the chain length is
increased past C,g. In addition, an
interesting odd-even effect on the
methyl-vibration intensity is noted
consistent with that predicted from
molecular modeling studies. ]
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Mechanistic Analysis of Hydrogen Evolution and Absorption Reactions on Iron
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most ferrous alloys due to the

absorption of hydrogen into the
metal as a result of the hydrogen evolu-
tion reaction (HER).1-4 The mechanism
by which hydrogen absorption occurs
relies on the mechanism of the HER.2
The HER is a multistep reaction which
starts with the discharge of the H* ions
on the metal surface as follows:2

| | ydrogen embrittlement occurs to

kg
H*+e +M

a M'Hads [1]

where M-H,qs refers to an adsorbed
hydrogen atom on the metal surface
and k, is the discharge rate constant of
the HER. The formation of molecular
hydrogen occurs either via the chem-
ical (Tafel) recombination:

k
Mty + MH—=a 2M+H,  [2]

where k5 is the recombination rate con-
stant of the HER or electrochemically
as follows:

M-Hygste +Hf—a M+H, [3]

The hydrogen absorption reaction,
(HAR), occurs as a side reaction of the
hydrogen adsorption step of the HER,
Eq. 1, as follows:

kabs
M'Hads M‘Hads [4]
kdes

where M-Hg,s refers to the absorbed
hydrogen atom inside the metal lattice
and ks and Kgeg refer to the rate con-
stants of the forward and backward
directions of reaction 4, respectively.
This absorbed hydrogen diffuses deeper
into the metal lattice and eventually
causes embrittlement.

The analysis of the hydrogen evolu-
tion and absorption reactions on
metals has been extensively studied in
the literature.3 Many methods have
been used to help better understand
the mechanism of both reactions.
While some of the techniques used to
study the kinetics of both reactions
have some disadvantages, others have
to be used with great caution. lyer et
al.# developed the so called I-P-Z model
that was unique in the sense that the
model is an analytical one which
avoids the use of non-linear fitting of
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Fic. 1. The relation between the steady state permeation current and the square root of the recombination cur-
rent obtained on an iron membrane of thickness 0.25mm in 0.1N H,SO, + 0.9N Na,SO,.
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current, i, obtained on an iron membrane of thickness 0.25mm in 0.1N H,S0, + 0.9N Na,SO,.
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Fic. 3. The relation between the hydrogen surface coverage, 6, and the cathodic overpotential, ), obtained on
an iron membrane of thickness 0.25mm in 0.1N H,SO, + 0.9N Na,SO,.
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experimental data to extract Kinetic
parameters. Furthermore, it imple-
ments data from hydrogen evolution
and absorption reactions to fully
describe the kinetics of both reactions.4
The aim of this work is to analyze the
kinetics of the HER and HAR, on iron
in 0.1N H,SO,4 + 0.9N Nay,SO, using
the I-P-Z model.

The electrochemical hydrogen per-
meation cell developed by Devanathan
and Stuchurski® was used to collect
data on both the HER and HAR on
iron. The samples were 99.5% iron
membranes of 0.25 mm thickness
obtained from Goodfellow. Details
about the experimental setup and solu-
tions and samples preparation can be
found elsewhere.6 The I-P-Z model
describes the HER and HAR in terms of
the following set of equations
assuming a coupled discharge-Tafel
recombination mechanism for the
HER:

ic = Fk;Cpyy (1-0p)exp(-acn)  [5]

ir = FKo8y2 6]
i..= FDCppy/L [7]
i =K/bV 8]

i = (K/oV(FIW, — [9]
icexp (aan) =iy’ - (i’y b/K’) i, [10]

where i is the cathodic current density
of the HER, k; is the discharge rate
constant of the HER, Cp, is the
hydrogen ion concentration, 6y is the
hydrogen surface coverage, a = RT/F, a
is the transfer coefficient of the HER, n
is the hydrogen overpotential, ky is the
recombination rate constant of the
HER, iy = i¢-i, and is defined as the
recombination current density of the
HER, where i, is the steady state
hydrogen permeation current density,
k’ refers as to the absorption-desorp-
tion constant of the HAR, b= L/FD, iy’
= ig /(1-6y) where i is the exchange
current density of the HER, and 6 is
the equilibrium hydrogen surface cov-
erage. Eq. 10 is a straight line relation
between the charging function, i
exp(aan), and the steady state perme-
ation current, iy. The slope of which
gives 15’b/k’ and the intercept is iy’
Consequently, values of k' and iy’ can
be evaluated. The value of iy can be
used to estimate iy, assuming ig=iy';
while k' can be used to evaluate the
hydrogen surface coverage, 6. The
value of k' can also be used to evaluate
the recombination rate constant, ko,
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from the slope of Eq. 9. Figure 1 shows
the relation between the steady state
permeation current and the square root
of the recombination current. This
figure shows a straight line relation
passing by the origin which means that
the HER follows the couple discharge-
Tafel recombination mechanism and
the requirement for the I-P-Z model
is fulfilled. Figure 2 shows the relation
between the charging function,
icexp (aan), and the steady state perme-
ation current, i,. This figure shows a
reasonably straight line with a negative
slope, which demonstrates the validity
of the model. A value of 2x106 A-cm=2
for iy’ was estimated from the intercept
of the line in Fig. 2. This value matches
with the values reported for the
exchange current density obtained for
iron in the literature.” Table | shows
values of kq, ko and k’ as calculated
from Figs. 1 and 2.

TasLE 1. Values of the rate constants of
the HER and HAR calculated using the
1-P-Z model on an iron membrane of

thickness 0.25 mm in 0.1N H,SO, +
0.9N NaySO,.

Ky, (CM/S) o 1.25 x 107
ky, (Mol/cm3s) ........ccccevnee. 2.67 x 108
K, (mol/cm3).....ccoeviiiiies 1.04 x 107

The value of k' was used to estimate the
hydrogen surface coverage, 6, at dif-
ferent values of the hydrogen overpo-
tential, n. Figure 3 shows the variation
of the hydrogen surface coverage, 6,
with the hydrogen overpotential, n.
This figure indicates that the coverage
increases with the hydrogen overpo-
tential, which is similar to other results
in the literature.8

In conclusion, the I-P-Z model was
applied to analyze both the hydrogen
evolution and absorption reactions on
iron. The model was able to fully
describe the kinetics of both reactions
as it gives values for: (1) the exchange
current density of the HER, iy; (2) the
discharge rate constant of the HER, Kky;
(3) the thickness dependent absorp-
tion-desorption constant, k’; and (4)
the recombination rate constant, K.

Work is underway to extend the
applicability of the I-P-Z model to ana-
lyze the kinetics of both reactions in
presence of organic inhibitors such as
benzotriazole, BTA. This work includes
analysis of both reactions at one thick-
ness of the iron membrane at different

BTA concentrations to quantify the
effect of BTA on both reactions. This
work will be extended to evaluate the
kinetics of both reactions at different
BTA concentrations and different
membrane thicknesses. The latter will
help in the evaluation of the kyps and
Kges rate constants of reaction 4. m
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transitions are often seen in inter-

facial studies, especially in ultra-
high vacuum (UHV) environments.!
While a variety of adsorbate-induced
surface structural changes have been
reported in both UHV and electro-
chemical systems,23 most commonly
encountered is the removal of surface
reconstruction upon molecular adsorp-
tion.1 For example, clean Ir(100) under-
goes hexagonal-type reconstruction
and exhibits a (5x1) periodicity in UHV
as revealed by low-energy electron dif-
fraction (LEED). However, the adsorp-
tion of CO or NO removes the
reconstruction as deduced from the
attenuation of the 1/5th order spots in
the LEED patterns when the adsorbate
coverage reaches a critical value.4>
Such structural transformations can in
some cases exhibit characteristic

Q dsorbate-induced substrate phase

by Shouzhong Zou

changes in the corresponding adsorbate
vibrational spectra, therefore enabling
these measurements to be utilized as an
empirical assessment of substrate struc-
ture when direct spatial information is
not available.

While such phase transitions are
also of central importance at ordered
electrochemical interfaces, the avail-
ability of direct in-situ information on
spatial substrate structure remains
sparse, especially at transition metal
surfaces. As LEED is inapplicable, the
advent of in-situ atomic resolution
scanning tunneling microscopy (STM)
provides an invaluable real-space probe
of metal substrate as well as adlayer
structure. This is especially the case
when STM data are combined with
adsorbate  vibrational information
obtained from in-situ infrared reflec-
tion-absorption spectroscopy (IRAS).”

The adsorption of CO and NO on
Ir(100) in aqueous acidic solution has
been studied in our laboratory utilizing
in-situ IRAS.8 The CO and NO vibra-
tional features obtained were essentially
the same as those observed for adsorp-
tion on (1x1)-Ir(100) in UHV, sug-
gesting the same substrate structure in
the electrochemical environment.8
While significant, this conclusion is
nonetheless suggestive rather than
indicative. It is therefore of critical
importance to directly probe the
atomic spatial arrangement of such sys-
tems by means of in-situ STM. This
report presents in-situ STM images for
Ir(100) surface obtained in N,-purged,
NO-saturated, and CO-saturated 0.1 M
HCIO,. The results show that 1r(100)
retains the (1x1) structure in the elec-
trochemical environments, even

(continued on next page)
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without NO or CO adsorbed. However,
Ir(100) apparently undergoes surface
restructuring upon CO adsorption.

The flame-annealing procedure for
the 1r(100) crystal followed is described
elsewhere.8 After annealing, the surface
was transferred to the STM cell while
protected by a drop of ultrapure water.
The sharp hydrogen adsorption/desorp-
tion characteristics obtained in the
cyclic voltammograms8 were repro-
duced in the STM cell containing 0.1 M
HCIO,, suggesting that the crystal is
highly ordered, as indeed was con-
firmed by the STM images.

Figure 1 presents an atomic-resolu-
tion image obtained in 0.1 M HCIO, at
0.25 V vs SCE. The distance between
each bright dot (i.e., tunneling max-
imum) in the square planar array is
about 2.8 A, close to the atomic size of
an Ir atom. The square arrangement of
these dots clearly reveals that in the
electrochemical environment, 1r(100)
retains its unreconstructed structure. Such
an observation is not unreasonable,
given that in UHV (1x1)-1r(100) also
exists and is stable up to 800 K.9 In
addition, a (1x1) LEED pattern has also
been observed on a Ir(100) electrode
pretreated by a similar annealing pro-
tocol, and transferred into UHV.10

Of central interest here is the influ-
ence of the adsorbates on the substrate
structure. First, we exposed the unre-
constructed Ir(100) surface to NO-satu-
rated 0.1 M HCIO,4 at 0.5 V. The NO
undergoes dissociation upon adsorp-
tion, yielding a maximum NO coverage
of only approximately 0.25.8 However,
the characteristic IRAS fingerprints for
molecular NO provide an empirical
assessment of the substrate structure,
also suggesting that the substrate is
unreconstructed.8 Interestingly, the
Ir(100) electrode retains its initial
atomic arrangement upon NO adsorp-
tion as indicated by the similar images
to those obtained in 0.1 M HCIO, . The
low coverage of molecular NO, with its
consequent high mobility, is likely
responsible for not observing an
ordered adlayer structure in the STM
images. This result confirms the asser-
tion of the unreconstructed Ir(100) in
the electrochemical systems based on
the in-situ IRAS results.8

Rather different images were
obtained, however, when the clean sur-
face was subjected to CO-saturated solu-
tions. The adsorbed CO was obtained
by purging the gas slowly into a STM
chamber. Within about 15 minutes, the
image developed nanoscale superstruc-
tural features, decorating the terrace in a
random fashion. The shape and height
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FiG. 1. Constant height STM
image of Ir(100) in 0.1 M HCIO,
at 0.25 V vs SCE, with

Epias= -297 mV and

1=8.2 nA.

FiG. 2. Constant height STM
image of Ir(100) in CO saturated
0.1 M HCIO, at-0.1 V vs SCE,
with Eyj,= 4.3 mV and [ =7.7 nA.

of these clusters are rather irregular.
Some of them are brighter than others,
indicating they are at higher positions
normal to the terrace plane. These clus-
ters are probably not impurities on the
surface since they do not exist when CO
is absent and the images are repro-
ducible. A typical atomic-resolution
image of these clusters is shown in Fig.
2. The distance between the adjacent
dots within each clusters is about
2.8+0.1 A, suggesting their identity as Ir
atoms. The square unit cell observed in
the clusters suggests that the surface is
“roughened” by CO adsorption while
remaining in a (1x1) atomic arrange-
ment, although the uncertainty in the
orientation of the unit cell with respect
to that of the clean surface obscures this
conclusion to some extent. Neverthe-
less, it is clearly evident that the adsorp-
tion of CO on originally large-scale (1x1)
terraces induced the formation of small
islands of Ir atoms.

A different kind of adsorbate-induced
nanoscale substrate restructuring has
also been seen on Pt(100) electrodes.11
The adsorption of CO, CN-, sulfur, and
submonolayer iodine triggered the for-

mation of flat “mesa-like” features of
dimensions about 20 to 40 A, which are
composed of Pt “microterraces”
retaining the original (1x1) structure.11
The driving force for the formation of
mesas was tentatively attributed to opti-
mization of the number of energetically
more favorable adsorbate-surface
bonds.1l Given the similar chemical
nature of the substrates, it is possible
that the formation of the present clus-
ters also originates from a similar source,
although the restructuring on Ir(100) is
less clear cut than on Pt(100). Another
plausible explanation could be the prob-
able high dynamic pressure of CO in the
present system, since similar CO-
induced surface roughening at near-
ambient gas pressures has also been seen
in gas-phase STM studies on Pt(111).12
Studies aimed at further clarifying the
nature of such adsorbate-induced sur-
face restructuring in electrochemical sys-
tems are planned to be undertaken by
examining the influence of different
adsorbates on the substrate structure.

In summary, in-situ STM images
demonstrate that in electrochemical
environments, 1r(100) is unrecon-

The Electrochemical Society Interface « Spring 1999



structed, even in the absence of strong
adsorbates. A “surface roughening”
characterized by the appearance of
metal clusters nonetheless having a
(1x1) unit cell is induced by the adsorp-
tion of CO. This study shows the value
of in-situ STM in revealing interfacial
spatial information. It also supports the
validity in this case of utilizing adsor-
bate vibrational spectral fingerprints as
empirical assessments of the substrate
structure.3. 8 m
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