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STUDIES OF ADSORPTION AT WELL-ORDERED
ELECTRODE SURFACES USING LOW ENERGY ELECTRON DIFFRACTION
Philip N. Ross, Jr.
Lawrence Berkeley Laboratory
Materials and Molecular Research Division
University of California

Berkeley, California 94720

1. Introduction

As in gas-solid heterogeneous catalysis, the adsorbed intermediate
plays é central role in the development of a quantitative theory for
electrocatalysis. The geometric structure and the electronic and vibra-
tional states of the adsorbate must be known in order to derive quantum
mechanical descriptiohs of electron transfer occurring during adsorption
of an electroactive species from solution, e.g. the electrodéposition of
metals. There are electrochemical reactions where the rate determining
step is not an electron transfer step, but a purely chemical step, éuch
as chemisorption. This is the case, for example, in the classic hydrogen

. + -
electrode reaction, H, ~ 2H + 2e , where for the Pt group metals the rate

2
is determined by the rate of dissociative chemisorption of hydrogen. Iﬁ
reactions of this type, one is seeking virtually identical information
about the adsorbed state as in heterogeneous catalysis, with the addition-
al complication of the solution phasé. Thus, studies of adsorbed states
have the same important relationship to physical understanding of reaction
paths and kinetics in both gas-solid and electrochemical catalysis.

The use of in-situ spectroscopic techniques to probe adsorbed

intermediates is at the forefront of gas-solid catalytic research.

Analogously, there are in-situ methods which have been used with
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electrochemical systems to probe the géometric and electronic structure
of_adsbibates=on”electrode ;urfaces. Examplesbof these techniques are
reflectance spectroscopy, eliiﬁéometry and surface enhanced Raman sﬁec—
troscopy (SERS). SERS seems to have the.most promise of any of the in-
situ techniqﬁes and was a lecture topic at the 1979 ISISS (1). The in-
situ techniques suffer from a variety of shértcbmings. All lack a’ gen-
eralvapplicability aﬁd none provide, even in principle, a definitiye
determination of adsorbate structure. A humber‘of research groups fhat
study the electrode—electrblYte interface havé developed ex-situ methods
fér-tﬁis study, and- it is these we shall concern ourselves with.hére.
X—ra& photoelectron spectroscopy (XPS) has been used extensively for ex-
situ analysis of electrode surfaces (2) but not for the study of adsorbed.
or submonolayer electrodeposited species. In this review,‘we shall de-
scribe in some detail studies of submonolayer structures on electrode
surfaces using the combination of classical electrochemical methods with
- low energy electron diffraction (LEED). It is shown that by use of thisb
combination of techniques the enthalpy and entropy of adsorption onto
well-ordered surfaces can be determined directly. The effect of imperfec-
tions in the surface on adsorption enthalpy can be readily determined
.using stepped surfaces (i.e. ordered periodic imperfections). The varia-
tion of enthalpy and entropy with coverage on structurally homogeneous

surfaces can provide insight into substrate-adsorbate and adsorbate-

adsorbate interactions.



2, Thermodynamics of Electrodeposition

The deposition of a ionized species from solution onto a metal electrode
surface may, without loss of generality, be considered to proceed via an inter-

"underpotential' state. We shall consider

mediate state, usually termed the
only underpotential deposition reactions which may be written as simple
charge transfer steps

-— * .
A Pl (1]

* Z+
where A 1is the adsorbed (ad-atom) state on the electrode surface, and A
is the solvated cation species. Implicit in equation [1] is the fact that
there is a change in the solvation shell around A. The change in total en-

tropy for the adsorption reaction will reflect this change in solvation and the

magnitude of the TAS term to the total change in free energy is not insignifi-

cant. As the ad-atom concentration increases, association occurs leading to -

the formation of the bulk phase, as

kX % )
(A")A"*Ab [2]

The energetics of this association reaction may be used to define the -

thermodynamics of the underpotential state. We define the enthalpy
. 4
change in [2] by AH ,

AE = - (2D - D [3]

AM AA)
*
where DAM is the dissociation energy of A from the metal substrate and DAA
is the dissociation energy of A from A. For an energetically homogeneous
surface, and assuming no interactions between ad-atoms, we can define an

* * * *
isotherm for A based on the magnitude of AG = AH - TAS

o 2,
T - %  exp( -AG /2RT) ‘ [4]

where aA is the thermodynamic activity of the bulk phase A. In an electro-

chemical cell at equilibrium, the thermodynamic activity of the bulk phase

is related to the electrode potential via the Nernst relation

by



4=

o RT ,
E=E - 277 B (aA/aA.Z+) _ ‘[5]

where E is the potential of the electrode (at which deposition of A is
occurring) relative to any reference electrode and'E0 is the potentiai of
the electrode when A is at unit activity (relative to the same reference
electrode). It is convenient to define the electrode potentials only in -

terms ova = E-Eo, i.e. against an A/AZ+ reference electrode in the same

solution, so that

RT .

U=-27 0 ay | [6]
or al/2 = exp(~ ZFU/RT)

A
Finally we define the ideal relation between the coverage of the substrate

surface by ad-atoms and the electrochemical potential in terms of the standard

free energy of adsorption

. * - .

1%5 = exp( -A%)/ZRT) exp (- ZFU/RT) A [7]‘
v x ,

The standard free energy of absorption, AGO, is consequently ZZFU1/2, where

U is the potential when 6 = 1/2.

1/2

Isotherms recorded at variable temperature may be used to calculate isoteric-

heats of adsorption (‘W ) by use of the relation

d ¢n a W
A = — [8] .
( 4aT ) 8 RT2

The entropy of adsorption can be obtained as a function of coverage from the

relation between RT in aA and W, i.e.

as* = <(%) -rna 5-(%) + 28 [9]



The great virtue of electrochemistry is that the relation between
coverage and chemical potential can be measured directly and with great
accuracy (10—3 ML). Experimentally, it is more convenient to measure the
derivative of 8 directly, then integrate to obtain 6. This is done by the
method of linear sweep voltammetry. When the potential of an electrode
is changed, current flows in the external circuit which is the sum of -

two contributions, one representing the (dis) charging of the electrical

double-layer, another the (dis) charging of the adsorbate layer, e.g.

i= da/at [10]
ds
_(4®) (au du
<dU > <dt>+ Cd2<dt> (111
Then a‘Q<%>= (i - acy,)

[12]
do\_
<—dU>_ (i/aqQ - Cdg/Q)

where a = sweep rate and Q is the charge required to form a monolayer of

adsorbed species. The double-layer capacitance, C 0’ of the high work

d
function metals that one normally uses as electrode substrates (e.g. Pt,
Au,'Hg, etc.) are typically 10- 40 uF/cmz, depending on the electrolyte.
Since Q = 200~ 300 ﬁC/cmz, the double-layer (dis) charging contribution
to [12] is therefore typically 0.05 —0.1V-l independent of sweep rate.
The relationship between the experiment, which measures i vs. U during a
linear sweep, and the derived isotherm is shown graphically in Fig. 1.
Isotherms can be obtained from linear sweep voltammetry in the manner

described only if the system is perturbed under reversible conditioms,

i.e. the coverage at a given potential



is independent of the sweep rate. The criterion of reversibility ie
easily verified experimentally, and in some cases it cannot'be-met at

any (practical) sweep rate, as is the case for the underpotential deposi-
tion qf,oxygen on Pt group metals. The shape of the i - U curve contains
information about the nature of the adsorbate interactions. This is
‘illustrated in Fig. 1b using the simplest model for interactions, one in
whieh fhe isoteric heat of adsorption changes linearly with coverage.

For repulsive interactidns_(g‘> o), the peek maximum moves tovlower'poten—
tial and the peak shape is much broader than ideal. For attractive inter-
‘actions (g <o), the peak maximum moves to higher potenfial and the.peak
.ehape is narrower than ideel. More complex and physically more realistic
models of adsorbate interection,vsuch as dipole—diﬁole or image dipole
interactions, have been calculated by Conway and co-workers (3 ) end show
qualitatively the same behavior as in Fig. 1b but with esymmetric peak
shapes. Therefore, i - U curves from structurally homogeneous surfaces
(single crystals) provide at least a qualitative indication of the

nature of the non-ideality of the absorption reaction and the relative
importance qf adsorbate interactions. Further detail on these inter-
actions can best be derived by analysis of the variation in the isoteric

heat of adsorption and differential entropy of adsorption with coverage.

i
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Some coqfusion frequently occurs when thermodynamic quantities derived
from electroéhemical measurements are compared to'whaﬁ may be the comparable
thermbdynamic quantity derived in a non4e1ectrochemica1 (i.e. no electro-
lyte) measurement. As defined here, the thermodynémic functions AG*,'AH*

*
and AS all refer to the same reference state, the bulk phase at unit

activity. What we measure electrochemically is the"éhange in state variable
between that reference state and the underpotential state (submonolayer
ad-atoms on a substrate in solution), The non-electrochemical experiment,
e.g. vacuum deposition, has the same reference state and has a similar,

but not identical, final state. The difference in thermodynamic quéntities
measured by the two methods reflects a difference in the chemical state of
the ad-atoms in the two environments and not a difference in the .manner of
measurément per se. We shall be discussing, in a later section, detailed
comparisons of thermodynamic functions determined with and ﬁithout a solu-
tion phase.

3. Experimental Methods

The basic principle of ex-situ analytical methods is to couple
electrochemical cells to UHV chambers where the plethora of.techniques
for the study of the vacuum interface can be used to examine‘the electrode
surface. The directness of this coupling varies from laboratory to labora-
tory, from very crude (pull the electrode from the cell, carry it two build-
ings away, and insert into a UHV system) to very sophisticated (direct trans-
fer with differential pumping). Depending on the particular éystem under
study and the type of analysis being done ex-situ, crudely coupled systems
suffice, e.g. RHEED analysis of metal electrodeposits (4 ). Glove-box
transfer appears to be adequate for the study of the '"near-surface" region,

e.g. RHEED and XPS type analysis. However, for definitive work on



submonolayer speciés, the higﬁest standards of UHV practice must be applied
“to the transfer of the electrode surface to and from the analytical chamber.

~ The experimental apparatus as used in our laboratory for the study of the
underpotential states of hydrogen and oxygen on Pt is shown in Fig. 2. The
éingle crystals were spot-welded to gold wires and suspended from a stainless
- steel block. The block was -transferred from the manipulator in the LEED—AES
bellear to the_élegtroéhemical cell by means of two polished stainless steel
réds; vacuum sealing of the rods was accomplished using Vifon O—rings radially
compressed; The working electrode compartment, and the high—vacuﬁm parts of
>£he syétem, wefe isolated from the electrolyte reservoir and reference elec-
trode via a glass-break. The transfer system and working electrode compart-

6 Pa (1 X 10_8 Torr) after

ment were differentially pumped to about 1.3 X 10
a bakeout at.423 K.A In the typical experiment, a new single-crystal was mounted .
Kon the transfer block and attached to the vertical motion transfer rod withv
the electrochemical cell detached. The transfer block was transferred to the
horizontal motion rod, the electrochemical cell attached to the system, and
the entire transfer system pumped out to 2 X 10—6 Pa} The single crystal was
then transferred to the.ultra—high vacuum system, where it was cleaned by
simultanébus argon ion bombardment and electron beam heating to 973 K. The
ultra~high vacuum system was fitted with a rotary-motion feed-thru with a
threaded tip wiih which the transfer block could be picked up and rotated,
permitting ion bombardment and LEED/AES analysis to be carried out on both
sides of the crystal. LEED analysis was accomplished using conﬁentional b-
grid Bptiés (Varian) and Auger analysis used a single pass CMA with 3 keV in-

tegral electron gun (Varian). The Auger spectrometer system also had sample

imaging capability so that the. entire surface of the crystal was analyzed for
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impurities. The structure of the surface was thén determined using LEED.

After structure analysis was performed, the crystal was transferred into the
working electrode éompartment and the electrochemical system was isolated

from the LEED;AES syétem by closure of the straight-thru valve. The work-

"ing electrode compartment was then backfilled with Research Grade argon (Airco,
5 N purity) to near ambient pressure, and the electrolyte introduced by break-
ing the glass seal.

Since the cell configuration employed here required complete submersion
of the crystal, regions of the crystal that are not well-ordered are contacted
by electrolyte and thus contribute to the voltammogram, e.g. the edge.
Typically the geometric area of edges on these crystals was 207 of the area
of the polished faées, and the effective area even greater because of rough-
ness. The contribution of the crystal edges to the voltammogram was measured
direcély by a gold masking techniqﬁe. After obtaining the voltammogram for the
complete crystal, gold was evaporated onto the poiished faces so that just the
edges and near-edge region of the Pt crystal were exposed to electrolyte. The
voltammogram for these disordered regions was obtained following the same
procedure as used for the crystal without the gold mask. To facilitate data
manipulation the voltammograms were digitized and recorded in a multi-channel
analyzer. At least two other electrochemical research groups havé employed
systems of the type shown in Fig. 2 to study underpotential states on single -
crystal electrode surfaces ( 5,6 ). However, the apparatus at our laboratory
is the only system of its type in which variable temperature in the electro-
chemical cell is easily accomplished. The problem with this system is that the
volume of electrolyte is quite large and it is difficult to pufify the solu-
tions‘to the extent necessary. The thin-layer cell employed by the Yeager
group ( 6 ) appears to solve this electrolyte purity problém by increasing

the surface to volume ratio by three orders of magnitude.
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4. TUnderpotential States of Hydrogen on Pt

If two Pt foils are sﬁspended in wéter (containing sufficient salt to
provide conductiﬁity) and maintained at a poteﬁtial difference > 1.23 V, hydrogen
Wil} be evolved from the negative electrode and oxygen from the positive. If
" we measure the current passed during a linear sweep of the voltage (relative to a
third reference electrode) of either electrode, we find that current is passed
at potentiais well below the thermodynamic potential difference. These éurrents
correspond tq the adsorption of water dissociation products that are intermediates
in the ﬁormation of hydrogen and oxygen. Formally, these adsorbed specieé are
referred to as the underﬁotential states of hydrogen and oxygen. Figure 3 shows
linear sweep voltammetry curves for a cléan, annealed, polycrystalline Pt foil
in dilutevsulfuric acid electrolyte obtained in the apparatus of Fig. 2. The
reference electrode was avreversible hydrogen glectrode in the same- electrolyte
withAhydfogen at unit activity (101.3 k Pa pressure). Therefore, the electrode
potential scale of Fig. 3 is exactly U of equation [6], and sweeping the po-
tential correspondsvto sweeping the eqﬁivalent partial pressﬁre of hydrogen,

- given by the relation
1/2

P = exp( - FU/RT) | [13]
2

The first sweep was cathodic, starting at 0.4V, and the cathodic current measured

between 0.4 and OV corresponds to the adsorption (underpotential deposition) of

hydrogen ad-atoms from solvated protons in solution.

[}19041+ +M(eT) > MH + 4HY0 [14]

Because of the excellent kinetics of the recombination/dissociation reaction on
Pt, the equilibrium concentration of molecular hydrogen is established near the

electrode surface (the diffusion boundary layer).

N |
2 MH Q2 H, [15]
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The mirror image anodic currents observed on reversal of the linear sweep
corresponds to the reaction [14] and [15] driven in the opposite direction.
The sharply increasing cathodic current below 0.05V corresponds to the evo-
lution of sufficient molecular hydrogen to achieve equilibrium partial pres-
'sures that approach 101.3 k Pa.

The anodic current measured at 0.8 — 1.3 V in Fig. 3 corresponds to the
adsorption of intermediates in the formation of molecular oxygen from water,
i.e. the underpotential states of oxygen. We shall discuss the underpotential
states of oxygen separately in a later section of this lecture.

There are, clearly, multiple states of hydrogen adsorbed on Pt electrode
surfaces, and the challenge to electrochemists in recent years has been to
produce a definitive explanation of the ﬁultiplicity of these states. The use
of ex~situ methods of surface énalysis and systems like that in Fig. 2 havé'
proven to be extremely useful. LEED has been used to provide definitive deter-
mination of the surface structure of Pt electrodes before and after contact with
electrolyte; Auger electron spectroscopy used to monitor surface contamination
and/or oxidation; UHV practice was used to aésure no contamination of the sur-
face occurred before or after contact with electrolyte. It has now been clear-
ly demonstrated (7-10)  that the multiplicity of states represents ad-
sorption of hydrogen at sites of different geometric configuration,-i.e. local
" ordered domains of different geometry. We shall review here some selected
results from these studies.

4.1 Isotherms for Hydrogen on (111) and (100) Pt

Voltammetry curves for hydrogen adsorption-disorption on (111) and (100)
Pt single crystal electrodes are shown in Figs. 4 & 5. In both cases, post-test -
LEED analysis indicated the surfaces were the (1 X 1) structures during the

experiment. In the case of the (100) crystal, the results in Fig. 5 were
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obtained with an oxygen treated crystal in which the oxygen was left on the
surface, so that the starting‘surface was (1 X 1)-0. Yeager's group (11 ) has
reported that a different result is obtained if one uses the clean (5 X 20)
feconstfucted surface of the (100) crystal, and that transformation to the
(1 X 1) surface occurs commensuraté ﬁith hydrogen chemisorpfion. When tﬁe
curves in Figs. 4 & 5 were correcte&'forredge effects using the gold masking
technique describéd, the result was a single asymmetric ﬁeak for each surféce.
Isotherms foi;fh0sesingle states, derived by integration of the corrected i —.U
curve, are shown in Fig. 6. The isotherms are clearly non-Langmuirian. The iso
sferic héat oandsorption on both éurfaces falis ﬁonotoniéaliy with coverage |
- (Fig. 7). ‘It seems unlikely that progressive filling of sites of differgnt
energy would produce a—monofonic'function for the isosteric heat of adsorption.
It seems more likely that the sufface is energetically hpmogeneous and that
adsorbate induced interactions baused the monotonic decrease in the heat of
adsorption. The classical models of Roberts_(lZ) for dissociative adsorption
on identical sites with nearest neighbor interaction can be applied directly
to compute the differential (isoteric) heat of adsorption. For a surface of
uniform sites, tﬁe adsorption entropy for a diatomic molecule varies.slowly with
coverage for 6 < 0.8 (13), and for our purposes here we assume AS* is essen-
tially constant. Then
26" (8) = - w(e) - T a s | [16]
'whére.w(ejs-AH* is gi&en by one of the models of adsorbate-adsorbate interaction.

If. the hydrogen ad-atoms are mobile at the temperature of adsorptionm, then (12)

o _ 1-2 Y
w(e) = Wo ny (l [1 - 4(1 - p)o(1 - 9)1/2/ [17]
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where p is the Boltzmann factor exp(-y/RT); Wo is the initial (zero
coverage) heat of adsorption, and y is the pair-wise interaction energy.
Fér'repulsive interaction, Y > 0 and the heat of adsorption decreases
with coverage; for |Y| < RT, Taylor series of expansion of eq.(7) yields
a linear change in the heat of adsorption W(8) = Wo - ny6. Adsorption
isotherms with a linear variation in adsorption free energy have been
used extensively for the modeling of underpotential deposition (e.g.
ref. 14 ) and it is well known that the linear function does not produce
an asymmetric voltammetry curve. However, if the hydrogen adatoms. are
immobile, the resﬁlting isotherm produces an asymmetric curve and a heat
of adsorption function which fits the observed variation extremely well.

For immobile adsorption (12),

(n-1)% . (2n-8)
[18]

wW(8) - Wo - ny [ = ) o))
The best values of Wo, the heat of adsorption at zero coverage, and Yy were
derived by fitting (7], [16], and [18] to the isotherms for the (11l),
n = 6, and the (100), n = 4, surfaces simultaneously, then checking the
resulting W(6) function against the experimentally observed variation.
The best-fit values of AH:, As:, and vy are given in Table 1, the calculated
isotherms and the calculated W(6) functions appearvas the solid curves ih

Figs. 6 and 7, respectively.

Table 1. Thermodynamic functionsa) for the adsorption of hydrogen on Pt

single crystal surfaces.

* *

Surface AHi ASi Y
(kJ/mol) (J/mol-K) (kJ/mol-pair)

(111) -46.8 -55.8 5.0

(100) -81.1 -53.1 5.0

a)

Zero coverage at 300 K.
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While the theofetical isotherms are not a perfect fit to the experimental curves,
the asymmetrj of-thg voltammetry curve for the (100) surface is predicted as
well as the general_form of‘the functional relation between isosteric heat of
'édsorption and coverage. | | |

In principle, it should be. possible to calculate the AS* term for mobile
and immobile dissociative adsorption and determine whether the values in Table
1 are consistent with the assumption of an.immobile state. However, in the '
case of adsorption at surfaces in solution, the problem of solvent orientation
makes this calculation less than st;aightforward;. Figure 8'shqws the claséi—
cal eléctfochemical viéw (thé BDM»theory) of the»waterfhydronium ion double-
layer (15) and a hypothetical view of thefmanner in.whiéh,hydfogen adatoms
are chemisorbed. - The BDM doublé-layér model was developed specifically .
for the mercury electrode, but should apply to ény metai electrode where there
is no specific (chemical) interaction between.water and the metal surface.
This model should, theréfore,'apply to a Pt electrode at potentials positive
to that for hydrogen adsorption and negative to thatlfof OH formation. The
layer‘of.wéter molecules, strongly oriented with the pbsitive end of the water
dipole towards the metal surface, must be dispiaced by the‘hydrogen ad-atoms.
There has been no model developed to p:edict the relaxation of the double-
layer following hydrogen chemisorption, so there is no firm physical basis
for calculating the total change in entropy. Until a great deal more is known
about the structure of the double-layer when adsorbed hydrogen is present on
the surface, it is not possible to calculate the "expected" values for the
entropy of adsorption.

4.2 Hydrogen at stepped surfaces

As Somorjai and co-workers have shown (16), certain high Miller index
faces of fcc metals form terraced surface structures with monoatomic. steps.

Cutting a (111) Pt rod at a progressively increasing angle along the zone line
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between the [111] and [110] pole produces a series of (111) terrace structures,
denoted [n(111l) X (111)] in the notation of Lang and Somorjai (17). The clean,
annealed surface of (110) Pt in vacuo has a (2 X 1) reconstructed surface.

Ducros and Merrill (31) proposed a ''sawtooth'" structure consisting of tilted

-(111) microfacets for the (110) - (2 X 1) surface. Ball models of the sawtooth

structure (Fig. 9) indicate the "trough" in this structure has the same site
coordination as along the steps on [n(11l) X (111)] surfaces, and can really

be regarded as a vicinal of the [n(11l) X (111)] group. It would be expected,
therefore, that comparison of underpotential hydrogen on (111), [7(111) X (111)],
[4(111) X (111)], and (110) would reveal the effect of adsorption at the four-
fold sites (deéignated Cilo) that exist at the steps in the [n(lll) X (111)]

surfaces and in the '"trough" of the (110) - (2 X 1) surface. The ratio of

3

lll) on the terraces

fou?ffold step sites (Cilo) to three-fold hollow sites (C
varied in this series from 0, to 1:6, to 1:3 and to 1l:1, respectively. The
voltammetry curvesvsh0wn.in Fig. 10 clearly delineate a second peak (at 0.225V)
whose peak area ratio to the primary peak was about the 1:3 and 1l:1 expected

if the_secondary peak -does-represent adsorptionyétC4 -sites and the primary

110

peak adsorption at Cill_sites.

Just as crystals produced by cutting a (111) rod at sequentially increasing
angles toward the [110] pole revealed adsorption at sites having the (110)
surface geometry, cutting‘a (111) rod at progressively increasing angles towards
the [110] pole revealed adsorption at sites characteristic of (100) geometries.
Figure 11 shows a series of voltammetry curves for a [n(111l) X (100)] family of

surface structures produced by cutting a (111) rod at selected angles towards

the [100] pole. If we assume that adsorption at the steps occurs at the four-

4
110

), then the ratio of step sites to terrace sites on

fold sites of (100) geometry (C ) and at the terraces in the three-fold sites

3
111

the crystals (111) would be 0, 1:6, 1:3, and 1:2 respectively. States

of (111) geometry (C
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associated with the steps are clearly delineated in the voltammograms of

Fig. 11, and the total charge associated with the steps was about that

3
111

ordered (111) érystal. However, unlike the (111) steps, two states of

expected if only half the C sites are filled, as was the case for the

hydrogen are associated with.adsorption at (100) steps, one state being |
more strongly bound at the (100) step than at the macroscopic (100) sur-

face. It is not clear at this time what these two states correspond to,

i.e. what site geometries are asséciated with each state.

Voltammetry curves taken at variable temperafure have indicated the
heatvof adsdrption for the hydrogen adsorbed at steps is larger than for
hydrogenbédsorbed at éither low index face (111) or (100). This observa-

tion is pérticulafly interesting for the Cilo

energy of adsorption at these sites is ‘intermediate between that for the

site as the standard free

low index faces, meaning that‘the entropy of adsorption at CilO sites is
significantly more negative than the wvalue ;eported in Table 1. Qualita-
tively, more negative adsorption entropy implies more restricted motion
of the adsorbate, i.e. less mobile. Again, however, the problem of
'coﬁpléd reorganization of the double-layer makes rigorous association of
the total entropy change to the adsorbate alone inpossible. WNonetheless,
it can be said that the sum of the adsorbate contribution and the double-
layer contribution to thé total entropy change indicates that the final

state (hydrogen adatoms plus water dipole layer) is more ordered at mono-

atomic steps than at low index surfaces.
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5. Underpotential States of Oxygen on Pt

In the linear sweep voltammetry curve of Fig. 3, the anodic currents
observed in the potential region >0.7V correspond to what méy be termed
thermodynamically as the underpotential states of oxygen. Figure 12
shows this region in greater detail, with the anodic limit of the ﬁoten—
tial scan increasing. The criterion for reversibility of a surface
faradaic process is that the anodic and cathodic wave-forms not be dis-
placed from each other in potential (18). Reversibility is required
if we are to extract the thermodynamic functions via the underpoteﬁtial.
For underpotential oxygen on Pt, the potential region of reversibility
is quite restricted, as the céthodic peaks in Figﬁre 12 start to lag the
anodic peaks at potentials above 0.82V. Above 0,82V, fhe anodic surface
species. becomes progressively more irreversible. There have been.a very
substantial number of studies conducted over the years to identify the
molecular species corresponding to the "reversible" and "irreversible"
states, but definitive identification has been elusive. The present
interpretation has changed little since the 1973 paper of Conway and
co~-workers (19). _We shall use their interpretation in this discussion,
and further restrict the discussion to the behavior of the surface in
acid solution only. The initial portion of the anodic wave corresponds

to dissociation of H20 to form chemisorbed OH,

+ - | .
H)0 + M > MOH + HJ0," + le [19]

The reversible OH species is the only species present up to ca. 25% of
a monolayer (1ML ileOuC/cm2 on a polycrystélline electrode). As the

coverage is increased beyond 0.25 ML, the surface is reconstructed via
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the place exchange mechanism shown in Figure 13. LEED studies in our
laboratory tend to support this reconstruction hypothesis (19). Diffrac-
tion patterns were observed after cycling a Pt (11l) surface‘tOIVarying
anodic potentials. As shown in Figure 14, the .angular width of the (Ol)
spptsfinfthe LEEDiinCreaseduwhen the anodic potential Was-increased'
abdvé O.8V, which is jﬁsf the potential where reconstruction.starts to
.pccur. . The recbnstruction process may also be viewed as an "oxide"
uﬁderpotentialvprocess;' Pt‘atoms which have undgrgone plage'eXChéngé
haveﬁléfgé1y OH;near§st_neighbors,’as ié the case for Pt atoms in tﬁe
Hydrated oxide, Pt(OH)zf The standard potentiai:for formafion of the

bulk hydrated oxide Pt(OH)Z, via

: L n _
Pt + 2H,0 > Pt(OH), + 2 HyO, + 2e | _ [20]v

'is 0.98V.(20); ﬂEigureul2xshOWS‘é1éarly that the irreversible OH species
forms at a potential "under" the standard potentiél for the hydrated
oxide. |

. The irreversibility of the % 02/H20vreaction means we cannot define
avthermodynamic underpotential scale equivalent 'to RT &n P, as we did in
the case of the HZ/HZO reaction. What the:voltammetry curve of Figure
12 tells us is that reaction [19] is kinetically dominant in the poten-
tial region belowv0.98V, and the reversibility of the reaction makes it
possible to define an underpotential scale equivalent to RT &n agy"

* * '
Then the state variables AH and AS for the formation of surface OH

can be measured in the same manner as used for hydrogen. The results are
summarized- in Table 2. The reference state for these functions corre--

sponds to the dissociated state of OH at unit activity, i.e. the equilibrium.
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H2 + 02 = 2(OH)ads [21]
As with hydrogen, the adsorbed state of OH refers to a surface submerged
in aqueous solution, so that the electrochemical adsorption process would
include a term for the reorganization of the double-layer. In this case,
however, the enthalpy is so large this reorganization term would contri-
bute little to the total enmergy. We might expect therefore that the
desorption energy of OH on Pt to the gas-phase as measured in a UHV
apparétus and the adsorption enthalpy measured electrochemically would
be reasonably close. This point will be discussed further in a later
section.

The transition in the structure of the OH layer on Pt at potentials
well below the potential for oxygen evolution has a profound consequence
on the kinetics. At potentials close to the theoretical potential for

0, evolution; i.e. RT n P

2 -+ 0, the coverage of the surface by OH

02

species exceeds 1 ML. If unoccupied Pt sites are required to catalyze

the dissociation of H,0 to 02, then the number of active sites available

2

for 02 evolution becomes exceedingly small.

Table 2. Thermodynamic Functionsa) for OH Formation on Pt Single
Crystal "Surfaces.

* *
Surface Hi (kJ/mol) Si (J/mol K)
(111) - 209.9 - 110.8
(110) - 226.7 - 108.5

a) Zero coverage at 300 K.
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The self—p&isoning nature of this reaction illustrates one of the oldest
cbncepts in heterogeneous catalysis, Sabatier's principle, that the
intermediate.must be adsorbed neither too weekly nor too.strongly.
So-called volcano relations, which are an expression of Sabatier's prin-
ciple,bétﬁeen:the enthalpy of formation of M(OH)n‘and the kinetics of
oxygen'eﬁolution-have been demonstrated by Appleby (21). All of.the
transition metals bond OH species even ﬁore strongly than'Pt

(-AH* > 200 kJ/mol OH), but ;ﬁe noble metals Ag and Au bond OH very
wéakly (- AH* < 30 kJ/mol OH). There is, therefore, a very large gap

in adsorption energy between Pt and Ag or.Au whére one might expect to
find the "optimum" catalytic surface, the surface more active for O

2

evolution (or oxygen reduction to water) than pure O Phenomenologically,

9
it is clear what properties the "optimal" electrode surface should have,

i.e. weaker interaction with H

O than Pt, stronger interaction with 02 -

_ 2
thgn Pt. There is, of coufce, no material known which has these properties.
One approaqh towards developing such materials is to look at modifications
to the intrinsic'properties of Pt by various means, e.g. doPing, alloying,
etc. There is soﬁe indication in preliminary work from our laboratory (22)
that doping Pt with Group 1Vb and Vb elements produces a catalytically
favorable modification to the intrinsic properties of pure Pt. More rigor-
ous studies on the modified state of Pt in these.alloys is.in progress us-

ing UPS and XPS.

6. Underpotential States of Metals on Metals

Metal adsorbates on foreign metal surfaces are both fundamentally
interesting and technologically important species. Technologically, they

represent the initial stage for metal depositioh and their structure should
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influence thé.further growth behavior and final morphology of the deposit.
Also, metal adatoms are believed to have electronic properties which are
substantially different from those of the bulk metal and appear to have
attractive catalytic properties (23). Fundamentally, metal adatoms are
ideal systems for the study of lateral interactions between adsorbates
and of phase formation on surfaces.

The ﬁnderpotential deposition of metals on foreign metal electrode
substrates is a widely studied phenomenon in electrochemistry, and the
standard electrochemical methods of coulometry and linear sweep voltam-
metry provide meahs of directly measuring heat of adsorption, entropies
of adsorption and, in most'cases, absolute coverage. Absolute coverage
can be accurately measured in any system if an independent method exists-
for determining the electrosorption valency. Ex-situ determination of
the valency by XPS appears possible. The marriage of classical electro-
chemical methods with the ex-situ UHV methods of electron spectroscopy
and electron diffraction should enable these metal-on-metal adsorbate
systems to be studied in extraordinary detail. What makes ex-situ UHV an-
alysis pafticﬁlarly attractive -in this case is the generally high stability
of the metal adatom layer which enaEles it to survive the vacuum transfer
intact (24). The stability of these systems ariées principally from the
non-volatile and relatively immobile state of the adatom on the substrate
surface. 1In spite of the particular attractiveness of ex-situ UHV analy-
sis in these systems, there are no completed studies of underpotential
metal deposition to report at this time, although a number are in progress.
The research group of Kolb and co-workers at the Fritz-Haber Institute

have, however, made detailed studies of metal adsorbates at both the
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metal-vacuum and metal-solution interface and concluded that the presence
of the solution had little or no effect on the structure of the adsorbate,
i.e. the studies yielded complimentary information. It is of interest
then to revieﬁ the results for a system that appeared to behave "ideally"
in that sense, Pb deposition on Ag(lll). The electrolytic deposition of

. Pb was studied (24) in a conventional electrochemical cell in perchlorate
solution using linear sweep voltammetry. Vacuum deposition was by electron
bean evaporation,‘and LEEﬁ—AES-wqu function analyses were conducted on
the deposited layer in a conventional (Varian) UHV chamber. Auger signal
intensities of Pb and Ag indicated a sharp break at exactly the

pdint where 1le of closely packed Pb atoms would be expected, indicating
' deposition starts in a léyer-by-layer growth mechanism. In the submono=
layer region, LEED analysis indicated the formation of two ordered struc-
tures (Fig. 15), a (/3 X /3)R 30° structure forming at 0.2 < 8 < 0.5, and
an hep twist structure which coexists with the (/3 X V3)R 30° at 0.5 < 6

< 1.0 ML and forms the oﬁerlayer structure at higher coverages. The LEED
patterns correlated precisely with breaks in the A ¢ vs. 6 curves (Fig.16).
Vacuum deposition of Pb on Ag(lll), therefore, starts with the formation
of a uniform monolayer in three steps: random adsorption followed by a
fJEX/E) superstructure and lastly an hep layer. Deposition of Pb from
solution appears to follow precisely the same sequence, as indicated in
the linear voltammetry curve of Fig. 17. There are two distinct transi-
tiops indicative of three deposition processes; the transitions occurred
at 0.2 and 0.5 ML, as was the case for vacuum deposition. The sharpmess
of the peak-at 0.15V underpotential indicates the adatoms have an

attractive interaction " while the broad tail to the peak representing
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the last Pb adatoms to be deposited is indicative of repulsive interaction.
These interaction effects are consistent with the LEED structures in

Fig. 15, since second nearest neighbor interactions represent attractive
forces, and nearest neighbor interactions repulsive. Can we then say that
electrodeposition and vacuum deposition‘of Pb on Ag(lll) result in the
formation of identical structures? The picture seems tantalizingly con-
sistent and complementary, yet the parallels could be coincidental. How-
ever, truly definitive experiments utilizing direct coupling of the elec-
trochemical cell to the UHV chamber appear possible. If the electrodepo-
sition process is stopped at ca 0.5 ML, the electrolyte evaporated from
the surface, the crystal transferred to the UHV chamber, and the LEED-AES
~work function analysis gives the expected result, then the evidence would
indeed be conclusive.

7. Relation of the Underpotential State to the Chemisorbed State in Vacuum

At least two underpotential states of atoms studied in considerable
detail appear to form bonding configurations with the substrate surface
'very like those formed in the absence of electrolyte, i.e. at the vacuum
:interface. These are hydrogen atoms on Pt surfaces in dilute perchloric
or hydrofluoric acid solutions, and Pb atoms on Ag surfaces in dilute
sodium perchlorate solutions. Considering the imposing experimental prob-
lems associated with definitive tests of this proposition, it seems reason-
aﬁle to examine carefully the rational basis behind it. Since we are, in
the present context, restricting our attention to just the thermodynamic

% % . .
functions AH and AS relating adatoms to the bulk phase (reaction [2]),

the thermodynamic cycle presented in Fig. 18 provides a convenient and
direct way of relating adsorption at the metal-vacuum interface to

adsorption at the metal-
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o #
solution interface. In the case of the total enthalpy change, AH , the
enthalpy changes for dehydration (LM), adsorption (WAM) and solution

(S,,) are all experimentally measurable quantities, particularly for the

AM

case where the solution is pure H,0 (infinite dilution). Then the en-

2

. %
thalpy of formation of the underpotential state (AH ) is related to the

gas phase heat of adsorption (W “) by
A L M 22

20 from the bare metaliic surface than

o *
is released when the adsorbate coverage surface is immersed, then -~ AH

If it takes more energy to remove H

ié less. than the gas phase heat of adsorption, and vice Vgrsa. There are
twb séts of citcumstances where it would be'expectéd that -AH* o WAM' If
.the enthalpies of dehydtation and immersion arevessentiaily equal (LM ZLSAM)’
or if the heat of adsorption in very 1argé telative to gither (WAM >> LM’
f. SAM)’ then the gas ﬁhase.hegt and the solution_phase enthalpy shouldvbe
equal, .The thermodynamic cycle of Fig. 18 suggests a whole new avenue of
experimental research for electrochemists who want to relate in a rigorous
way the underpotential state to the compatable state ih vacuum in order to |
understand electrode processes more fully. The key element in this new,
non-traditional approach to the study of electrode processes is the study
of water on all metallic surfaces of interest (as electrodes), with and
without adatoms or adsorbed species of interest, using entirely UHV
methods. In a way, one would be "doing electrochemistry" entirely in UHV.
Strictly speaking, the surface processes observed would apply only to

electrode procésses at pH = 7 in an infinitely dilute electrolyte. Addi-

tional and experimentally more difficult work will have to be done to
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determine the role of cations and anions in order to extend the results
to real electrolytes. |

Fortunately, there is already a significant and rapidly growing body
of literature on the interaction between water and clean metal surfaces.
0 from metallic Pt surfaces (LM) has been

2
measured (25) and is only slightly higher than the heat of sublimation

The heat of desorption of H

(60 kJ/mol vs. 42 kJ/mol) indicating the specific interaction between
HZO and Pt is weak. Unfortunately the heat immersion of a hydrogen
covered Pt surface has not been measured, nor has the heat of adsorption

of HZO on a hydrogen covered Pt surface been measured. The author attempt-
~ed the latter experiment in the apparatus of Fig. 2, but the heating con-
figuration of the sample holder resulted in a heating rate too low for
thermal desorption experiments. The weak specific interaction of H20
with the Pt surface implied in the results of Fisher and Gland (25) indi-
cates that the presence of hydrogen on the Pt surface should have little
effect on the energy released on hydration of the surface, i.e. LM = SAM'
In the particular case of Pt electrodes in very dilute aqueous
solutions, there is, therefore, a rational basis for the expectation that
the adsorption energies in solution and in vacuum be the same. For hydro-
gen chemisorption on Pt, a comparison of the electrochemical results from
our laboratory with the vacuum experiments reported in the literature
indicates the two methods give comparable adsorption energies, although
there is considerable variation in the energies for hydrogen on (111)
Pt between investigators. The binding states of hyarogen on (1l11) Pt in

vacuum has been studied in detail by Ertl and co-workers ( 26 ), McCabe

and Schmidt (27 ), and Lu and Rye (28 ) using the thermal desorption
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method. However; the latter two studies did not have LEED capability in
their systems to determine in a rigorous way the structure of their
single crystal surfaces. McCabe and Schmidt and Lu and Lye both reported
an adsorption energy (zero coverage) of 73.2 kJ/mol for (111) Pt, while
Ertl and co-workers found a much lower value, 41.2-kJ/mol. The Ertl
group reported that the adsorption energy of hydrogen on (111) Pt was
very senéitive to the anneéling of thé ion bombarded surface, and that
adsorption energies as high as 70-80 kJ/mol were observed on "imperfect"
(non-annealed) surfaces. waevér, surfaces that produced "perfect"
(111)-(1X1) LEED'patterns produced the lower adsorption energy of 41.2
kJ/mol. Since neither of the other investigator's systems utiiized LEED
‘,anélysis of their surfaces, itvseems‘likely the higher adsorption energies
reported in those studies is not representative of "perfect" (111)-(1X1)
surfaces. - The value of 41.2 kJ/mol from the Ertl group is very close to
the electrochemically determined value of 46.8 kJ/mol. Less work has
been reported for hydrogen on (100) Pt. Qualitatively, hydrogen bonding
is stronger on the (100) plane, as reported by both Lu and Rye (28) and
McCabe and Schmidt (27). Quantitatively, the latter report initial heats
of adsorption of 102.5 and 115 kJ/mol for hydrogen on (100) Pt above room
temperature, significantly higher than the electrochemically determined
value of 81.1 kJ/ﬁol. As before, the absence of LEED stfucture analeis
in the work of McCabe and Schmidt raises questions as to the nature of
the surface in their experiments. Nonetheless, their results clearly
indicate that the relative adsorption energy of hydrogen on (100) Pt is
higher than on (111) Pt by ca. 40 kJ/mol, which is what the electro-

chemically measured values indicated as well. Further qualitative
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agreement betwgen electrochemically measured bond energies and the

thermal desorption bond energy is evident when the»results for_StePPed Pt
surfaces-are compared. This is done in Fig. 19 using the thermal desorp-
tion work of Collins and Spicér (29) and the electrochemical results of Ross
(8). Collins and Spicer deconvoluted their thermal desorption spectra
into a "ferrace" and "step" contribution, the step contribution always
occurring at higher binding energy than the terrace contribution. At

the step of (111) X (100) geometry, the coverage by hydrogen is just

twice that at fhe step of (111) X (111) geometry: Both these observations
are precisely what was observed electrochemically (refer to the detailed
discussion given in Section 4.2). Unfortunately, Collins and Spicer did
not report absolute binding energies for hydrogen on their surfaces, so

a quantitative comparison is not possible. It would appear that at pre-
sent it is not possible to make quantitative comparisons of adsorption
energies of hydrogen on Pt determined by electrochemical methods with
those determined using thermai desorption methods in UHV. There are,
however, a precise set of experiments that would make rigorous quantita-
tive comparison possible:

i,) electrochemical measurements of adsorption energies
at infinite dilution (pH-7);

ii.) definitive measurement of the heat of dehydration
of the metallic surface (L,) and the heat of
solution of the adsorbate covered surface;

iii.) definitive experiments to determine the thermodynamic
heat of adsorption of hydrogen on well-ordered single
crystal surfaces in UHV.

The thermodynamic cycle of Fig. 18 is also useful in interpreting

the entropy of adsorption in solution, but adsorption entropy is not a
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state funcfionveasily measured in UHV systems. By their very nature,

UHV methods rely on irreversibility of the adsorption in order to measure
coverage via a spectroscopic method, e.g. AES. Equilibrium isotherms are
therefore rarely obtained in contemporary surface studies, and consequent-
ly adsorption entropies are infréquently reported. There are notable ex-
ceptions, represented by thé lectures given in this symposium by Profes-
sors Fain and.Menzel. The use of the Kelvin probe method for dynamic
measurement of the change in work fuﬁctionS'upon adsorption appears par;
ticularly promising, since one can then obtain coverages of the surface
-under reversible (equilibrium) conditionms. Menzel:reported equilibrium
isobars for hydrogen and carbon monoxide on Ru (0001), from which the
heat of adsorption and the differential entropy of adsorption were ob-
tained as a function of coverage. More widespread use of this technique,
when applicable, should lead to more complete determinations of the
thermodynamic properties of surfaces. Erfl and co-workers have also
.made extensive use of the Kelvin probe method, particularly for the

study of hydrogen on metals, but have reported (13) isobars and differ-
ential entropies only for hydrogen on Pd (100). For that system, at 370 K,
the partial molar entropy of the adsorbed phase is perfectly described by
the model for two-dimensional translation of a system of non-interacting
particles (Volmer gas). Below 370 K, the adsorbed layer can be described
by a localized model, consistent with LEED indications of ordered states.
below 270 K. This order - disorder phenomena at ca 300 K is typical of
hydrogen on the transition metals, and it probably occurs on Pt as well.
The electrochemically measured value for the differential entropy of

%
adsorption at zero coverage (ASi), given in Table 1, was - 55.8 J/mol-K..
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The reference state is the gas at 100.3 k Pa and 298 K. If we completely
ignore the possibie effect of water (actually the double layer including
solvated protons and anions), we can calculate the partial molér entropy

—% .
of the adsorbed phase (Si) at low coverage from the relation

—k % —
S, = A8, + S
i i g

At 100.3 kPa 298 K, Eg = +130.5 J/mol K (30), so that 's‘i = +75.2 J/mol K.
This value agrees well with the valﬁe for a two-dimensional gas at 6 = 0.1
ana 298 K, + 94.5 J/mol.K, relative to the much lower (factor of two) vaiue
for the configurational entropy of a localized adsorbate + 36.6 J/mol K.
The electrochemica;ly measured value for the differential entropy of
adsorption ﬁherefore appears to be consistent with the gas phase results
indicative of a mobile hydrogen adatom state.

The observant reader will have noted that the conclusion that the
hydrogen adatom layer on Pt is mobile at room temperature conflicts with
the immobile adsorbate model used to interpret the isotherms (eq [18]).

The reason for this conflict is not clear. The analysis of adsorption
entropy above ignored the possible effect of reorganization of the double;
layer, so the derived partial molar entropy of the adsorbed phase could

be misleading. However, the general mobility of hydrogen on transition
metals in vacuum suggests the mobile interpretation may be the correct
one. In that case, the Roberts pair-wise repulsive interaction model

does not explain the observed dependence of isosteric heat of adsorption

on coverage, or the asymmetry of the isotherm.
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Pt and Au are unique electrode materials in that the specific
interaction of these surfaces with aqueous electrolytes is very weak and
the adsorption of neutral molecules (or atoms) at fhe-metal/solution inter-
face is rélatively ﬁndisturbed by the presence of electrolyte. The heat
of adsorption of hydrogen on Pt eleétrodes is highe; than on any other
electrode surface, yet, in vacuum, there are many metal surfaces at which
hydfogenbis bound much more strongly than at Pt, e.g. W. Other metals
adsorbing hydrogen have much strongef specific interaction with water,
resulting in lower net heats of adsorption of hydrogen on these metals
in aqueous solution. Although Au-does not chemisorb many neutral mole-
s co, C2H4, etc., it is the ideal surface for studying the

adatom states of metals with a minimum of interference from the electro-

cules, e.g. H

lyte; Howevef, aside from these two metals, there appear to be few other
electrode surfaces at which adsorption occurs with a‘minimum interaction

between the solvent and the adatom. The underpotential states of hydro-

gen on Pt are, therefore, untypical states for electrode processes, and,

in general, thermodynamic functions derived from underpotential measure-

ments will not be the same as those measured in vacuum.
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Figure Captiomns

Figure 1(a). The shape of the current-voltage curve (i = Qd6/dU) for an
adsorptipn'process-and the corresponding isotherm; (b) the change in
shaﬁe of ﬁhe current-voltage curve when fhe adsorption is not ideal (g=o);
g > o repulsive interaction; g <.o attractive interaction.

Figure 2. Schematic of the electrochemical-surface analysis apparatus:
(1) O—ring feed-thrus; (2) tfansfer rods; (3a) and (3b) transfer block
with crystal suspended from wires; (4) gate valve; (5) straight—thruv
valve; (G)freferénce electrode; (7) counter electrodes; (8)>g1ass—break

- and Luggin capillary. From P. N. Ross, Jr., Surf. Sci., 102, 463 (1981)
with permission.

Figure 3. Cyclic voltammetry of a clean, annealed polycrystalline Pt
foil in 0.5M H,80, following transfer from the LEED/Auger chamber.50mV/s.
From P. N. Ross, Jr., Surf. Sci., 102, 463 (1981) with permission.

Figure 4. Voltammetry curve for hydrogen adsorption—desorption on Pt(111)
éingle crystal (——); specific contribution due to crystal edge (---°);
curve for adsorption on the well-ordered (111) face after correction for
the edge effect. 0.05M HCIQa.SOmV/s. From P. N. Ross, Jr., Surf. Sci.,
102, 463 (1981) with permission.

Figure 5. Voltammetry curves for hydrogen adsorption-desorption on Pt(100)
single crystal (——); specific contribution due to crystal edge (---°°°);
curve for adsorption on the well-ordered (100) face after correction for

the edge effect. 0.05M HCIO,.50mV/s. From P. N. Ross, Jr., Surf. Sci.,

4
102, 463 (1981) with permission.
Figure 6.  Isotherm for hydrogen on the well-ordered (a.) (111) and (b.)

(100) Pt surface; measured (o0); isotherms calculated from Langmuir model
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(— — —) and Roberts' model for immobile adsorption with repulsive

interaction ( ) .300 K.

Figure 7. Isosteric heats of adsorption of hydrogen on (111) and (100)
surfaces of Pt in dilute HCIO4Asolution. Curves shown were calculated
from Roberts' model for immébile adsorption with repulsive interéction.
From P. N. Ross, Jr., Surf. Sci., 102, 463 (1981) with permission.
Figure 8(a). Classical electrochemical view of the water-hydronium ion
doublé layer with contact adsorption of the anion; dipole arrow points

~ to hydrogen end of H,0 molecule; (b) hypothetical displacement of H_O

2 2

from the innermoét layer upon chemisorption.

Figure 9. Ball models of (a) the (100)-(1 X 1) unreconstructed surface
(right) and the reconstructed (llO)—(ZYX 1), surface (left); (b) the
[4(111) X (111)] stepped sufface. Small clear balls represent the four-
fold adsorption sites denoted CilO in the text.

Figure 10. Voltammetry curves for hydrogen adsorption-desorption on

n(11l) X (111) stepped surfaces. 0.05M HCIO, .50mV/s.

4
Figure 11. Voltammetry curves for hydrogen adsorption-desorption on

n(1ll) X (100) stepped surfaces. 0.05M HCIO,.50mV/s. From P. N. Ross, Jr.

4
Surf. Sci. 102, 463 (1981)

Figure 12. Cyclic voltammetfy of polycrystalline Pt in 6.1M HF solution;
underpotential states of oxygen are observed bethen 6.8 - 1.23V.

Figure 13. Place exchange mechanism for reconstruction of the Pt surface
during anodic film formation. From H. Angerstein-Kozlowska et al., J.
Electroanal. Chem., 43, 9 (1973) with permission.

Figure 1l4. Loss of order in the (111) Pt surface during anodic film

formation as observed by LEED.
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Figure 15. Submonolayer structures of Pb on (111) Ag surfaces deduced
from LEED patterns: (a.) (/3 X /5) R 30° structure; (b.) co-existing

(73 X V/3) R 30° and hcp twist structures; (c.) the hep twist structure.
From K. Takayanagi et al., Surf. Sci., 100, 407 (1980).
Figure 16. Work function changes due to deposition of Pb on (111) Ag
surfaceé. 1 and 2 denote coverages where changes in LEED patterns wére
observed.
Figure 17. Cyclic.voitammetry of Pb deposition on (111) Ag. The
potential scale is theAunderpoténtial scale, i.¢, V vs. Pb/Pb2+ electrode
“in the same electrolyte. 1 and 2 denote poténtials.where the covefages
were_0.2 and 0.5 ML, respectively. From K. Takayanagi.et al., Surf. Sci.,
100, 407 (1980).

Figure 18. Thermodynamic cycle relating the gas-phase heat of adsorption
(WAM) to the solution phase enthalpy of adsorption (AH*) measured
electrochemically.

Figure 19. Comparison of spectra for hydrogen chemisorbed on (111) X
(100) and (111) X (111) stepped Pt surfaces: by thermal desorption in
vacuum, from D. Collins and W. Spicer, Surf. Sci., 64, 85 (1977); by poten-

tial sweep in solution, from P. N. Ross, Jr., Surf. Sci., 102, 463 (1981).
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